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Abstract

Electron transport in the Si MOS inversion layer was investigated by Monte carlo particle
simulation. A new model is proposed, in which electrons in the MOS inversion layer were
treated in one of two ways depending on the their energy: electrons with energy less than the
threshold energy, E:n, were treated as being two dimensional, while electrons with energy
larger than E,), were treated as being in bulk Si. the simulated results of the dependence
of the drift velocity on the tangential clectric field and the electric field normal to the MOS
inversion layer are both in good agrcement with the experimental results.

Several authors[1]{2][3] have reported a microscopic model in which electrons in the MOS
inversion layer are treated as quasi two-dimensional electron gas. Transport characteristics were
obtained using the Monte Carlo method, but the calculated results and the experimental results
are not in good agreement.

We have the following three questions about this type of simulation. (1) Are the transport
characteristics of the hot electrons in the MOS inversion layer accurately obtained by taking
account of only the 3 to 5 lowest subbands at room temperature 7 (2) If only the 3 to 5 lowest
subbands are taken into account, the scattering rate of quasi two-dimensional electrons with
high energy is independent of electron energy. In such a situation, does not the electron energy
continue to increase indefinitely ? (3) When the phonon types included in the simulation and
the parameters of the phonon scattering rate of quasi two-dimensional electrons in the MOS
inversion layer are the same as those in bulk Si, are valid simulation results of the transport
characteristics of two-dimensional (2D) electrons obtained ?

The purpose of the present work is to answer these questions and to propose a microscopic
model which gives simulation results in good agreement with Cooper and Nelson’s[4] experi-
mental results on the drift velocity.

1 Simulation Model

We consider the p-Si/SiO3 inteface to be parallel to a [100] plane and the (011) direction of the
n-inversion channel to be the direction of the driving field, in accordance with the configuration
of Cooper and Nelson’s experiments.

Bulk Si has six cquivalent ellipsoidal valleys in the conduction band and a 2D electron
system in a [100] plane (xy-plane) has one degenerate circular valley and four elliptic valleys.
The relation between the valleys in bulk and 2D electron systems is shown in Figure 1.



266

Two types of subband series arise from the two equivalent valleys showing the longitudinal
mass, my, in the direction of perpendicular to the [100] interface (z-direction) and the four
equivalent valleys showing the transverse mass, m,, in the same direction, which are denoted
by Ey, By, Eo, ... and ...Ej, E1, E)... respectively, using Stern and Howard’s notation[5]. In
the present simulation, the lowest three subbands were taken into account. Two models were
investigated.

(1) Model 1 : pure 2D electron gas model

Electrons in the MOS inversion layer were treated as being two dimensional, taking account
of the three lowest subbands. The subband structure was obtained by the method proposed
by Stern[5], in which Schrédinger and Poisson equations are self-consistently solved. These

equations are written as
dzl/l,' 2m

-z + ?—[E‘z +ed(2)lgi = 0 ()
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where pgepr i the depletion layer charge and N; represents the number of electrons in subband
i and is given in equilibrium by

nymgkgT E; - E;
N, = —————In[l 4+ exp(———— )i, 3

where n, is valley degeneracy, my is the density of state effective mass and F; is the Fermi
energy. The subband denoted by E; has n, of 2 and my of m;, and the subband denoted by
E;’ has n, of 4 and my of (mym,)'/2. Using these subband structures, we can perform Monte
Carlo simulation of 2D electron gas in the inversion layer.

As scattering mechanisms of 2D electrons in the MOS inversion layer, we take account of
the intra and inter subband scattering for coupled inter-valley phonons, intra and inter subband
acoustic phonon scattering, screened fixed-charge scattering which includes both trapped inter-
face charges and ionized impurities, and surface roughness scattering. We used the same phonon
energies and the same coupling constants in the inter-subband scattering as those in intervalley
scattering in bulk Si[6]. We used Price’s formulation[7] for the inter-subband scattering rate
and the acoustic phonon scattering rate. These are written by

_ mdDg 2 9 Niug(E — E' + hwy)
Py = 7%2;0&)0 / ] Ym(2) ] l Yal2) |° dz [(Nz + Dug(E — E' — huwy) (4)
and D2 kT
m (J,Cﬂ =4
Py = _dn%sTB / | Ym(2) 2] ¥a(2) 2 dz, (5)

where Dy and D, are the coupling constants independent of m and n; my is the density of state
effective mass which is m, for Ey and E; subbands and (mym,)}/2 for the Ey’ subband; hwg
is the phonon energy coupled with this transition; p is the mass density; E and E’ are initial
and final electron encrgy, respectively; ug is the unit step function; s; is the sound velocity;
and T is the lattice temperature. Table 1 shows the phonon type and valley degencracy of the
final state as related to inter-subband scattering as well as the initial and the final subbands
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of the transition. For the trapped interface-charge and ionized-impurity scattering rates for 2D
electrons, we used Ning and Sah’s formula[8] including the screening effect, which is given by

Pip = —1—/2”(1+f)-2de (6)
ron 2n1o(E) Jo q ’

1 w2 Ny
o(E) ~ héE

where Ny is the number of interface charges per unit area; € = (€,pige + €5:)/2 is the effective
dielectric constant at the interface; E is the kinetic energy of the electron; s = 2we2N,/(es:kpT)
is the screening parameter where N, is the sheet carrier density; and ¢ = 2ksin # where 8 is the
angle between initial wave vector k and final wave vector k’. The surface roughness scattering
rate is given by[9]

7

tmq(AAeE,;r)?

Psurf = n3 eff) 3 (8)
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where A is the root mean square deviation of the surface from flatness; and A is the correlation
length of roughness. The parameter of the product A - A used in the present simulation is
1.0 x 10~*¢m? which fits the experimental results.

Figure 2(a) and (b) show the dependence of the total scattering rate on the electron kinetic
energy of cach subband for a low sheet carrier density of N, = 4.5 x 10'1em™2 and for a high
sheet carrier density of N, = 3.8 x 10'2cm™2, respectively. The scattering rate in the case of
high sheet carrier density is larger than that in the case of low sheet carrier density except in
the very low energy region.

(2) Model 2: 2D+bulk electron model

In Model 2, we use our value for threshold energy, Eu. E;n should be determined such
that the subband wave functions with energy higher than E), spread sufficiently to be able
to ignore the electron confinement effect. An electron with energy lower than Ey, is treated
as two dimensional, while an clectron with energy higher than Fy, is treated as being in the
bulk Si. Namely, 2D electrons with a total cnergy higher than E,, are transformed to the bulk
electron state and electrons in the bulk state with a total energy lower than Ey, are transformed
back to the 2D electron state. The energy conservation and the conservation of momentum
component parallel to the interface are taken into account in this transformation. The scattering
mechanisms[10] included in the Monte Carlo simulation of the bulk Si are intervalley scattering,
acoustic phonon scattering and ionized impurity scattering. Three g-phonons and three f-
phonons are taken into account in the intervalley scattering. The parameters used in the present
Monte Carlo simulation of bulk Si are the same as those of Jacoboni[6] except nonparabolicity
parameter o of 0.35 eV ™! which is chosen to fit Jacoboni’s experimental result. Figure 3
compares the experimental results of the dependence of bulk drift velocity on the electric field
and the present best-fitted simulation results.

2 Simulation results and discussion

(a)Simulation using Model 1
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We take the following equation, used by Cooper and Nelson, as an expression of the normal

electric field E,, :

En — Q[Ns/?"‘}'Ndepi]. (10)

€8i

In the cases of E, = 4.0 x 10%,9.0 x 10%,1.3 x 10°, and 3.0 x 10°> V/cm, the inversion layer
potentials, the subband energies, and the wave functions of the subbands are self-consistently
calculated. The calculated results of the inversion layer potentials, the subband energies and the
squares of the absolute values of subband wave functions are shown in Figure 4. In these figures,
we can see that electrons in the inversion layer are more strongly confined as E, increases.

Figure 5(a) shows a comparison between the drift velocitics estimated from Cooper and
Nelson’s experimental formula and the present simulation results based on Model 1. In the low
tangential electric field region, the drift velocity decreases as the normal electric field increases.
We can see this same tendency in the experimental results. However, in a tangential electric field
region higher than 10 V /cm, the simulated drift velocity decreases as the tangential electric field
(E,) increases, while the drift velocity derived from the experiment increases and then saturates
as the tangential electric field increases. The simulated results disagree with the experimental
results on this point. The decrease of the simulated drift velocity in a high tangential electric
field becomes larger as the normal electric field decreases, that is, the confinement of electrons
in the inversion layer weakens.

The drift velocity decrease in the high clectric field region shown in Figure 5(a) can be
attributed to the increase of the conduction effective mass which is caused by the nonparabolicity
of the conduction valley and the cnormously increased electron cnergy which is about 10 eV at
the E; of 10° V/cm. Figure 6 shows the dependence of the averaged electron kinetic energy
on the tangential electric field with the normal electric field as a parameter calculated based
on Model 1. Equation 11 shows the relation among drift velocity, nonparabolicity and clectron
energy:

hk

m*(1+ 2aE)’
The reason why clectron energy increases enormously is because the scattering rate of 2D
electrons is independent of their energy in the high energy region. We found that Model 1 is
not an accurate model of hot electron transport characteristics, so we propose Model 2.
(b) Simulation using Model 2

Figure 5(b) compares the dependence of the drift velocity on the tangential clectric field
using the drift velocities estimated from Cooper and Nelson’s experimental formula and the
simulation results derived from Model 2. As can be seen, the simulated v, versus Fy curves are
in good agreement with those estimated from Cooper and Nelson’s experimental formula.

Figure 7 compares the dependence of the drift velocity on the normal electric field with the
tangential electric field as a parameter, using Cooper and Nelson’s experimental results and
the present simulation using Model 2. As can be scen, the present simulation results based on
Model 2 are in good agreement with the experimental results. The dependence of the averaged
electron energy on the tangential clectric field with E, of 1.3 X 10° V/cm was simulated, based
on Model 2. The energy value at the tangential electric field of 10° V/cm is 0.57 eV, which is
much less than the simulated value derived using Model 1. This value seems of a reasonable
order.

Va = (11)
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3 Conclusion

Monte Carlo simulations based on two models were carried out in order to obtain transport
characteristics of electrons in the MOS inversion layer. Model 1 is a pure two-dimensional
model taking account of the three lowest subbands. The simulation results based on Model 1
disagrees with the experimental results in the high electric field region. Model 2 encompasses
the effective bulk state as well as quasi two-dimensional state of electrons in the MOS inversion
layer. The simulated Vy versus E; curves and Vy versus F,, curves based on Model 2 are both
in good agrecment with the experimental results of Cooper and Nelson.

It is important that the model encompasses the effective bulk electron state as well as the
two-dimensional electron state in the simulation of the electron transport characteristics in MOS
inversion layer.
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Table 1: Related phonon types in the subband transition. Valley degeneracy of the final state
is given in the parenthesis.

. Final subband
Initial subband Fo 2 7

3 g-phonon(1) 3 g-phonon(1) 3 f-phonon(4)

Eo acoustic phonon(1) | acoustic phonon(1)
3 g-phonon(1) 3 g-phonon(1) 3 f-phonon(4)

B acoustic phonon(1) | acoustic phonon(1)
B 3 f-phonon(2) 3 f-phonon(2) 3 g-phonon(1)
0 3 f-phonon(2)

acoustic phonon(1)

Figure 1: Schematic representation of the constant energy surfaces of bulk Si and two-
dimensional electron gas for the [100] Si plane.
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Figure 2: Total scattering rate versus kinetic energy of two-dimensional electron of Ey, £1, and
EY subband for (a) low sheet carrier density of Ny = 4.5 x 101 ¢m =2 and (b) high sheet carrier

density of N, = 3.81 x 1012¢m—2.
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Figure 3: Electron drift velocity in bulk Si as a function of electric ficld. Closed circles and closed
triangles refer to experimental data[6] with the electric field parallel to (111) and (100) direction,
respectively. The continuous and broken lines indicate the best fitted present simulation results
with the electric field parallel to (111) and (100) direction, respectively.
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Figure 4: Self-consistently calculated (a) potentials and subband energies, and (b) squares of
subband wave functions of two-dimensional electron in MOS inversion layer for the normal
electric fields of 4.0 x 10%,9.0 x 104,1.3 x 10° and 3.0 x 10° V/cm, respectively.
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Figure 5: Drift velocity versus tangential clectric field for the normal electric fields of
4.0 x 104,9.0 x 10%,1.3 x 10° and 3.0 x 10° V/cm, respectively. The solid line are the present
simulation results and the broken lines are the drift velocities estimated from Cooper and Nel-
son’s experimental formula. (a) simulation results using Model 1. (b) simulation results using
Model 2. The threshold encrgies of £y, = 0.09,0.15,0.16 and 0.18 eV measurcd from the
bottom of each inversion potential are taken respectively when the normal electric fields are
4.0 x 104,9.0 x 104,1.3 x 10° and 3.0 x 10° V/cm.
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Figure 6: Averaged electron kinetic energy versus tangential electric field

electric field as a parameter calculated using Model 1.
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Figure 7: Comparison of the dependence of the drift velocity on the normal electric field with
the tangential electric field as a parameter, using Cooper and Nelson’s experimental results and
the present sumulation using Model 2. The solid lines show the simulation results, and the dots
and the circles are the experimental results of Cooper and Nelson.



