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Self-consistent Monte Carlo simulation of the two-dimensional (2D)
electron transport in Si-inversion layers has been performed to study the
relative frequency of scattering processes. Intra- and intersubband scat-
tering by intervalley and acoustic phonons, impurity scattering, electron-
electron scattering, and surface roughness scattering were taken into ac-
count. The simulation was made at the temperatures T = (77 <+ 350) -‘
K, the sheet electron densities N = (10*6 + 10'7) m~2, and the driving
clectric field strengths F = (10% + 107) V/m. The ratios of the partial
number of scattering events of each considered process to the whole num-
ber of scattering events were studied as quantitative measures.

1, Introduction

Because of the wide utilization of Si-MOSFETs as elements of ICs the in-
vestigation of the features of the electron transport in inversion layers of these
structures is very important. It is well known that the thickness of the inver-
sion layer is comparable with the charge carrier de Broglie wavelength so that
the quantization of electron energy in the direction perpendicular to the surface
takes place [1]. This circumstance strongly influences the electron transport in
9D structures. It is known that this transport is significantly determined by
the dominant 2D electron scattering processes. In this connection a comparat-
ive analysis of the partial influence of each dominant scattering process on the
electron kinetics in a wide range of temperatures, sheet electron densities, and
driving electric field strength values is of great interest. This analysis can be
carried out using the Monte Carlo transport simulation because this technique
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allows one to take into account all dominant scattering mechanisms in the in-
version layer under various conditions. The relative number of scattering events
(RNSE) equal to the ratio of the number of scattering events of a particular
process with respect to the total number of scattering events, can be used as a
quantitative measure of the comparative influence of the scattering mechanisms
on the 2D electron transport.

The purpose of this study is the self-consistent Monte Carlo simulation of
oD electron transport in Si-inversion layers taking into account the population
of the six lowest subbands as well as the dominant scattering mechanisms and
investigation of the partial contribution of the considered scattering processes
at various temperatures, sheet electron densities, and tangential electric field
strengths. The ensemble Monte Carlo simulation procedure [2] is used.

As in Refs. [3, 4, 5, 6], in the present study it is assumed that the inversion
layer in a Si-MOS structure is in the (100) plane and the driving field is applied
in the <110> direction.

2. The model

First of all the problem of a self-consistent calculation of energy levels and
wave functions at various temperatures 7" and sheet charge carrier densities N,
is solved. The Schrédinger and Poisson equations and the boundary conditions
are written as [1] |

_“2?;12 d an(Z) - €¢(Z)¢n(z) - Enqpn(z): : (1)
eeO—-f-(g—) = N SN = i (@
n(0) = Pn(2aept) = 0, | (3)
¢(0) = ¢/ (Zaept) =0. | (4)

Here m, is the electron effective mass in the direction normal to the surface,
% is the reduced Planck constant, 1/,(z) is the electron wave function in the
n-th subband, E, is the corresponding subband energy, ¢(z) is the electrostatic
potential, e is the electron charge, IV, is the relative occupation of the n-th
subband, pgep is the charge density in the depletion layer with the thlckness
Zgepl, and ege is the dielectric permittivity of silicon.

The solution of the equation set (1)—(4) is used to calculate the scattering
rates in the Monte Carlo simulation procedure. We take into account intra- and.
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Figure 1. Electron mobility p versus the shect charge carrier density
Ny at Ngepr = 1.5-10° m ™2, T =77 K, F = 10% V/m. 1 — Monte Carlo
simulation, 2 — experiment [10]. '

intersubband scattering by intervalley and acoustic phonons, impurity scatter-
ing, electron-electron scattering, and surface roughness scattering,.

The rate of intra- and intersubband scattering by intervalley optical phonons
from the subband with number m to the subband with number n is calculated
according to [3, 4, 5, 6, 7, 8, 9, 10] ' S

g, D2 1
B2 puwph 2bmn

Wi (B) = (N +1/2F 1/2)uo(E — Ep % hwpn), ()
where E is the electron energy, D, is the coupling constant, g, is the degeneracy
of the final subband, Fiw, is the phonon energy, p is the mass density of silicon,
N is the number of phonons with energy fiwps, E is the electron energy before
the scattering, m?, is the density-of-states effective mass in the n-th subband,
ug is the unit step function, |

Lo W@z ©)

The upper sign in Eq. (5) corresponds to phonon absorption and the lower one
to phonon emission. o | _
The rate of acoustic scattering is calculated according to 3,4,5,6,7,8,9, 10}

= mj‘i ngBT 1
ac E — T, a
Wmn( ) hfﬂpslz Qbmn

'LL()(E — En), (7)
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Figure 2. RNSE versus temperature 7' at F = 10° V/m and (a) ~
N, =10 m=2 (b) = N, =4-10% m~?, (c) — N, = 101" m~2. '
where D, is the deformation potential of acoustic phonons, kp is the Boltzmann
constant, s; is the sound velocity. Since the energy of acoustic phonons is small,
acoustic scattering can be considered as an elastic scattering mechanism [3, 4,
5,6, 7. - | |

For the calculation of the ionized impurity scattering rate with the account
of screening the Ning and Sah formula is used [11]

Won(B) = g [ (1 /), (8)

- 21T

where

| - 7o(Brin)  256€%€3REin
By denotes the electron kinetic energy, N; the sheet concentration of ionized
impurity, ¢ = 2ksin(6/2), k the absolute value of the wave vector, € = (e+¢€a;)/2,
€0z 18 the dielectric permittivity of SiOs, and s is the screening factor which is
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Figure 3. RNSE versus sheet charge carrier density Ny at F'=10°V/m
and (a) - T =77 X, (b) -~ T = 300 K. ‘
Figure 4. RNSE and drift velocity va, versus longitudinal electric field
Fat Ng=4-10" m™2 and T = 300 K.
equal to
2me? Ny
= . 10
? EengT . ' ( )

This scattering process is elastic. The scattering angle is selected according to
the Neumann procedure with the distribution f ) ~2n(L+s/q).

It is well known that the electron-electron (e-e) scattering in a 2D electron
gas can cause intersubband transitions [12, 13]. According to Ref. [13] the total
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e-e scattering rate from the subband ¢ to subband j is equal to

e Emd |F’L 'mn.
Wy = 471'75,36232.4 Z (ks / , dq, (11)

where ky is the wave vector of the second electron taking part in the scattering
event, A is the scaling constant for the wave vector distribution function f(ks)

=5 2 f (k) = N, (12)

nmk:g

Fijmn(q) is the form-factor

Fomn(a) = [ d2 [ d2(2m (2 s @) (#) expl—alz = #1),  (13)

m and n are the numbers of second electron subband before and after scattering,
respectively, and ¢ = |k — &/|, k' is the electron wave vector after scattering.

Direct calculation of the e-e scattering rate using Eq. (11) is complicated
because the distribution function f(kz) has to be known. This function is a
priori undefined and may by evaluated only from the self-consistent simulation
procedure, which, however, is very CPU time consuming.

For the simulation of the e-e scattering we used the approach proposed in Ref.
[13] and enhanced in Ref. [14] and applied also in Refs. [15, 16]. The integrand
in Eq. (11} is maximized, i.e. f (k;) is replaced by its maximum value 1/s% The
actual value of the form-factor Fijmn(g) is taken into account in the final state
selection. This approach is similar to the free flight time selection using the self
scattering idea [2]. The rate of intrasubband e-e scattering is derived from Eq.
(11) |
: 64mdiN &

W ot = —————— 14
“ drhBe2e2” (14)

Then the rate of intersubband e-e scattei*ing is
WS = W L N, (15

where Fipor = MaXmn,g Fijmn(q), Nows i8 the number of subbands. In the simula-
tion of an e-e scattering event it is assumed that the real scattering event takes
place if the following condition is valid:

L [ Fyma(a)?
rpcimal (16)
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where 7 is a uniformly distributed random number in the range of [0,1]. If the
condition (16) is not satisfied then self scattering takes place. The energy of the
second electron is selected equal to the ensemble average energy at the current
time. The direction of its wave vector is assumed to be random. Scattering for
i — j| > 1 and |m — n| > 1 is neglected because the values of the corresponding -
form-factors are very small [12, 14]. | o

When the surface roughness scattering is considered it is very important to
take into account the screening effect in 2D electron gas [1, 17, 18]. In this study
the rate of surface roughness scattering is calculated according to [9, 16, 19]

R Lo pe A272 272 :
ST (T L Mge ‘FeffA L , a1 —q°L ‘
W (E) = T ,/o ) exp 1 ds. .(17)

Here A is the rms. height and L is the correlation length of surface roughness,
Fopp = e(Ng/2+ Naew)/ €€o is the effective field strength, and e(q) is the dielectric
function given by

2 * : ‘
(o) =1+ g4 1(0), )
where - |
()= [dz [ a2 () Pl(#) P ep(—alz = 2. (19)

The ranges of the values of L and A are selected according to the results of Ref,
[20, 21]. Surface roughness scattering is an elastic process. The scattering angle
is selected using the Neumann technique with the distribution function .

f(e)~e—(%eXp(“qZL2). @

The self-consistent Monte Carlo simulation is an iterative procedure [6] where

at first the relative occupations of the subbands are calculated from the Fermi-
Dirac distribution {1, 6]

gnmdnkBT l: (EF — En)] .
= 1n |1 e 21
Nn N,mh? N . kgT . - (21)

where g, is the valley degeneracy and Er is the Fermi energy. Then the values
of N, are substituted in Eq. (2) and the set of equations (1)—(4}) is solved
self-consistently. The solution to this system is used to calculate the scattering
rates. After the Monte Carlo simulation of the electron ensemble the values of

N,, are recalculated as o
Ny = Ztnl/ Ztnla (22)
l Iin ‘
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where ¢, is the total free-flight time of electron [ in subband 7, Then these
recalculated values of NV, are substituted to the equation set (1)—(4), which is
solved again with the new N,. This procedure is iteratively repeated.

The value of the RNSE of the k-th process is calculated according to

RNSEy = ng/ ) nu, (23)
k

where ny, is the number of events of the k-th scattering process which take place
in the ensemble during the time of simulation.

3. Results

The mobility w as function of the sheet charge carrier density NV, is plotted in
Fig. 1. Curve 1 represents the MC result and curve 2 the experimental data from
Ref. [10]. A sufficiently good agreement between experimental and simulation
data confirms the adequacy of the developed Monte Carlo model of the real
electron kinetics.

Further results of calculation of the RNSE for various scattering mechanisms
are also presented. In Fig. 2 the values of RNSE are plotted against temperature
T at various values of the sheet charge carrier density N,. This figure shows that
the temperature dependences of the RNSE are qualitatively similar for different
N,. ‘The kinetic energy of electrons increases with temperature. This causes
an increase of the number of intersubband scattering events so that the relative
numbers of e-e and optical phonon scattering events noticeably increase. The
more complex behavior of the relative number of ionized impurity scattering
events is determined by the “1 — 0” intersubband transitions caused by acoustic
phonons. Our calculations have shown that the average kinetic energy at T =~
230 K for the case of N, = 10 m~2 and at T' & 270 K for the case of N, =
4 .10% m™? is approximately equal to the gap between these two levels. This
intersubband transition keeps the electron kinetic energy very low. As the rate
of ionized impurity scattering is inversely proportional t0 Ein, the RNSE of this
mechanism increases.

In Fig. 3 the values of the RNSE versus sheet charge carrier density IV, at
T = 77 K (curve a) and T' = 300 K (curve b) are presented. This figure in
particular shows that the relative number of surface roughness scattering events
increases with N,. In this case the increase of the energy gaps between the
subband levels [9] causes a decrease of the relative numbers of phonon and e-e
scattering events. The point of intersection of the RNSE curves of the surface
roughness and ionized impurity scattering corresponds to the maximum of the
function p(Ng) at T = 77 K (see Fig. 1). This fact is in good agreement with
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known theoretical views on the behavior of the function of electron mobility
 versus electron sheet density [1].

The RNSE as a function of the driving electric field strength F is presented
in Fig. 4. The growth of the driving electric field strength increases the RNSE
of those processes which decrease kinetic energy, that is in particular optical
phonon scattering. In the same figure the electron drift velocity vg4, against
driving electric field strength F is plotted. It should be noted that the point of
intersection of the RNSE for acoustic and optical phonon scattering corresponds
to the begi the saturation of the drift velocity dependence with respect

ving electric field strength. This saturation is the consequence of energy
ed by optical phonon scattering. Ll e ' '

4. Conclusions

Results of calculations of the relative numbers of scattering events have been
presented. These results show that the relative frequency of each scattering
process in a Si-inversion layer can be well characterized by a unique function
of temperature, electron sheet density, and driving field strength. The RNSE
reflects quantitatively the influence of a particular scattering mechanism on the

electron transport.
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