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Monte Carlo simulation of electron transport in Si/SiO, superlattices:
Vertical transport enhanced by a parallel field
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Considerable effort is presently devoted to develop Si quantum structures for microelectronics and nano-
electronics. In particular, well-defined Si/SiGuperlattices and quantum wells are under study. We investigate
here the transport properties of a Si/Siiperlattice with a multiband one-particle Monte Carlo simulator. The
band structure is obtained with an analytical model and the scattering mechanisms introduced in the simulator
are confined optical phonons, both polar and nonpolar. Owing to the very flat shapes of the bands along the
growth direction, very low drift velocities are obtained for vertical transport. However, the simulation shows
that, for oblique fields, the transport properties along the vertical direction are strongly enhanced by the
in-plane component of the electric field, consequently higher vertical drift velocities can be easily obtained.
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I. INTRODUCTION within the Wentzel-Kramers-Brillouin approximatigtor by
modeling charge carrier transport across the heterostructures
Silicon is now experiencing a new phase as a functionaby means of an equivalent circditFrom the numerical re-
material. In fact considerable effort is being devoted on theSults, @ number of simple conclusions useful to optimize
development of efficient silicon light-emitting materfar* physical parameters in order to achieve their maximum elec-
The light-emission processes in silicon are clearly relatearolummescence efficiency has been derived.

to quantum confinement effects. thus Si devices based o Our aim here is to investigate the transport properties of
4 ’ §i/SiO2 superlattices through a multiband one-particle Monte

confined structures, such as quantum layers, quantum wireg, o ‘simulator in order to study the best response to an

or quantum dots, have been the subject of intensive investiypplied electric field with respect to the different geometries
gations by several research grodpéSilicon-based hetero- of the system.

structures form one of the most promising classes of such The present work is part of a larger project that will in-
systems because of their easy compatibility with conven€lude the study of hole transport and recombination mecha-
tional silicon-based integrated circuit technology. In particu-nisms, in order to understand electroluminescence properties
lar, Si/insulator multiple quantum wells or superlatti¢gg),  of silicon-based superlattices. _ o

where calcium fluoride (Caff or silicon dioxide (SiQ) Section Il of this paper is a detailed description of the
were used as insulating material, have been studied fro ethod used to calculate the band structure of the system.

both the experimental and the theoretical points of view, with! '€ analytical form of the minibands is obtained by fitting a
. . : . tight-binding form over the numerical solution obtained
a particular emphasis on their photoluminescenc

. 519 . “€NC&yithin the envelope function formalism. The scattering

properties™* In these systems the thickness of the siliconmechanisms are described in Sec. Ill, and include in the
layers lies in the nanometer range. It is interesting to notejmy|ation confined optical phonons, both polar and nonpo-
that most of the experimental work was originally based onar. Section IV focuses on the description of the simulator.
the amorphous silicon films; however, well-defined crystal-Here we show the fundamental steps of the Monte Carlo

line Si/SiO, systems are now availabf@. (MC) simulation, and discuss how scattering events are in-
Beside photoluminescence, also electroluminescence hatuded in the code.
been observed both in Si/Ca&nd Si/SiQ superlattice$'~2° In Sec. V, we present our results concerning simulations

As the optimization of the electroluminescence is related tgvith vertically applied field and oblique field, where we can
the carrier injection efficiency into the Si quantum layers, itsee the effect of the parallel component of the electric field
is very important to understand the electrical transport prop©n Vertical transport. In particular, we show that in this way
erties of these structures. Until now this has been performe¥® can significantly improve vertical transport properties.
by computing current-voltage characteristics both for
Si/Cak, (Refs. 27 and 2B8and Si/SiQ (Ref. 29 multiple
quantum wells through model calculations, where the elec- The material under investigation is a Si/SiSL, where
tron and hole tunneling between adjacent wells is evaluatethe Si layers are grown along tli£00) directionz

Il. BAND STRUCTURE
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As Hamiltonian for an electron in our SL, we assume the %2 ) #2 )
following: E(k)=E(k,)+ Z_mX(kX_ Ky.0) +2—my(ky— Kyo)%  (7)
Hs =H¢+Ws +He_p, (1)  where E(k,) is the nonanalytical solution of the

Kronig-Penney® potential. This expression can be approxi-
'mated by a tight-bindintj analytical dispersiorE(k,)=¢

—1 coskd), wheree andt are, respectively, the middle en-
§ray and the half width of the miniband, and are used as
parameters fitted to the Kindig-Penney solution. In the case
of silicon we must consider that the six band minima are off-
I'. The jth miniband arising from thexth minimum, cen-

whereH ., is the Hamiltonian due to the crystalline potential
W is the SL potential, andH.., is the electron-phonon
interaction Hamiltonian. The interaction with phonons is
treated within the time-dependent perturbation theory an
will be developed in the following section.

Now, the Schrdinger equation to be solved is

[Her(r) +Ws(N)]|W)=E|¥). (2 teredinkg, has the analytical form
If we consider that the electrons moves near a band mini- E¥(K) = h? o— K2 )24 h? K— K2 )2
mum Kk, we can apply the envelope function (k)= 2m“( x~ Kox) 2m“( y~Koy)
approximatiori” to solve the problem, obtaining a new equa- X Y
tion that describes the eigenvalue problem for the envelope +[Zj‘“—~t]-“cos{kzd)]. (8)

function:

It is evident that, along the direction, all the equivalent
[En(—=1V)+Wg (1) ]F(r) =EFu(r), (3 valleys of silicon are refolded ik,=0, while the positions
kgx andkg, do not change. As a consequence, if the SL is
rown along the S{001) direction, the two valleys alonk,
re refolded into the same miniband with double multiplicity.
[though the six silicon valleys have the same energy, in the
L they have different energies owing to the different effec-
tive masses along the direction. The minibands for a
, Si/SiO, SL (with 24-A Si and 7.68-A SiQ) are represented
. . . in Fig. 1. In this figure only the dispersion aloRkgis repre-
En(_'v)zE“(kOH(_'Vi_koi)(ﬁ> (—1Vj=koj). sentgd so the cor?tinuousyand the Fziotted Iinesgare thF:a disper-
b @ sions of the bands centeredIat the dashed line is the dis-
persion for the fourfold minibands off- These minibands

The effective mass tensor (a7); ; describes the band curv- are very flat, in particular, the lowest one that is about 1 mev
ing around the poinko. Equatioh(3) is separable along the wide. This is the cause of very low vertical mobility in such
high symmetry of Th* directions and allows us to deal with SYStéms.
one-dimensional problems.

First, let us look for the solution along the SL growth [ll. SCATTERING MECHANISMS
directionz. The effective mass is now a function of the ma-

terial layer and, in general, it may be considered as a func- The system un(_jer examination 1s supposed to be a per-
tion of thez position; the new problem to be solved is fectly grown SL with smooth interfaces, so we can assume

that there is no interface scattering. We also consider a SL
21 grown with a content of impurity so low that at room tem-
( - —V—V+W5L(Z))F(Z)=Ez}"(z), (5)  perature, impurity scattering is negligible if compared to the
2 m(z) phonon scattering. As regards scattering by phonons, in our
simulations we include only optical-phonon scattering be-
cause at room temperature this is the strongest mechanism.
Optical phonons in layered systems are generally
confined®”*¢ it means that silicon layers will show optical
frequencies typical of a bulk silicon and oxide layers will
0, —bsz-nL=<0 g  behave as a bulk oxide. For this reason, during the simula-
W,, O0=<z-nL=a, 6) tion, we account for the real-space position of the electron;
when it moves within the Si layers, it can interact with Si
whereW, is the conduction-band offsé€€EBO). With current  phonons and, in the oxide layers, with oxide optical
conservatioff' and periodic-boundary conditions, we get the phonons’
solution along the direction, i.e., the minibandg(k,). Since Si is a nonpolar material, the electrons in the Si
Concerning thex andy problems, we notice that E¢5)  layer can interact with the lattice only via deformation po-
along these directions represents a free-electron problem, $ential; SiGQ is a polar material and the electrons interact
we get a parabolic dispersion. Therefore, the resulting threeboth with polar and deformation potential mechanistac-
dimensional(3D) miniband is tually, in the silicon dioxide two polar phonons modes, and

whereF is the envelope function artel,(—iV) is the energy
operator for the electron in the material. The expression fo
this last operator, when considering a little interval near
minimumKk,, can be easily substituted by the parabolic ban
approximatior®>

where the termV[1/m(z)]V ensures current continuity at
the interface$? and the potentiaWs, is the Kranig-Penney
potential:

WSL(Z):|
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one nonpolar, are presefthe specific constants are given in obtain the total scattering rate for an electron that is scattered

Table ). by a phonon of energ§ w from then miniband and pseudo-
The optical-phonon differential scattering rate is obtainedmomentumk into anyk’ in then’ miniband.

by using the Fermi golden rule, The matrix element for deformation potential optical

) phonons i€
n
P(nk;n’k’):TM(nk;n’k’)ﬁ[En(k)—En/(k’)ihwop],
© Kk’ o_H(DK)?| Nop
where M(nk;n’k’)=|<n’k’|He_p|nk)|2. (Here and in the [Minr (kK] _2prop Nop+1)’ (10)

following, n will indicate a specific miniband that is the pair
of labelsa andj.) In particular, if we substitute the miniband

dispersion(8) into the § function and integrate oveék’, we  and for polar optical phonon is

TABLE |. Values used in the simulations for the physical quantities.

Physical quantity Value/Ref.

Longitudinal effective mass in Si
Transverse effective mass in Si

m* =0.97 (Ref. 4)
m* =0.19 (Ref. 4]

Effective mass in SiQ
Conduction-band offset
Lattice temperature

m* =0.3, (Refs. 42,43
CBO3.1 eV (Ref. 44
T=300 K

Si optical-phonon energy

Si optical coupling constant
Oxide nonpolar phonon energy
Oxide optical coupling constant
Oxide first polar phonon energy
First polar optical constant

E=60 meV (Ref. 45
DK=8x10° eV/cm (Ref. 45
E=132 meV(Ref. 39
D,K=2x10° eV/cm (Ref. 39
E=63 meV (Ref. 39

1 1
— ——=0.063(Ref. 39

Oxide second polar phonon energy “E=153 meV(Ref. 39

Second polar optical constant 1 1
PR 0.143(Ref. 39
Oxide mean polar phonon energy * "E=108 meV
Mean polar optical constant 1 1 _0.2
. . €4 o6 5
Oxide screening wave vector 96

3Arbitrarily chosen in order to avoid divergences. This value implies a carrier concentration A&amt6,
typical of doped silicon. We have performed simulations with the correct screening length for undoped
silicon and the results are almost the same, but the simulation time is one order of magnitude larger.
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[Mpn (K k")[? To get the exact result, once the state after the scattering
k' is generated, we apply the rejection technique in order to

eZEop 1 1 decide whether the scattering process, or a fictitious self-
_2V(|k—k’|2+|kD|2) Z € ' scattering, has occurred. The optical-phonon dispersions are
approximated, as usual, with constants, and the two polar

(12) phonons in oxide are introduced in the simulation as only
one mode of mean energy and the coupling constant equal to

'the sum of the two constanfsee Table)l The final scatter-

Nop
Nop+1

where DK is the deformation potential coupling constant

Nop is the p?onc;]n p?pulatlorkD;il/I Dd's the S(;]reeinlng ing rate reveals a steplike behavior typical of the density of
wave vector for the electrons, ard and e, are the low- o0 o o 0 system.

gnd h|gh-frequ9ncy dielectric constants, In_ .t.h's way, both The estimators for the physical quantities are collected at
!nterband and intraband scattering probabilities have bee{he end of each free flight, just before the choice of the
introduced. scattering mechanism, even if the flight ends with a self-
scattering. In the simulation we are interested in the drift

IV. THE MONTE CARLO SIMULATOR velocity, the mean energy, and the electron distribution func-

An electron subject to the electric field is acceleratedtions in energy and in momentum space. The two distribution
along the field direction, but it remains in the same mini-functions are obtained by setting up meshes on energy and
band. When a scattering occurs, the ballistic flight is intermomenta and counting how many times the electron visits

rupted and the electron is scattered away intd' @oint in each interval of these meshes. The mean energy is
the same or in another miniband; then the particle is agai”s(l/N)EiN=lei , whereN is the number of free flights in the
accelerated by the electric field. _ _simulation ande; is the energy at the end of the flight. The
We performed the simulation of transport using a semi-qyift velocity is obtaine from the same estimator by sub-
classical one-particle Mé According to Fh|s gene.ral stituton of energy with the group velocityv,
scheme, we randomly generate the free flight duration _ (1/4)v, (k). The simulation time is long enough to en-
=(1/T)In(r) (I'q is the total scattering rate including the gyre the physical quantities to have small statistical errors,

self-scattering mechanigmNow we choose randomly the ypically the error associated to our results is of the order of
scattering mechanism and the state after the collision accorgyq_1 o4

ing to the differential scattering rate,,(k,k’) of the se-
lected process.
After integration of Eq(9), the nonpolar scattering prob- V. RESULTS AND DISCUSSION

ability results in Two kinds of simulations have been performéa) with

the field applied along the growth directianand(b) with an

oblique field. In the latter case, a constant field is applied

Pnr(E): (Dtk)z n’ n’[ Nop

2pwo,hid M MMy Nopt1 along thez direction and a component of the field in the
parallelx direction is varied. In both cases, vertical transport
0 is studied. Simulations are performed at lattice temperature
1 { E,—E¥ho T=300 K. The model has been tested for GaAgBd, ,As
X { —arcco — ) (12 SL's and our results are in good agreement with
™ [t experiment® and theoretical predictiorfé. The two differ-

1 ent geometries, with different layer thicknesses, have been
considered for Si/SiQsuperlattice.
In the integration of the total scattering rate, we have to sum

g\EeEr)eiIIEthemmigib?Ec)js’, counted with their multiplicitym: A. (255)-A SL with vertical fields
- n/ n/ n’ . . . . . 3
The polar optical interaction in Eq11) gives rise to an The first system studied is a SL arbitrarily made up of 25

anisotropic scattering rate. In order to simplify the calcula-A of silicon ard 5 A of silicon dioxide with an applied ver-
tion, we maximize the matrix element by imposikg-k’  tical electric field; the results are shown in Figs. 2 and 3. As

=0 and now the integration is the same than before witHt regards drift velocity(Fig. 2, lower part, we see that in-
maximized probability: creasing the electric field, the velocity first increases up to a
maximum and then a further increase of the applied field
causes a decrease in the drift velocity. This is the negative
= differential conductivity regime, predicted by Esaki and
2dh%k3\ €+ € Tsu® and it can be explained using the electronic distribu-
tion function ink, direction(Fig. 3 lower park at low elec-
0 tric field the distribution is located near the center of the
1 {En'— E:ﬁw> minizone, but slightly shifted towards right, so the drift ve-

_ Wezwop( 1 1 ) mnr n{ Nop

P(E)

(13)  locity is low. At higher field the peak of the distribution is
more shifted where the group velocity is higher; then, for
1 highest field the maximum shifts, but the distribution flattens

155332-4
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FIG. 4. Drift velocity for a(24/7.69-A Si/SiO, SL.

this increase cannot be observed in the energy distribution
function because it is very small.

Figure 2, upper part, shows the mean electron energy as a
function of the electric field. Since the system under investi-
gation has parabolic energy dispersion along two directions
and a different, very flat, dispersion alomglirection, it is of
interest to analyze the mean kinetic energy at equilibrium.
This analysis is presented in the Appendix. The energy
shown in Fig. 2 is the total enerdincluding miniband bot-
toms measured from the bottom of the lowest miniband, so
that the equilibrium valu¢around 29 meVis slightly above
the two-dimensional case, consistently with the fact that up-
per minibands are partially occupied. The increase observed
in mean energy can be interpreted noting that it is compa-
rable to the miniband width and that, as described above, at
high fields, electrons populates uniformly the whole mini-

and the drift velocity comes from the contribution of all the band.
k-space points. Another important result is that drift velocity

is very low, owing to the very flat shape of the miniband.
The mean energy assumes a value near 28 meV in the

region of low fields, then it increases about 1.5 M&lg. 2);
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momentum distribution f(k,) (arb. units)

0
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— E=100kV/m
== E=3000kV/m
+ =+ E=30000kV/m

0
k; (arb. units)

FIG. 3. Momentum distribution functions for thé5/5)-A
Si/SiO, SL, for several values of the applied field.

B. (247.69-A SL with vertical fields

The second system analyzed in this work has almost the
same thickness of silicon and a larger thickness of oxide, so
we can study the dependence of transport properties upon the
dimensions of the system. Moreover, the dimensions are now
directly correlated to the material unit cells; the two layer
thicknesses correspond, respectively, to exactly 4.5 times the
dimension of the Si unit cell and one Si@nit cell. The
results are reported in Figs. 4—6. With vertical applied field
the behavior for the drift velocityFig. 4) is similar, but the
intensity is one order of magnitude lower. This low transport
regime is caused by the larger barri¢7s68 A versus 5 A
that implies more flat minibands, or equivalently, reduction
of the tunneling rate.

We have reported the drift velocity in each minibaiRig.

5) and the population of electrons in each minib&Rd). 6).

It can be seen that the higher minibands, having higher ve-
locities, are less populated so their contribution to the overall
drift velocity is very low at low fields, when the field is
increased, the second miniband gives the most important
contribution to the drift velocity.
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FIG. 5. Drift velocity, for each miniband, in &4/7.68-A
Si/SiO, SL. 0 ' T

The momentum distribution function has very similar
behavior to that found in case described in the precedingc o} .
section.

C. (247.69-A SL with oblique fields

We have seen in the previous sections that the vertica >
transport properties are in general very weak when only ver-‘g
tical field is applied. The idea we propose in this section is 2 _
that by applying a parallel field, electrons can be heated ug
and populate highgand widej minibands. This gives rise to i E=2000 kV/m 4
a higher mobility. In other words, by increasing the electron | . | . | . | . |
energy, tunneling is favored. 200 400 600 800 1000

Concerning diagonal simulations, we consider the latter parallel field E; (kV/m)

SL, with a constant field along the direction E, ] ) )

= 2000 KV/m, near the peak of the velocity curve. We also FI(_S. 7. Mean energy _and drift velgmty' as functions of the par-
apply a variable field along the direction, so that we can aI.IeI.fleId with constant field along direction, for a(24/7.69-A
study the vertical transport versus parallel electric field. TheS'/SIOZ SL.

system is anisotropic and the electron mobility is much

higher along the in-plane direction, about three or four orderslrift velocity of v4,=6.5 m/s andv4 ,=60000 m/s. From

of magnitude higher than along the vertical direction; thewhat has been said above, it is very interesting to study how
resulting drift velocity is not parallel to the electric field. A the z component of the velocity is influenced by the parallel
typical result withE,= 3000 KV/m andE,=200 KV/mis a electric field; these results are showed in Figs. 7-12.
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FIG. 6. Population in the minibands for t24/7.69-A Si/SiO,
SL. FIG. 8. Population fraction for £4/7.68-A Si/SiO, SL.
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As it regards drift velocityFig. 7 lower pary, we see that,
when a lateral field is applied, electrons move twice or thre
times faster than with only vertical field. This phenomenon is
clearly interpreted by observing the miniband populations
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FIG. 11. Mean energy, above the bottom of each miniband, in a
(2417.7-A SilSiO, SL.

versus parallel electric fiel(Fig. 8), the drift velocity sepa-
ated for each miniban@ig. 9) and the momentum distri-
ution functions(Fig. 10 as function ofE.

Electrons move faster, by increasing the field, for two
reasons: the first one is that by increasing the parallel field,
the fractions of electron populations in higher minibands in-

-

————

E,=2000 kV/m

crease, thus “faster” minibands give a more important con-
tribution to transport; moreover, it can be seen that the value
of drift velocity provided by each miniband increases by
itself (Fig. 9 owing to the change in the momentum distri-
bution for each minibanéFig. 10. The parallel electric field
unbalances the momentum distribution favoring the regions
with positive velocity.

This interpretation is confirmed by the heating of elec-
trons reported in Figs. 7, 11, and 12 showing, respectively,
the total kinetic energy, the kinetic energy for each miniband,

——————

— E,=200kV/m
== E,=400kV/m

+ E,=700kV/m
=+ E,= 1000 kV/m

and the energy distribution functions; electrons are heated up
in each miniband, and the wider minibands contribute more

when the parallel field increases. The heating occurs along

0.5

the parallel direction and redistribute itself in the other direc-
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o
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FIG. 10. Momentum distribution function, in the miniband 1
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and 2, for several values of parallel electric fi&éld.
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20 - - ' | , the layer interfaces. In this way, a better vertical drift veloc-
JE— ] ity has been obtained through an increase of electron energy.
— T,=300K Our discussion has shown that this is caused by the in-plane
sk heating of the carriers in such a way that can populate higher

minibands. From the experimental point of view, electric
............. 0 SXKTZ_ fleld IS a Way .I:Or. thIS purpose, probably Slmllar results COU|d
be obtained using alternated electric fields.

ACKNOWLEDGMENT

mean kinetic energy (meV}
>
T
|

s N This work has been partially supported by the INFM-PRA
——~— RAMSES.

0.5xKT,

0 . ! , | | , APPENDIX: MEAN KINETIC ENERGY IN SL MINIBANDS
0 50 100 150 200

A: half miniband width (meV) The SL under investigation is a quasi-2D system: the elec-
tron dispersion is parabolic in they plane and a nearly flat
FIG. 13. Mean kinetic energy in a SL minibandAghalf of the  cosine shape in the direction. So we can expect a mean
miniband width. value for kinetic energ¥, between the two dimensionigy T
and the three dimensiondkgT. In this section, we perform

In Fig. 12, the distribution functions, especially at high this calculation. The starting point is the standard statistical
parallel field, for the first miniband show different slopes definitior?®

separated by kinks. This behavior is strongly dependent on
the phonon-scattering rate. Electrons with energy below the
first kink have little possibility to dissipate because they can- —~ d T e
o eV ; ; ; =——In| e P<Pdp.
not emit optical phonons; above this energy, their thermali- B )
zation is more efficient through phonon emission. The sec-
ond kink arises from the same mechanism with the final stat&he electron kinetic energy is measured starting from the

(A1)

in the second miniband. minimum of the miniband. Equatio(8) can be rewritten as
€(p)=ex+e,+A[1—cosfp,/h)d] [where A=1 in Eq. 8§,
VI. CONCLUSIONS and the above definition becomes

In this work we have investigated the electrical response
of Si/SiO, superlattice to applied electric fields. Two differ- — 9 +oo 3 1
ent geometries have been studied, in which the silicon and K=—2>, ﬁlnj e PalPddp = Ki:E+K3-
oxide layers have different thicknesses. Coherently with the =t o ot
very flat shape of the miniband, we found low drift velocity.
Moreover, the mean velocity of electron in strongly depen—-ne mean kinetic energy i, =K, =1/8 for the parabolic
dent upon the oxide layer thickness: it decreases signiﬁcanthegrees of freedom, while for thzgdirection it is
when the oxide layers are thicker. The curve of the drift
velocity is well explained by the Esaki-Tsu model.

Now we discuss the validity of the model used in this — d
paper. The semiclassical miniband transport description is K,=A- @'m(ﬁﬂ): (A3)
useful when the miniband width is greater than the voltage

drop over a SL period, i.eeEd<2t; beyond this limit, a where
quantum description is requiré8The first minibandthat is
less than 1 meV widesatisfies this condition for fields lower
than 200 KV/m. But from the Figs. 4 and 5, it is possible to
see that above this value the transport properties are domi-
nated by the second miniband. This miniband is about 9 meV
wide and satisfies the former condition whek, If we perform the substitutioe= — cosg),
<3000 KV/m. Since in the diagonal simulations a vertical
field E,=2000 KV/m is used, the semiclassical model - " .
should be applicable. For higher electric fields, the results of _ 2\ 12 BACA
a rigorous quantum theory could be somewhat different, butl(’B’A)_ZEJ,l(l_C )" ¥ de= ZE\EF(§>I°(’BA)’
we are confident that the major physical result presented here (A5)
would be confirmed.

We have shown that it is possible to improve transport, byhereI' is the factorial function andy(BA) is the Bessel
applying an extra component of the electric field, parallel tofunction. Substituting the last result in E@\3), and remem-

3

(A2)

h (7
I(,B,A)=ZHJO efAcoséqe, (A4)

155332-8
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bering 1B8=kgT, we have the final form

J
B

KAT,A)=A—|—InZy(BA) (A6)

B=1KkgT

PHYSICAL REVIEW B566, 155332 (2002

The result can be plotted numericallifig. 13: the graph
shows that for lowA the 1D kinetic energy is between 0 and
kgT. This value increase with and becomes greater than
kgT; this is due to the particular form of the miniband.

*Electronic mail: mrosini@unimo.it
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shows that even single electrons can be correctly described in
terms of a “cloud” of charge, or, equivalently, in terms of a
guantum distribution whose single points behave very much like
virtual classical particles; they are accelerated, by smooth poten-
tial, as classical particles and are scattered by fast varying po-
tentials or phonons with a mechanism very similar to that de-
scribed in semiclassical particles. The difficulty remains that
during the duration of the electron-phonon interaction, the vir-

PHYSICAL REVIEW B6, 155332 (2002

tual particles may move from a layer to a different one. This
consideration may suggest that a quantum treatment of transport
in superlattices may be desirable. On the other hand, the as-
sumption of phonon scattering localized in a single layer may
also be justified by the consideration that owing to the flat dis-
persion of the optical-phonon modes, these lattice vibrations can
be reasonably well described by the Einstein model of localized
harmonic oscillators.
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