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We investigate electron transport in one-dimensional coupled quantum-box (lD-CQB) structures at
room temperature by using an iterative technique for solving the time-dependent Boltzmann equation.
The scattering rates in the mini-Brillouin zone are characterized by several large peaks reAecting the
singularities of the 1D density of states and the features of the miniband structure. As a result of Bragg
reflection, the momentum distribution function deviates significantly from a displaced Maxwellian, with
carrier accumulation at the miniband edges. Under the condition of suppression of optic-phonon
scattering, the time evolution of the distribution function, and the electron velocity under high electric
field undergo damped Bloch oscillations with a period of a few picoseconds. In the steady-state analysis,
we found that the carrier mobility is a strong function of the structure confinement and periodicity pa-
rameters.

I. INTRODUCTION

In the past few years, quantum microstructures'
(QMS's) such as quantum wires and quantum boxes
(QB's) have attracted much attention because they mani-
fest fundamental phenomena such as quantum interfer-
ences" and single-electron effects. The observation of
these quantum effects is presently limited to very low
temperatures because of the requirement of a dissipa-
tion-free environment and the diSculty of achieving a
confinement dimension below 100 nm with energy-level
separation in excess of a few meV. It is, however, antici-
pated that continuous improvement and innovation in
nanostructure technology will provide new opportunities
to realize QMS's with feature sizes smaller than 500 A,
and expand the research activities on QMS's to high tem-
peratures.

One of the most remarkable features of QMS's is their
flexibility to geometrical confinement and design to
achieve arbitrary spectra of electronic states and they
provide new windows for technological innovation. Re-
cently, Sakaki proposed a nanostructure consisting of a
one-dimensional chain of identically coupled QB s (1D-
CQB's) [Fig. 1(a)]. This new periodic structure can be ar-
bitrarily designed according to the confining potential
and its periodicity. The dispersion relation and the densi-
ty of states (DOS) are shown in Fig. 1(b). For certain
values of the 1D-CQB parameters, it is possible to
suppress polar optical-phonon (POP) scattering which is
a dominant dissipation process at room temperature.
Namely, if the miniband width c&is smaller than the POP
energy Acopop (=36 meV in GaAs), intraminiband POP
scattering does not occur. Furthermore, if the minigap
width cg exceeds A'~PzP, interminiband scattering is also
prohibited. This condition is expressed as

E'I ~~POP g )~~POP '

With the suppression of POP scattering, it is expected
that the transport performance of 1D-CQB's will be
significantly enhanced, even at room temperature. More-
over, strong nonparabolicity of the miniband shape, and
the short periodicity of the mini-Brillouin zone, are weH
suited for strong nonlinear effects such as negative resis-
tance and Bloch oscillations.
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FICx. l. (a) Schematic illustration of ID-CQB's. (b) Disper-
sion relation and density of states of ID-CQB's. Numbers on
the miniband denote the index (m, n) as defined in the text. The
folded miniband locates much higher than the minibands con-
sidered in the text. The dashed arrow in the DOS indicates a
prohibited process of the absorption of optical phonon.
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In this paper, we study electron transport in 1D-CQB
structures at lattice temperature TL =300 K by using an
iterative technique applied to the semiclassical Boltz-
mann equation. In Sec. II, we describe our electronic
model, and in Sec. III we calculate the scattering rates for
polar optical and acoustic deformation-potential phonons
in the nanostructure. In Sec. IV, we formulate the trans-
port theory and solve numerically the Boltzmann equa-
tion. Finally, our results on steady-state and transient
transport are reported in Sec. V.

where

2 . m77 . n7T
A „(x,y).=—sin x sin y .
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g(k„z) is Bloch function expressed by using the nearly
free-electron model as

g(k„z)= QCG(k„z)e' ' e
G

ik z
CNFE ( k I Z )e

II. ELECTRONIC MODEL

In modeling the electronic properties, we assume that
the 1D-CQB structure consists of a system of square
GaAs QB's separated by a Al Ga& „As barrier as shown
in Fig. 1(a). In this 1D system, electrons are strictly
confined in the xy plane of the wire and its motion along
the wire (z direction) is modulated by the periodic poten-
tial. Therefore, the electron energy can be written as

E(k) =EsL(k, )+E (2)

where EsL(k, ) is the energy dispersion along the z axis (SI
denotes superlattice) and E „ is the quantized energy in
the quantum-wire cross section (xy plane). We assume an
infinite square-well potential in the xy plane. The energy
resulting from the confinement in this plane is written as

E „= (m +n ) m, n=1, 2, . . .
(~A')

2m, ffL
(3)

g(k, r)=g(k„z)A „(x,y),

where m and n are indices assigned to the minibands split
by the confinement, m, & is the effective mass, and L is the
width of the square well. The energy dispersion along the
z direction and the miniband width are calculated by a
Kronig-Penney model. The periodic potential is set so
that the upper miniband folded at the Brillouin-zone edge
[see Fig. 1(b)] is located high enough to neglect the elec-
tron distribution even at high temperatures. In the
present model, we restrict our analysis on interminiband
scattering to the first four minibands that we refer to the
index (m, n) being (l, l), (1,2), (2, 1), and (2,2) since for the
confinement and potential period considered here most of
the electrons populate in the lowest miniband. For the
sake of simplicity in forthcoming calculations the mim-
band structure is approximated by cosine shape,

E,b
EsL(k, ) = (1—cosk, dsL),

2

where cb is the miniband width, and dsL is periodicity of
the potential. Then, the density of states (DOS) is ex-
pressed as

D( )=Eg [~dsL+(E E„)—(E „+Eb—E)]
m, n

This indicates that the DOS has singular points at the top
(E=E „+Eb ) and the bottom (E=E „)of each miniband
as shown in Fig. 1(b).

The wave function can be written as

where G=X27r/dsL (X=O, +I, +2. . . ). We take the
simplest case N =0 and —1 with CN„E(k„z) expressed as

1
CNFE(kz~z )

QdsL cosh2p
e cos —z —tp

2

III. SCATTERING MODEL

In this section we derive the expression for the transi-
tion probability of the DP and POP scattering in the case
of CNFE(k„z)=1. Following the expression in Ref. 13,
the scattering probability can be written as

Here, y=2~/dsL, p= —,
' 1n(Pl+be +Air), be=(R /

2m, s U) [k,' —( k, —y ) ], and U is the potential barrier
height.

At temperatures above 100 K, polar optical-phonon
(POP) and deformation-potential (DP) acoustic-phonon
scattering are dominant in III-V compound materials.
Here, we make the usual assumptions that the POP ener-

gy has no dispersion and is given by the bulk phonon en-
ergy Acopop=36 meV, while DP scattering has a linear q,
dependence. The latter assumption is essential to ac-
count for dissipation of the electron energy when the
POP scattering is completely inhibited. To avoid com-
plexity, confined and interface phonon modes are not tak-
en into account, since the model and its interaction Ham-
iltonians are still under argument. However, it is justified
to use the bulk model when the QB size is larger than 100
A, ' or the content of Al in the A1„Ga, „As barrier is
small. This point will be discussed in detail later.

Ionized impurity scattering is neglected since we can
practically eliminate it by introducing a modulation dop-
ing technique into an edge —quantum-wire-like struc-
ture. '" Interface roughness (IF) scattering' is also an
important process in QMS. Its effect depends strongly on
the height and lateral correlation length of the interface
roughness, as briefly described in Sec. III. In the main
body of the text, however, we neglect IFR scattering as-
suming an ideal case in which uniform boxes are periodi-
cally coupled with a negligible fluctuation. Another im-
portant scattering process in the SL structure which we
did not take into account is the Umklapp process in
which phonons with large wave-vector scatter carriers
from one minizone to the others. Although it leads to an
underestimate of the scattering rates, we did not take ac-
count of this process because of the limitation of comput-
er memories.
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2M 'I,—(k, k')6[E(k') —[E(k) ficoj ]j,
where

I;+(k, k )=f dqF, (q, lk; —k. l)

(10)

a(k;)=
E, b

dsL l»nk;dsL (13)

where k, is one of the solutions of e(k') —[E(k)+iiicoz ]=0.
The coeflicient a(k, ) is derived from integration of the
energy-conservation term and is written as

X f dRA* „.(R)A „(R)e'~
I—can be written as'

4m
IDp = (1+—,'5 )(1+—,'5„„)

L 2

Here, Q=(q, q~), R=(x,y), Vis the volume of the sys-
tem, and Ace is the phonon energy with the signs of ab-
sorption (+) and emission ( —). CDp and Cpop are con-
stant values expressed as Eq. (7) in Ref. 13. F(q) is
defined as 1 and nq~/q (n is phonon occupation num-
ber) for DP and POP scattering, respectively. Using Eq.
(7), the sum of the scattering rates with arbitrary function
P(k) can be written as

and

nq
Ipop = f f dcr&dcr

(2ir )

where

o'+cr,'+ —lk, —k, l

' 2

4~, cr =O, m'=m,
lI (cr)l = rr, o =+m'+m,

1 (16m'mcr) [1—( —1) + cosoir]

[ cr 2 (m '+—m ) J [ cr —( m ' —m ) ]

for DP and POP scattering, respectively. These expres-
sions are easily expanded when CN„E(k„z) is expressed
as Eq. (9).

In Fig. 2(a) we show the total scattering rate
r(k) '=pi, +P~

—(k, k') for the case where sb =30 meV,
dsL =90 A, and L =200 A. The intraminiband POP
scattering does not occur in this case since the optical-
phonon energy ficopop (=36 meV) exceeds the miniband
width. The short-dashed and long-dashed lines denote
the scattering rates for DP and POP scattering, respec-
tively. The solid line indicates the sum of the scattering
rate for DP and POP scattering. We set the zero energy
at the bottom of the (1,1) miniband. The lateral
confinement L results in an energy separation Ac&2=42
meV between the bottoms of (l, l) and (1,2) minibands.
The energy range spanned by the miniband is indicated
by horizontal arrows.

The scattering rate is zero between 30 meV [top of the
(1,1) miniband] and 42 meV [bottom of the (1,2) mini-
band] since there is a real minigap with no electronic
states in this energy range. This minigap also causes the
suppression of interminiband POP scattering for elec-
trons in the bottom of the (1,1) miniband (hatched area).

This is because electrons cannot reach the (1,2) miniband
by absorbing a POP. Only DP scattering is active over
this energy range. As lateral confinement increases, the
energy range in which POP scattering is suppressed be-
comes wider, and finally, complete suppression of POP
scattering is achieved when Eq. (1) is satisfied.

The feature of the DP scattering is quite similar to that
of the DOS since acoustic-phonon scattering is regarded
as a quasielastic process at small q, . In Fig. 2(a) the sepa-
ration between the singular points of the miniband edges
reflects the q, dependence of the phonon energy. Note
that the DP scattering rate is nearly 10' sec ' which is
still smaller than the POP rate, but much larger than the
bulk value. This is due to large form factor resulting from
strong confinement. The importance of the DP scatter-
ing will be emphasized in Sec. V.

Figure 2(b) shows the total scattering rate for Eb =60
meV ()A'copop), dsi =90 A, and L =200 A where in-
traminiband POP scattering occurs for electron energy
greater than 36 meV. Most of the electrons which have
accelerated to this energy easily emit an optic phonon
and relax to lower energy. Moreover, the presence of
several peaks caused by the interminiband POP scatter-
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where

In studying transport phenomena at high tempera-
tures, we cannot employ the relaxation time approxima-
tion because of strong inelastic scattering processes such
as POP scattering. Therefore, we directly solve the semi-
classical time-dependent Boltzmann transport equation
(BTE),'
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Flax. 2. Calculated scattering rates of electrons in 1D-CQB's
for (a) c,b=30 meV and 4,

'b) c&=60 meV. Here, L =200 A,
ds„=90 A, and T~ =300 K. Short-dashed, long-dashed, and
solid lines denote the scattering rates for DP, POP, and the sum
of these two processes, respectively. The arrows indicate the
miniband width.

ing prohibit electrons from moving away to higher ener-
gy, suggesting that the coherent electron transfer by high
electric field may be impossible for this structure
configuration as will be discussed later.

Here, we briefly estimate the scattering rate caused by
interface roughness along the wire direction. By applying
a Gaussian-type autocorrelation function, ' we obtain the
scattering rate without screening as

af(k)
Bt =+I [1—f (k)]f(k')P(k', k)

coll k'

—[1—f(k')]f (k)P(k, k')] . (19)

f„+t(k, ) = f g„(k, eFt'/fi)e —'dt',
0

where

(20)

Here, f (k) is the electron distribution function, and
P(k, k') is the scattering probability from the state with
wave vector k to the final state with k' and calculated in
Eq. (10). F is the applied electric field and the other sym-
bols have their usual meanings.

One popular method to solve Eq. (18) is the Monte
Carlo method' which simulates numerically the stochas-
tic processes of electron interaction with lattice vibra-
tions and crystal defects. Although a recent Monte Carlo
simulation of electron transport in quantum wires' has
been shown to be very powerful for the high-field effect,
memory requirement and running time for computers are
quite severe to study the structural dependence of trans-
port in 1D-CQB structures. Therefore, we employed the
iterative method formulated by Rees. '

Because of the singularities in the DOS at the mini-
band edges of 1D-CQB shown in Fig. 1(b), numerical
differentiation of the distribution function on the left-
hand side of Eq. (18) must be handled with care because
it might give an unstable solution. Therefore, we
transformed Eq. (18) into the equivalent integral equation

m L EsdsL lsink&dsL l

t)f„(k, )

g„(k, )= +@f„(k,) .
co»

(21)

where 5 is the amplitude and A is the lateral correlation
length of the roughness. In Fig. 2(a) we plot 1/r, „R for
the (1,1) miniband taking b, = 5 A and A = 150 A, that is,
a 5% fluctuation of the wire width. For very small ener-
gy, 1/~, „R is comparable to the DP scattering rate, and it
decreases rapidly as the electron energy increases. There-
fore, IFR scattering is not important for these parameters
as long as we consider the transport under high electric
field. In a steady-state low-field analysis, IFR scattering
( ~L ) cannot be neglected especially when the wire
width L, decreases. However, we do not take account of
this effect since it will become suKciently small as the
processing technology gets refined, while phonon scatter-
ings remain as an unavoidable process.

Here, we introduce a self-scattering process expressed as
4f„(k, ), which adds no infiuence to the original equa-
tion. Starting from the initial distribution function fo, we
can obtain the (n +1)th iterative solution f„+t from the
nth approximate solution of Eqs. (20) and (21) by intro-
ducing f„ into the right-hand side of Eq. (20). A steady-
state solution is obtained when the iterative process con-
verges. Within this scheme, the self-scattering constant

determines the convergence rate of the solution.
Moreover, Rees' showed that when N is chosen to be
large enough, each iterative step corresponds to the time
evolution of the distribution function with time step I /N.
Thus, we can obtain both steady- and transient-state dis-
tribution functions simultaneously by solving Eqs. (20)
and (21) and using Eqs. (10)—(16). First, we obtain the
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scattering probability and store them into memories as a
lookup table. Next the iterative procedure is carried out
using the lookup table. Finally the distribution function
is used to calculate the electron velocity and mobility.

V. RESULTS AND DISCUSSION

A. Time-dependent so1utions

In this section we show the distribution function ob-
tained from the time-evolution analysis by solving the
Boltzmann equation iteratively. In Figs. 3(a) and 3(b), we
show the time variation of the distribution function at a
low electric field (F =100 V/cm) and its deviation from
the initial Maxwell distribution function. Here, we use
the same parameters as in Fig. 2(a) where optical-phonon
scattering is partially suppressed around the bottom of
the first miniband. The horizontal axis denotes the wave
vector along the k, direction normalized to half of the re-
ciprocal lattice vector of the SL. The iterative procedure
was performed at 1/%=20 fsec, and the solutions were
picked up at every 0.4 psec.

The feature of the nonequilibrium distribution function
is clearly different from the displaced Maxwellian shown

in dashed line in Fig. 3(a). Here, the displacement
Ak =eFr!A is given by setting the relaxation time ~=2
psec and F = 100 V/cm. After a few picoseconds the dis-
tribution function shows two shoulders at
k, =+0.3m. /dsL and a rapid decrease at the origin of the
minizone. The shoulders correspond to the peak in the
scattering rate at 6 meV above the first miniband edge
shown in Fig. 3(a), and which is due to the scattering by
POP absorption to the bottom of the second miniband.
Therefore, electrons with wave vector ~k, ~

(0.3m/dst
are easily accelerated since they suffer neither POP ab-
sorption nor POP emission, which results in a depletion
of carriers around the origin. Above 0.3m/ds„, inter-
miniband scattering with carrier exchange between the
minibands occurs quite often, resulting in a small shift
from the initial distribution. Thus, the abrupt change in
the scattering rate causes a nonuniform deformation of
the electron distribution, and accumulation of electrons
at energies where the scattering rate has singularities [see
Fig. 3(b)]. A similar behavior has recently been obtained

19in quantum-wire structures.
Another important difference in the displaced Maxwel-

lian is an increase of the electron distribution in the nega-
tive k, region. This effect is caused by the reAection of
electrons at the minizone edge due to the periodicity of
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FIG. 3. (a) Time evolution of the distribution function f„and (b) the dilference between f„and the Maxwellian distribution func-
tion fo. The parameters used here are eb =30 meV, L =200 A, and E =100 V/cm. The results are picked up at every 0.4 psec. The
horizontal axis denotes the wave vector along the z direction normalized by half of the minizone period. (c) Time evolution o ef the
distribution under a high electric field. Here, c& =30 meV, L =150 A, and F =1000 V/cm. Short-dashed and long-dashed lines
denote the distribution at T =2.4 and 4.4 psec, respectively. (d) Electron velocity for three different electric fields (F =200, 1000, and
5000 V/cm) as functions of time. The parameters for solid lines are the same as in Fig. 3(c) except for the electric field. The dashed
line is for cb =60 meV, L =200 A, and F = 1000 V/cm. Other parameters used in (a)—(d) are TL =300 K, dsL =90 A, Nd =5 X 10'
cm ', and 1/+=20 fsec.
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the 1D-CQB structure. Since the electrons refiected to
the other zone boundary tend to have negative velocity,
the net current decreases correlatively. Thus, the periodi-
city introduced in the 1D system which causes the forma-
tion of minibands has somewhat of a negative effect on
the transport properties.

In Fig. 3(c), we show the time evolution of the distribu-
tion function under the condition where POP scattering
is suppressed. Here, ds„=90 A, X„=5 X 10' cm
I. =150 A, F =10 V/cm, and 1/III=20 fsec. The initial
distribution function is Maxwellian and the data were
picked up after every 0.4 psec. The figure shows the elec-
tron acceleration by the high electric Geld with a time
shift of the center of the distribution function accom-
panied by a broadening. After 2.4 psec, the center of the
distribution function is refIected to the opposite zone
boundary because of the periodicity of the mini-Brillouin
zone. Note also that as time goes on, the distribution
function at the miniband edges becomes comparable with
that at the zone center. This indicates that the distribu-
tion function tends to spread out over all the miniband
width which is quite different from a displaced Maxwelli-
an distribution. Another important feature of the carrier
dynamics in the miniband structure is seen after 0.8 psec
when many electrons are accelerated to the negative mass
region which induces a drop in the electron velocity.

In Fig. 3(d) we show the variation of the drift velocity
(v ) =gv(k)f(k)/gf(k) as a function of time for three
values of the electric field. The conditions for the solid
lines are the same as Fig. 3(c). Bloch oscillations are
clearly seen with the frequency 2m'/eFdsL. The damp-
ing of the oscillations is due to a degradation of the
coherence of the electron distribution, i.e., the electrons
are not rejected simultaneously at the minizone edges,
which tends to spread out the distribution over all the
mini-Brillouin zone. This is the reason why the final ve-
locity at the convergence shows almost zero value.

On the other hand, when the POP scattering is not
suppressed, Bloch oscillations cannot be seen even at
F =10 V/cm because of the high scattering probabili-
ties. The dashed line in Fig. 3(d) shows the electron veloc-
ity for the case of cb =60 meV, L =200 A, dsL 90 A,
Xd =5 X 10 cm ', F =10 V/cm, TL =300 K, and
1/@=20 fsec, in which both interminiband and intram-
iniband POP scattering processes are present. The veloci-
ty converges to a constant value before reaching the neg-
ative mass region since frequent absorption and emission
processes of optic phonons lead to efficient randomization
of carriers with different energies and prohibit the
coherent carrier transport. From these results we con-
clude that negative velocity and Bloch oscillations may
be realized even at room temperature as long as the con-
dition for quenching of POP scattering is satisfied.

B. Steady-state solutions

Next we discuss the steady-state analysis under low
electric fields. In Fig. 4(a), we show the low-field mobility
calculated as functions of the cross-sectional width L of
the wire. The squares and solid circles correspond to the
mobility for the case of a wide miniband (c,&

=60 meV)
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and a narrow miniband (30 meV), respectively. Dashed
and dotted lines indicate the mobility component for
these two cases that would be determined by the DP
scattering only. Here, we set dsL=90 A, Nd=5X10
cm ', and F =100 V/cm. The upper horizontal scale
denotes the energy generation Ac. =c,2

—c.».
In the case of ~b=30 meV where the intraminiband

POP scattering is suppressed, the minigap width
E~ =DE —

Eb is larger than Acopop as long as L is smaller

than 159 A. Therefore, the total mobility for L (159 A
is not affected by POP scattering, but is mainly deter-
mined by DP scattering. When L is set larger than 159 A,
the POP contribution comes in. Indeed, when
L =200 A, the large dip of the mobility appears. This is
caused by optic-phonon resonance between the two mini-
bands and resembles to the well-known magnetophonon
resonance whose band separation originates from the
Landau splitting. The POP scattering is strongly
enhanced when the optic-phonon energy equals the ener-
gy separation Ac between the bottoms of the minibands
where due to the singularities, the joint DOS is max-
imum. The rapid recovery of the mobility with decrease
of L indicates the effective reduction of the POP scatter-
ing.

Although the mobility feature clearly shows the effect
of suppression of POP scattering, the mobility amplitude
itself is not large as compared to the bulk value (@=6000
cm /Vs at 300 K) or other QMS structures. Three fac-
tors limit the mobility to low values: first, the acoustic-
phonon scattering is enhanced by the strong confinement
(size eff'ect ') in the wire which brings its contribution to
the level comparable to the POP scattering rate. The

FIG. 4. (a) Calculated mobility at TI =300 K as a function of
the cross-sectional width L of the wire. Squares and solid circles
denote the total mobility for cb =60 and 30 meV, respectively.
Dotted and dashed lines indicate the mobility determined by
DP scattering. Here, dsL=90 A, Nd=5X10' cm ', F =100
V/cm, and TL =300 K. (h) Schematic illustration of 2D-CQB's.
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second factor is the miniband structure itself; in order to
suppress intraminiband POP scattering, one needs to
choose a narrow miniband. This, in turn, causes an in-
crease of the effective mass by a factor of 3 to 4 times
larger than the bulk value at the I point and reduces the
mobilities. This explains why the mobility for the case of
cb =60 meV is larger than that of cb =30 meV. More-
over, the effect of a negative mass region in the upper
part of the miniband also decelerates the electron motion.
The third factor is Bragg reAection at the minizone edges;
once electrons reach the minizone boundaries, electrons
are rejected back to the opposite zone boundaries with
negative wave vector. Therefore, these shifts in the elec-
tron distribution by the electric field result in a total loss
in the total momentum.

To achieve the highest mobility, one must optimize the
structure parameters I, cb, and dsL which inAuence these
three factors. However, the highest value of the mobility
is always limited by the POP scattering except in the case
where POP scattering is completely suppressed as dis-
cussed earlier. Therefore, reducing the acoustic-phonon
scattering is the most important challenge to improve the
mobility under the suppression of POP scattering.

Among the three mobility limiting factors discussed
above, the second and third ones cannot be avoided since
they derive from the essential characteristics of the mini-
band. However, the first factor, or the confinement-
induced enhancement of DP scattering can be reduced if
one employs 2D- or 3D-CQB's (super crystals) as shown
in Fig. 4(b). Since the confinement in these structures is
weaker than in the 1D case, the electron-phonon interac-
tion can, in principle, be reduced. The band structure is
almost the same as 1D case except that new minibands
are formed along the other directions. In addition, the
energy separation between the upper minibands is still
maintained, or in some cases can become larger since the
resulting minigap can be far larger than the energy sepa-
ration between quantized levels. The details of the
analysis of 2D- and 3D-CQB's will be discussed in a
forthcoming publication.

Before concluding, we would like to point out two im-
portant considerations which have been omitted in the
present model. One is the broadening of the DOS caused
by scattering and roughness of the interface. The
broadening removes the singularities in the DOS which
play quite an important role in the determination of the
distribution function. Moreover, since band tailing re-
sulting from the DOS broadening may appear in the
minigap, residual optical-phonon scattering may still be
active even when c. & AcopQp.

Another important effect is the consideration of

confined and interface phonon modes. When the well
width d~ decreases below 40 A, the nature of dominant
phonon modes is affected by confinement. The acoustic-
phonon branch is folded at q=~ldsL generating many
new phonon modes around q =0. The optical-phonon
branches split to several discrete energy levels with no
dispersion (confined phonon modes) and localized modes
at the heterointerfaces (interface phonon modes). These
effects change the electron-phonon interaction Hamil-
tonian as well as the energy exchange involved during the
interaction. However, these effects will not qualitatively
change our conclusions as long as GaAs-like POP modes
are concerned. This is because the whole set of GaAs-
like modes affected by the confinement have almost the
same energy (between ih'coTo=33. 3 meV and ih'co„o=36
meV) and almost the same consequences as bulk pho-
nons. Thus, the condition of suppression of optical-
phonon scattering [Eq. (1)] is still maintained. Note that
A1As-like interface phonon modes become important
with decreasing the well width. Since they have higher
energy than that of GaAs-like modes, the condition, Eq.
(1), has to be changed to realize complete suppression of
POP scattering.

VI. CONCLUDING REMARKS

We have presented a transport analysis in 1D-CQB
structures at room temperature by using an iterative
technique applied to the time-dependent Boltzmann
equation. Transient solutions of the distribution function
predict the occurrence of Bloch oscillations in the pi-
cosecond regime. In the steady-state analysis, the mobili-
ty in 1D-CQB's is shown to depend strongly on wire sizes
and periodicity. The important requirement to realize
long-lasting Bloch oscillations and high-mobility systems
at high temperatures is to set up the condition in which
DP scattering in CQB systems is also suppressed. We be-
lieve that this requirement can be satisfied by manipulat-
ing the miniband structures, including the possible use of
2D and 3D coupled quantum-box structures.
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