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Screened bulk electron-phonon interactions in quantum-well wires
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We study the effects of dielectric screening on the scattering and relaxation rates due to electron-
phonon interactions in quasi-one-dimensional quantum-well wires. Interaction of confined electrons
with bulk polar-optical and acoustic phonons are considered. Acoustic phonons are examined both
in the deformation potential and the piezoelectric couplings. Screening effects are included via a
temperature dependent dielectric function sz (q) in the random-phase approximation, by renormal-
izing the electron-phonon interaction. We report numerical results for the GaAs system in the
size-quantum-limit, where the lowering of screened electron-phonon scattering rates is found. The
effects of screening are most significant for the electron —optical-phonon interaction. Mobility calcu-
lations using the screened electron-phonon interactions are also considered.

I. INTRODUCTION

Recent developments in molecular-beam-epitaxy
(MBE) technology have made possible the fabrication of
electronic structures based on the confinement of elec-
trons in an essentially one-dimensional (1D) semicon-
ductor, where the characteristic dimensions of the sys-
tem are of the order of the de Broglie wavelength of the
charge carriers. In these synthetic materials, the elec-
tron gas is quantized in two transverse directions, so the
charge carriers can only move in the longitudinal direc-
tion. Since the electron gas has a small but finite ex-
tent in the confined directions compared with the axis of
free motion, such structures are also named quasi-one-
dimensional (Q1D) systems. Owing to the limited num-
ber of available final states during the scattering process,
the mobility of such systems is considerably enhanced,
making them potentially important for high-speed de-
vice applications. Since their early prediction by Sakaki
and subsequent fabrication, there has been a lot of in-
terest in the transport properties of Q1D systems. Scat-
tering mechanisms due to various processes have been
examined both theoretically and experimentally. A
transport theory in 1D or Q1D semiconductor structures
has been developed for scattering mechanisms such as
impurity, acoustic-phonon, ' and optical-phonon ' '

interactions. In a recent review by Bastard, Brum, and
Ferreira, many properties of 1D semiconductor systems
are discussed in detail.

To the best of our knowledge, the effects of the
electron —acoustic-phonon scattering in quantum-well
wires were first considered by Arora. Riddock and
Ridley and Leburton studied the electron —optical-
phonon interaction in an infinite quantum-well model,
and found that the 1D emission rates are less than
the corresponding 3D rates. The size dependence
of scattering rates in these 1D semiconductor materi-
als was also reported by Leburton. Constantinou and
Ridley considered a finite quantum well and. calculated
the electron —polar-optical-phonon scattering rates within

the effective-mass approximation for a Q1D cylindrical
quantum-well wire. They found that the scattering rates
were lowered compared to the infinite confining potential
approximation.

Electron-phonon scattering rates for 1D and QlD elec-
tronic systems have also been calculated through Monte
Carlo simulations. ' ' The low dimensional nature of
these structures has rendered possible the inclusion of
many subbands and more realistic confining potentials
in such approaches. Simulations of optical- and acoustic-
phonon scattering in Q1D systems with many subbands
were performed for the size and confining potential-well
height dependence. Calculations taking the many-body
efFects into account self-consistently, as well as polaron
scattering rates~~ and polaronic energy in Q1D struc-
tures, have also been reported.

The scattering rates and mobilities for rectangular
Q1D systems due to acoustic phonons coupled through
piezoelectric interaction were also studied. ' The gen-
eral conclusion of such investigations is that the piezo-
electric scattering-limited mobilities in GaAs, InSb, and
InAs are smaller than the acoustic-phonon (deformation-
potential-coupling) limited mobility, except for strongly
piezoelectric materials such as CdS and ZnO, where
piezoelectric scattering is dominant.

Mobility measurements and calculations in semicon-
ductor structures have always been very important in
determining the various scattering mechanisms within
such systems. The hope of achieving very high mobil-
ities by confining even more electrons compared with the
Q2D heterojunctions has been the main motivation of
the study of Q1D electron systems. A detailed and com-
parative study on phonon-limited mobility in Q1D semi-
conductors was given by Fishman, in which a simple
model for the envelope wave function is employed. Simi-
lar calculations of mobility for rectangular cross-sectional
quantum-well wires were reported by Lee and. Vassell.

We note that the transport relaxation time 7q and the
single-particle lifetime 7., are in general different quan-
tities. The relaxation time vq is what enters the mo-
bility calculations, whereas the single-particle lifetime or
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the scattering time is related to the self-energy [r, i
Im E(k, e~) j. In effect, single-particle lifetime measures
the time between the scattering events, and momentum
relaxation time is weighted by a factor that depends on
the angle of scattering. Only when the scattering poten-
tial is a b function do we have wq

——v„and both trans-
port and single-particle properties are characterized by
the same quantity.

Screening effects have long been recognized to reduce
the effects of electron-phonon interaction in semiconduc-
tor structures in various dimensions. In the usual treat-
ment of scattering or relaxation time calculations, these
screening effects have been incorporated by considering
the Thomas-Fermi or Debye screening lengths in the ap-
propriate electron-phonon interaction. We note that for
the Thomas-Fermi screening approach to be valid, the
wave vectors of interest must satisfy k (( k~, where
k~ is the Fermi wave vector. In the case of electron—
optical-phonon interaction, the wave vectors in which
k ko are relevant, where ko —— (2mwoih2)i~2 and
uo is the optical phonon frequency. Consequently, the
Thomas-Fermi static screening of electron-phonon inter-
action is expected to be applicable if ko (( kp". For
GaAs heterostructures this implies the condition n )
10is cm s on the electron density (which corresponds
to n 10 cm for 1D semiconductors). This is much
higher than the electron densities typically encountered
in the experiments. Better approximations to screen-
ing, namely, taking the full wave vector dependence of
the dielectric function s(q) into account, are rarely used.
Thus, motivated partly by the work of Constantinou
and Ridley, we investigate the possible reduction in
the scattering rates of Q1D quantum-well wires due to
the effects of screened electron-phonon interactions. We
stress that the phonons considered in this study are 3D
(bulk), and we neglect any discussion of confined phonon
modes. Some recent applications of the effect of electron—
confined-phonon interactions in quantum-well wires can
be found elsewhere.

In this paper, our aim is to study the scattering
rates due to electron-phonon interactions in Q1D struc-
tures. More specifically, we examine the electron—
optical-phonon and electron —acoustic-phonon interac-
tions. Acoustic phonons are considered in both the de-
formation potential and the piezoelectric couplings. We
then investigate the effects of screened electron-phonon
interactions on these phonon-limited scattering rates.
Screening is introduced through the dielectric function
s(q) for which we employ the random-phase approxima-

I

tion (RPA). The dielectric response function for a Q1D
semiconducting system has been calculated by Lee and
Spector. Screening effects via a temperature dependent
1D dielectric function sT (q) on the phonon-limited mobil-
ity were considered by Fishman. We also investigate the
effects of screened electron-phonon interactions on the
mobility, paying particular attention to the carrier den-
sity and the temperature dependence of p. Recently, we
have calculated the effects of screening on the electron-
phonon scattering rates, with a rather crude approxima-
tion to the dielectric function s(q).

The rest of this paper is organized as follows. In
Sec. II we introduce the wave function and energy lev-
els for electrons con6ned in a cylindrical quantum wire,
derive expressions for scattering rates due to various
electron-phonon interactions, and introduce the temper-
ature dependent dielectric function a' T(q). In Sec. III
we present our numerical results of the phonon emission
and absorption rates for electron —optical-phonon scatter-
ing, electron —acoustic-phonon interaction with deforma-
tion potential coupling, and electron —acoustic-phonon in-
teraction with piezoelectric coupling. We also discuss the
implications of our calculations on the temperature de-
pendent phonon-limited mobility p.

II. THEORY

A. Model

We consider a model of electron gas, quantized in two
transverse directions, so that the charge carriers can only
move in the longitudinal direction. We choose the cross
section of the system to be circular with radius B, hence
the quantum wire geometry becomes cylindrical. Calcu-
lations have also been performed for wire of rectangular
cross sections, ' ' but the size of the cross section, rather
than its shape, is found to be relevant in determining
various properties. In the size quantum limit (SQL), the
radius B of the quantum-well wire is much smaller than
the thermal de Broglie wavelength of the charge carri-
ers, so that only the ground state (lowest) subband is
populated. As will be discussed later, we choose the size
parameters in this work such that the SQL is attained
and the intersubband scattering that otherwise would be
important is completely neglected. In the model of an
infinite potential well con6ning the charge carriers, the
normalized efFective-mass wave function is given by

J-(k-, i p) e'"~ e'"* l [(~&')"'Jn+i(kn, i+),~(p» z) 0,
p(B
p) B,

with the corresponding energy levels B. Scattering and relaxation rates

The single-particle scattering rates can be obtained by
summing over the final states using

where k i = x ~/R and x i is the lth root of the Bessel
function of the first kind J (x).
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f~l
where the transition probability W(~ ~ (k„k,') of an elec-
tron, which forms a state k to k,' by emitting or absorb-
ing a phonon, is given by the Fermi golden rule

W( )(k, k,') = —M(~~ b(E(k,') —E(k, ) + ha~) .

the lowest subband, thus the term involving summation
over the index n in Eq. (11) does not contribute to the
scattering rate. In systems where higher subbands are
also occupied, the above expression can be conveniently
employed.

(4)

Transport relaxation time, on the other hand, is calcu-
lated from

k'=) W&-&(k„k,') ~1 ——' ~,k, ) ' (5)

in which the extra factor describes the angle dependence
of the scattering. The electron-phonon matrix element
corresponding to the annihilation and creation of one
phonon (upper and lower signs, respectively) is

M( ~ = (k,', % + 1 iH, „ik„W ), (6)

where Nz is the phonon occupation factor and the
electron-phonon interaction can be written as

H, ph = ) C(q) bqe' '+ bte
q

in which 6 and bz are the phonon creation and annihi-
lation operators, respectively. The interaction strength
C(q) for various types of phonons considered here is given
as follows. For polar-optical phonons, the interaction
strength reads

C. Dielectric function

The effects of screening have been included by renor-
malizing the electron-phonon interaction by the dielec-
tric function, viz. , H, ~g -+ H, ~~/s(q). The dielectric
function to be employed here should be calculated using
the wave functions introduced for the infinite potential-
well model. In a recent work we have used the RPA
dielectric function which was more appropriate for bulk
systems, and found a decrease in scattering rates due to
the screened electron-phonon interactions. We assume
that the density of electrons is such that all the electrons
are in the lowest subband and model the @1D dielectric
function as

~(q, ) = 1+
~p7t. qz aa 2k~ q

(12)

where V(q, ) is the interaction potential between the elec-
trons occupying the lowest subband, ep is the dielectric
constant of the medium, and a~ is the effective Bohr
radius. We use the expression given by

36 1 2 32

(q, R)' 10 3(q,R)' 3(q, R)4

iC(q)i' = 2~e'hero
i ~o) q

whereas for acoustic phonons coupled through deforma-
tion potential we have

hD2
IC(q) I' =,„„q

and for acoustic phonons in the piezoelectric coupling

]
IC(q) I' = (10)

e+'~' = e+~*' Jo(q~p) + 2 ) (+i) J (q~p) cos (nP)
n=1

In the above expressions for C(q) 's, e and eo are
the high-frequency and static dielectric constants of the
medium, D and K are the deformation potential and
piezoelectric constants, v, is the sound velocity, and d is
the mass density.

Expressing the interaction Hamiltonian [Eq. (6)j in
cylindrical coordinates is facilitated by the following ex-
pression

where

e2 (q) = 1 +
Ep'7t qz aB V(q) g(q ) (14)1, 2/2mp' + q,

4k~ T o 2/2m@' —q,

2kggT )
(15)

64
Is(q, R) Ks(q, R)

q, R4

where I (z) and K (x) are the modified Bessel functions
of the first and second kind, respectively. In previous
studies, ' V(q, ) has been evaluated using approximate
wave functions. The above form of the dielectric function
exhibits a singularity at q = 2k~ (Peierls instability),
which is a characteristic of 1D electron systems. This
divergence can be circumvented by considering the tem-
perature dependence.

The temperature dependent static dielectric func-
tion can be obtained by simply integrating over the
chemical potential dependent dielectric function at zero
temperature. We quote the final result for the temper-
ature dependent static dielectric function

where we have used the following notations: q = (q~, q, )
and r = (p, P, z). In this work, we are considering only

in which E~ is the Fermi energy at T = 0, and k~ is the
Boltzmann constant.
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is no phonon emission below E = hcuo [see Figs. 1(a) and
l(b)] comes from the fact that we assume the bulk optical
phonons are dispersionless, viz. , wz ——uo. Similar density
of states effects occur for electron —acoustic-phonon emis-
sion rates [see Figs. 2(a)—3(b)], but because of the elastic
approximation we employ, the onset of phonon emission
is shifted to E = 0. To assess the validity of the elastic
approximation [E(k, ) or E(k,') )) Ruz], we have also per-
formed the rate calculations for electron —acoustic-phonon
interaction without this assumption and found no signif-
icant changes at the level of accuracy sought here.

In considering the effects of screening on the electron-
phonon scattering rates in @1D quantum-well wires, we
have used the dielectric function s(q) in the RPA. For
GaAs with carrier density n = 1.0 x 10 cm, and as-
suming the effective mass of electrons to be m = 0.07m„
we obtain r, = 6.4. Although strictly speaking, the RPA
is valid only for r, « 1 (high density limit), we have
found that the scattering rates are not altered very much
by using, for example, the Hubbard approximation to the
dielectric function. In Fig. 4 we show the temperature
dependent static dielectric function s(q) at T = 300 K
(indicated by the solid line), in comparison to the zero-
temperature s(q) (indicated by the dotted line) in the
RPA. Evidently, the temperature dependence modifies
s(q) at small q, which, in turn, is quite difFerent from
the noninteracting dielectric function in the same region.
Also shown (dashed line) is the temperature dependent
sz (q) calculated with the approximate V(q, ), is'22 and
it lies between the zero-temperature and present results.
Examining the various forms of the electron-phonon in-
teraction parameter C(q) [Eqs. (8)—(10)] and considering
their contribution to the scattering time w, we expect
the effects of screened interaction to be largest for the
electron —optical-phonon scattering and smallest for the
electron —acoustic-phonon scattering (deformation poten-
tial). We have accounted for the temperature dependence
of the dielectric function using the formulation given in

the preceding section. This has been crucial in soften-
ing the divergence at q = 2k~ in 1D dielectric function.
Indeed, we have found that the temperature dependence
of the dielectric function has the effect of lowering the
scattering rates. It is clear from Fig. 4 that the screen-
ing effects would be more significant at low temperatures
than high temperatures, as noted by other researchers.

The effects of electron —acoustic-phonon interaction on
the mobility of Q1D electron systems attracted some
interest. It was found that the screening plays no ef-
fect in the temperature dependent mobility due to the
acoustic-phonon scattering in the deformation potential
coupling. We display in Fig. 5 the inverse relaxation time
wq for electron-acoustic phonon interaction in the defor-
mation potential coupling, for a R = 50 A quantum well
wire. The relaxation time v.

q different in principle than
the scattering time w, enters the mobility calculation, and
our results indicate that the screening should have very
little effect, except for small energies. This is consistent
with the earlier findings.

Constantinou and Ridley have found 25%%up reduc-
tion in the scattering rates due to the finite depth
of the confining quantum well in Q1D semiconductor
structures. Our investigation shows that a similar or-
der of magnitude effect can be accounted for by the
screened electron-phonon interactions. Therefore, if the
screened electron-phonon interactions are used with a fi-
nite quantum-well model of confinement, further reduc-
tion in the scattering rates is possible. Lowering in the
scattering rates due to screened electron-phonon inter-
actions made explicit in our calculations have been pre-
viously anticipated. ' Although we have presented our
results only for GaAs, with the appropriate choice of the
material parameters, different substances such as InAs,
InSb, CdS, etc. , can also be studied. Our numerical cal-
culations show that the lowering of the scattering rates
due to screened electron-phonon interactions would en-
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tron —acoustic-phonon interaction in the deformation poten-
tial coupling for the extreme quantum limit in a quantum-well
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and dashed curves give ~ with and without screening, re-
spectively, for the emission process at T = 50 K.
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hance the mobility in QlD samples which will have im-
portant technological implications in terms of device ap-
plications.

We have studied the size efFects on the screened
electron-phonon interactions in @1D quantum-well wires
by calculating the scattering rates. We have considered
the interaction of electrons with polar-optical and acous-
tic phonons. Acoustic phonons, in turn, are treated in
the deformation potential and piezoelectric couplings.
Screening efFects are introduced by renormalizing the
electron-phonon interactions with the temperature de-
pendent dielectric function sz (q). Effects of screened
electron-phonon interactions on the single-particle scat-
tering rates are strongest in the case of electron —optical-

phonon scattering. In this work we have assumed the
bulk-phonon interactions, which is valid for the large
quantum-well wire radius, i.e. , R ) 50 A. For wire radii,
B ( 50 A, it will be necessary to consider the confined
phonon modes.
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