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Abstract. We studied the effect of the alloy-disorder-scattering on the electron transport in a
quasi-one-dimensional semiconductor. Performed were analytical calculations of the alloy-
disorder-limited momentum relaxation time for carrier scattering in a cylindrical quantum
wire using modeling wave functions, when the transverse part of the carrier wave function is
taken as a Bessel function. It is found that the one-dimensional mobility is significantly
greater than two-dimensional one. It is shown that the alloy-disorder-scattering-limited mo-
bility increases with the increasing wire radius and increases with the increasing temperature.
We compare our results with different scattering mechanisms for one-dimensional systems.
Results are also included for the alloy composition dependence of the mobility.
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1. Introduction

Recently there has been growing interest in the study of
properties of ultrathin semiconducting wires, also called
as quantum well wires with submicron dimensions. Elec-
trons in a semiconductor quantum wire can be consid-
ered as a quasi one-dimensional (Q1D) electron gas [1-
5]. There are Q1D structures in which the carriers are not
confined to move along the length of the wire and the
motion is quantized in the transverse directions. The
physical properties of low-dimensional semiconducting
structures such as electron transport characteristics dif-
fer from those of bulk semiconductors, because the trans-
lational symmetry is broken [6]. Sakaki [1] suggested
using semiconductor quantum wires as a basis for very
fast transport processes. Reduction of phase space in Q1D
leads to a decrease in the scattering process, therefore,
the mobility of the carriers has to increase compared to
the bulk value. These high mobilities could be utilized in
high-speed device applications [1,7]. The mobility of the
electrons in the Q1D electron gas is limited by various
scattering processes, which have relative importance at
different ranges of temperature and carrier concentra-
tion. There have been calculations of electron scattering
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by acoustic phonon [8], impurity-limited mobility [2],
phonon-limited mobility [3], the mobility of electrons
scattered by impurities, by acoustic and polar optical
phonons [4,9]. Alloy-disorder scattering is an important
scattering mechanism when the confining quantum wire
consists of a ternary semiconductor. Alloy-disorder scat-
tering in ternary compound semiconductors and quan-
tum well structures has been subject of many theoretical
and experimental investigations [10-24]. In its conven-
tional theory, the constituent type A and type B atom
pairs are assumed to be distributed randomly within the
volume of the crystal.

The main purpose of this paper is to derive approximate
analytical expressions for the momentum relaxation time
associated with the electron- alloy-disorder interactions, and
the calculation of the mobility of Q1D electron gas. The
outline of this paper is as follows. In Sec.Il we give the
general framework of the paper. In Sec.III we present the
calculation of the momentum relaxation time for alloy-
disorder scattering. In Sec.IV the quantum theory of the
alloy-disorder limited mobility of thin semiconduting wires
is presented. In Sec.V some numerical results of our calcula-
tion are presented for In|_ Ga,As. Finally, a brief discus-
sion about our numerical analysis is given.
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2. General Framework

We assume that the electrons are confined to move in a
cylindrical wire of radius R and are free to move along
the axis of the wire, which is of length L. Within the
framework of effective-mass approximation the electron
wave function in quantum wire is given by [25]
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where [ = 0,1,2,3,...; n=1,2,3,...;
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Here r is (p,9,z), ¥ is the azimuthal angle about the
wires, K is the wave vector of the electron along the z
axis, which is chosen along the axis of the cylindrical
wire, J;(x) is the Bessel function of the first kind with
order /. In order to satisfy the boundary condition that
‘{’(p = R) =0, k,is the n-th zero of Jy(k,;R).

The eigenvalues corresponding to Eq.(1) are

n2k}

Ey =Ep + 3)
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where EJ, is the electron kinetic energy along the z direc-
tion, and m* is the electron effective mass. When the de
Brogile wavelength of electrons becomes comparable to
the transverse dimensions of the wire, the electrons are
confined to their lowest guantum state as far as their trans-
verse motion is concerned (n = 1, / = 0 for a cylindrical
wire) while their motion along the axis of the wire is unaf-
fected [26]. For such a ground state wave function
km =2.403/R.

When the confining quantum well consists of a ter-
nary semiconductor (like Ga;_4In,As), in the virtual crys-
tal approximation alloy-disorder scattering potential has
the form [17-20]:

H gis = V(1= )Y Yo, (=)= x Y Yo, (=164 ). @
TIn 'Ga
where Yo (r, —r,)=1/Q, when r, and r, are inside the

same umty cell and vanishes elsewhere, and the
summations run over all the unit cells, € is the volume of
the unit cell.

The momentum relaxation time 7 of the electrons in a
Q1D system due to the scattering potential H 4 is given
by the relaxation rate [27]

g 2 :
N Je i (- cosoB (e, -E) O
S
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Here, i and frepresent the initial and final states and
q is the angle between the incident and scattered wave
vectors of electrons along the axis of the wire. Because of
the Q1D nature of the electron gas in a thin wire in the
quantum limit, the scattering angle 0is limited to two values
0 and p. Thus, the value (1 —cos6)in Eq. (5) will be 2. The
total wave function of thestate"f"is ¥ ;p =¥ ru, (r, ), where
u,(r, ), are Bloch functions corresponding to the extrema
of the conduction band.

In order to evalute the matrix elements < f|H y;|i > in
Eq. (5), wereplace 7, =1, + VIn(Ga) and use tzhe relations:
e (1, + Iiu(Ga)) =t (r,) and Fagd rlu (r]* =Qq. The
scatterlng rate induced by the alloy disorder is calcu-
lated using the statistical average of products of two dif-
ferent matrix elements.

The mobility of electrons confined to Q2D quantum
well and free to move along the Z axis of the thin semi-
conducting wire is given in the relaxation time approxi-
mation by

-1
hK Io(Ex)
= — (B )—————— E
u e[;(m*}( x) oL . Zfo( x) )
where fy(Eg) is the electron distribution function for the

carriers in the wire.

3. Momentum scattering rate for alloy disorder
scattering

Using the wave functions given by Egs.(1) and (3), the
matrix elements induced by the alloy-disorder become

< flH gis|i >=

oV iAKZ
=Y 0i0lpk M-8, -x5,6a]
p

where AK = K — K’ . The summation on r, is over all the
crystal unit cells and 6, ;, =1(=0) if the cell at r,, con-
tains one In (respectlvely, Ga) atom.

A straightforward calculation of the square of the ma-
trix element in (7) gives

QO(SV)z x(1-x) G(R)

< fH gili >1*= -
TR L
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where

G(R)= [ poi(p)ip
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When (5) and (8) are combined, the momentum re-
laxation rate for electron-alloy-disorder scattering is ob-
tained:

1 29y(6V)* x(1—x)m*
12 )3 5 " () 9)
T nh”R™K
which combined with Eg = n2K? 12m* gives t(Eg)
explicity as a function of the energy.

Since we are interested in the ground state approxi-
mation, we may employ the approximate radial wave func-
tion proposed in [28]

P10 = \/5[1 _p_Z]

RZ

2
S . 9R S
which gives the corresponding G(R)= — . At this point,
the momentum relaxation rate for electron-alloy-disor-
der scattering changes into

o 3Q(6V ) x(1- x)m*
2 R2K

(10)

Egs. (9)-(10) shows that the scattering rate increases
and the momentum relaxation time decreases as the ra-
dius of the wire decreases due to scattering caused by the
alloy-disorder.

A formula similar to Eq. (10) has been obtained by
Ando [19] and Bastard [18] for a Q2D electron gas.

4. Mobility

In the general case, where there are no approximations
for fo(E) using Eq. (9) in Eq. (6) the mobility can be writ-
ten as

p 2ehR*K,TF,(n)
m* Q0 6V Pxll - 2upG(R) (ah

Here nyp = 22K gTm*F,;5 1)/ h is the density of
electrons per unit length of the wire, F, () is the Fermi
integral of the argument n =¢/KT [27], and ¢ is the
chemical potential. It can be seen that in Eq. (11) the
mobility increases as the wire radius increases.

For the case of non-degenerate carrier statistics, fo(E)
is given by the Maxwell-Boltzmann distribution and
mobility is given by

‘u ﬂ1/2€h2R4(KBT)1/2
non.deg. =
V2 m¥ 20, (5v Y x(1- x)G(R)

(12)
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When the carriers are degenerate, at low tempera-
ture, fo(E) is given by the Fermi-Dirac distribution and
mobility is eT(Ep )/m*:

meh R4K p
2m *? Qo (5V)2 x(l - x)G(R)

(13)

Hieg. =

where Ef, the Fermi energy of electrons in a degenerate
1D electron gas, is th% /2m* with Kp =anp /2.

Itis noteworthy that the mobility due to alloy-disor-
der scattering in 3- and 2-dimensional systems has a func-
tional dependence on the temperature according to 712
[10] and 79 [13,21], respectively.

Eqgs (12)~(13) show that the m varies as 7° at low tem-
peratures and as T2 at high temperatures. This occurs
because the density of states in a 3-, 2-, and 1-dimen-
sional system has a functional dependence on energy
according to E'2, E0 and E'/2, respectively.

If g is the alloy-scattering mobility in the Q2D sys-
tem[22], then for a nondegenrate electron distribution

« W/ 2
(L] _ 3.48R2(K3Tm )‘/
Ho non.deg dh

where d is the thickness of the well. For Gag 47In 53As
with d = R = 1076 cm, we obtain (/1) ,on deg = 0.247T5,
so that the alloy-scattering mobility in the quantum wire
is higher than that in the Q2D systems for temperatures
above 17 K.

On the other hand, for a completely degenerate elec-
tron distribution we have

N 2
[LJ _ 6148 EF)/
Ho deg. dh

For Gay 47In0 53As with d = R = 10°cm and Ep =
= 4KpT we find (1/)geg. = 0.86 T2, so that quantum
wire mobility is higher than that in the Q2D systems for
temperatures above 1 K.

5. Numerical analysis and discussion

In this paper, the alloy-disorder-scattering limited mo-
mentum relaxation rate and mobility for carriers con-
fined to a quantum well wire has been determined. As a
numerical example, we consider GayIn;_As quantum
wire. Certain material parameters such as the effective
mass m*and lattice parameter occur in various formulae
for mobility (relaxation time).

The momentum relaxation rate, T ~1 as a function of
the longitudinal energy Ex in the Ga glng,As is shown
in Fig. 1. This numerical results are plotted from Eq. (9)
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Fig. 1. For a 1D GayIng gAs system, the momentum relaxation
rate is plotted as function of the electron energy Ek for alloy-
disorder scattering. Scattering rates for scattering from back-
ground impurity, acoustic phonon and polar optic phonon are
shown for 1D GaAs system [4].

for scattering from alloy-disorders. In order to compare
the momentum relaxation rate for the alloy-disorder scat-
tering with momentum relaxation rate for various scat-
tering mechanisms, 7! values for GaAs thin wire struc-
tures found in the literature [4] and are plotted in Fig.1.
Itis shown that for impurity, alloy-disorder and acoustic
phonon scattering, the momentum relaxation rates di-
verge as Ex approaches zero.

In Fig. 2 the scattering rates for scattering from alloy —
disorder is shown as a function of the parameter 2KR.
For a given R, scattering rate increases with decreasing
2KR. From the figure, we can see that the scattering rate
increases and the momentum relaxation time decreases
as the radius of the wire decreases for scattering alloy-
disorder. It is shown that for alloy-disorder and impurity
scattering the momentum relaxation rates diverge as 2KR
approaches zero.

In Fig. 3 the composition dependence of the electron
mobility is shown for the In|_,Ga,As quantum well wire
with the radius R = 100 A°. Curves 2,3 in Fig. 2 show the
composition dependence of the electron mobility for the
In;_,Ga,As quantum well[11] and bulk In;_,Ga,As[10],
respectively. In three cases bulk density of electrons is
the same nyp,) =2- 107 e¢m™3. The strength of the alloy
disorder potential dV'is chosen to be 0.53 eV.

The nature of the composite dependence of the elec-
tron mobility limited by alloy disorder scattering is given

by [x(l— x)m*(x)ag(x)* | - Here ag(x) is the lattice pa-
rameter and m*(x) is the electron effective mass at the
composition x.
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Fig. 2. Momentum relaxation rate is shown as a function of 2KR
for various well wire radii due to scattering caused by the alloy-
disorder (curve /-3) and scattering caused by background im-
purities (curve 4 [25]).
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Fig. 3. Dependence of the alloy-disorder scattering limited elec-
tron mobility on the alloy composition for the case of GayIn; (As
quantum wire (curve /), quantum well structure (curve 2, [11],
and 3D systems (curve 3, [10] ).
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In Fig. 4 the variation of electron mobility limited
only by the wire radius R. It can be seen that mobility m
increases with increasing the wire radius. It is also shown
that m decreases with decreasing temperatures.

In Fig. 5 the variation of electron mobility limited
only by the alloy-disorder scattering is shown as a func-
tion of the electron density for Gag »Ing gAs, Gag 3Ing 7As
and Ga 47Ing 53As cylindrical wires with the radius R =
=100 A°. Thus the alloy-disorder scattering is important
at low concentrations especially for systems with a small
Ga content Xx.

10
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Fig. 4. Mobility for scattering from alloy-disorder as a function
of wire radius R in Ga, 47In( s3As cylindrical wire for various
temperatures.
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Fig. 5. Variation of the mobility versus the linear density of elec-
trons for different alloy compositions.
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In conclusion, we have developed the theory for mo-
bility assuming scattering of electrons by alloy-disorder,
and have found that this limiting value is higher than the
mobility of the Q2D alloy. From our numerical results
presented here, it has been shown that alloy-disorder-
scattering-limited mobility depends upon the wire radius
and temperature.
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