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Abstract

A theory of free-carrier absorption is given for quantum wires when carriers
are scattered by boundary roughness and the radiation field is polarized along
the length of the wire. The free-carrier absorption coefficient is found to be an
oscillatory function of the photon frequency and of the width of the wire. The
obtained results are compared with different scattering mechanisms for quasi-
one-dimensional structures. It is found that boundary roughness scattering is
important, especially when the width of the wire and the temperature decrease.
In addition, it was found that in quantum wires the electron—boundary roughness
interaction gives a greater contribution to the absorption than the electron—
acoustic phonon interaction. The results are interpreted in terms of boundary
roughness-assisted transitions between size quantized subbands.

1. Introduction

Recently there has been considerable interest in systems in which the electron motion is
confined to one or two dimensions. The most interesting situation occurs when the confinement
is of the order of the de Broglie wavelength for electrons. In a quantum wire, when its
width becomes much less than the mean free path, the motion of electrons becomes quasi-
one-dimensional (Q1D). The confinement leads to distinct quantized energy levels and to an
increasing importance of boundary scattering. The physical properties of low-dimensional
semiconducting structures differ from the properties of bulk semiconductors because the
translational symmetry is broken [1]. For carriers confined in a quantum wells (QWs), the
free-carrier absorption (FCA) is practically important for determining the optical absorption.
Scattering-assisted absorption by free electrons and holes in the active QWs then usually
determines the internal loss in optically pumped laser devices with undoped cladding. Even
in electrically pumped devices, assisted FCA can dominate if the lasing mode is optically
confined primarily to the active region, as in interband cascade lasers [2]. FCA in diode optical
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cladding layers consisting of superlattice injectors [3] can also be significant. Since FCA offers
a powerful means for understanding the scattering mechanisms of carriers, it has been studied
theoretically in Q2D structures for the case of absorption assisted by acoustic [4] and polar
optical [5—8] phonon scattering including the effects of phonon confinement [9], piezoelectric
coupling [10], ionized impurities [11], interface roughness [12], electron—electron [13] and
alloy-disorder scattering [14]. FCA has been studied theoretically in Q1D structures only
(to our knowledge) for the case where the carriers are scattered by acoustic [15], acoustic
and optical phonons [16] and alloy disorder [17]. However, roughness scattering is an
important scattering mechanism in QW systems and some quantum-mechanical studies have
been performed [18-28]. Its effect depends strongly on the height and lateral correlation length
of the interface or boundary roughness.

In this paper we present the theory of FCA for the Q1D electron gas in QW structures
when carriers are scattered by boundary roughness. We consider the FCA for cases where
the radiation field is polarized along the length of the wire. The absorption coefficient will be
calculated for the examples of GaAs QW wires. We shall also consider in detail the applicability
of the standard semiclassical approximation to these QW wires.

2. Formalism

We assume that a gas of carriers is confined to move in a long thin wire that is embedded in an
insulating cladding. For simplicity, we choose the cross section of the wire to be rectangular,
with W and L, the cross-sectional dimensions along the y and z directions respectively and
with L the length of the wire along the x direction where electrons are assumed to move
freely. Assuming the usual effective-mass approximation for the conduction band, the energy
eigenfunctions and eigenvalues for electrons in a rectangular thin wire can be written as

n2k?
Ewu=Ei+E,+E = s +n°Ey, +I’E}

2p2 24,2
0 _ w°h 0 _ w°h _
W= gewe Bl = gz =123 M

Wy = [2/(WL.L)"*]sin(wny/ W) sin(rlz/L.) exp(ikx).

The FCA coefficient when boundary roughness scattering is dominant can be related to
the scattering rate for free carriers to make an intraband transition from a given initial state with
the simultaneous scattering of carriers by boundary roughness and can be calculated using the
standard second-order Born golden rule approximation. In second-order perturbation theory,
the matrix element connecting the initial and final states for an optical transition in a QW wire
is given by

<k/n/l/ | HRIk//n//l//> (k//n//l// | HBRIknl>
Eni — Egrnrr

(k'n'l'|Mlknly = > [
k//n//l//

<k1n/l/|HBR|k//n//l/l> <k/ln//ll/|HR|knl)
+ 2

Egni — Egrnrrr + 182

where knl, k'n’'l' and k"n”l” are the wavevector and subband indices for initial, final and
intermediate state respectively, /€2 is the photon energy, Hy is the interaction Hamiltonian
between the electrons and the radiation field and Hpp is the boundary-roughness scattering
potential.
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In particular we treat the case of photon absorption mediated by carrier scattering from
boundary roughness fluctuations, although many of the qualitative conclusions will be equally
applicable to other scattering mechanisms. The roughness in the wire is conventionally
characterized by a fluctuation magnitude A and a correlation length A in the Gaussian
autocorrelation function [1] defined by

_+N\2
(AE)AR)) = A2 exp(—("Aij‘))

The square of the matrix element caused by boundary roughness along the wire direction can
be approximated by the relation [19-22]

ﬂg/znzn/2h4AA2 2A2 1
|(k'n'l'| Hg glknl)|* = T oweL CXP<—q 1 )(1 + E&l’) (3)

where g = k — k/, A is the amplitude and A is the lateral correlation length of the roughness.
The matrix elements of the electron—photon interaction Hamiltonians using the
wavefunctions are

L eh (2mhng
(k'n'l'|Hglknl) = —

1/2
8/</</8nn’8 / 4
Vo e) (ex) I 4)

m*
when the radiation field is polarized along the wire. Here € is the dielectric constant of the
material, ng is the number of photons in the radiation field, ¢ is the polarization vector of the
radiation field and V is the volume of the thin wire.

From equations (2)—(4) the scattering rate for the electron—boundary roughness interaction
and the electron—photon interaction can be obtained as

210 ng AA? 1 IA?
Wit krnr = s > nzn/z(l + 5511/)|k/ - k|2exp<_‘1 1 )

mxt Q3 e WOL2V £
n'l

X 8(Evnr — E — hS2). (5)

The absorption coefficient is calculated by summing over all occupied initial states and
unoccupied final states. The coefficient FCA for a Q1D electron gas for a radiation field
polarized along the axis of the wire is finally given by

T2 AN? s 1
= S Pm? elZ VW6 ZZ” n <] + 5511’) // (fxnt — finr)

(Ex + Ex — 23/Ep Ef cos ¥) < q2A2>
X ex _
VEv Ex P74
X 8(Ekrn/[r — Ek,,[ - hQ) dEk dEkr dv (6)

where ¢ is the scattering angle, which in Q1D can have only the two values of 7 for backward
scattering and O for forward scattering. The integral over final states can be eliminated using
the energy-conserving delta function.

For the case of a non-degenerate, Q1D electron gas, the electron distribution function is

7)) *hn,ab n*Ey, +IPE} h2k>
S P\ T | eXPl T
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where 7, is the concentration of the electrons. Using equation (7) in (6) we obtain the FCA

7 2e2hp, A A2 h 1
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and K (y) is the modified Bessel function of the second kind.

It is interesting to note that in the quantum size limit, in the temperature range where
intersubband transitions are not allowed due to the energy differences between the subbands
being very large (i.e. Ew/kgT > 1, E;,/kgT > 1, and Eyy > hQ2, E;, > h2), we can
assumen =n' =1 =1"=1and p = =~ (p > b). In this limit the absorption coefficient of

ksT
equation (8) can be rewritten

_ 37'[”/2e2h2neAA2 . X9) ho « ho (9)
T e e merwotpTy 2L P\ ksT )] TP\ 2k )T\ 25T )

This expression can be compared with the following expression for the FCA in anon-degenerate
Q1D electron gas when acoustic phonon scattering via the deformation potential dominates [15]

1D _ 22 /mn. e’ Ej(ksT)'? [1 _ exp(—/zg_s;)] ZZ< : )(1 ’ %81;1/)
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n’E%+IPE) z z
X exp _T Z exp T K, %, T (10)

where p is the density of the semiconductor, vy is the velocity of sound and E ;s the deformation
potential. The coefficients have an identical variation with photon frequency €2, which may be
seen from (9) and (10). The identical nature of the variation for the two scattering processes may
be explained by examining the matrix elements for scattering. Forthecasen =n' =1 =1' =1
the ratio oy /alP is
ok Tt AN pu?
alD 2 452" (11)
Qg 12E5kpTWm
In this form, the ratio depends only upon material parameters and absolute temperature
and does not depend upon photon frequency.
In the quantum limit, using the expression for the FCA coefficient ¢ ; I?Uy taking into
consideration the alloy-disorder scattering given by (12) in [17] and (9), we obtain

T TRt AA?
1?)R = 2 21174 (12)
aall()y 6(8‘/) Qox(l - x)m* w

where €2 is the volume of the unit cell and §V = 0.6 eV is the alloy-disorder scattering
potenial. In this form, the ratio oy /Olcltlll)oy depends only material parameters and increases
with increasing transverse dimension of the quantum wire.

In the limit of very long wavelengths, the absorption coefficient is known to reduce to

the semiclassical form [29], which scales as A2. The semiclassical expression becomes a
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Figure 1. FCA coefficient in a GaAs quantum wire due to boundary roughness scattering as a
function of the photon frequency for 7 = 300 K (3). Curves 1 and 4 correspond to the FCA for
a GaAs quantum wire when the carriers are scattered by polar optical and acoustic phonons [16].
Curve 2 corresponds to the FCA for Gag 47Ing 5s3As quantum wire when the carrier are scattered
by alloy disorder [17]. In the all cases transverse dimensions is same, W = L. = 107 cm.

reasonable approximation in the limit of kT > h 2 for non-degenerate statistics. In this limit
the absorption coefficient of equation (9) can be rewritten as

B 37126220, A A2
C V2eQ? el2 m*SI2W6 (kpT)\/2

sc

13)

3. Discussion

We have obtained general expressions for the quantum wires when the carriers are scattered by
boundary roughness. The FCA coefficient is expressed as a function of 712 and also depends on
W and T. We have evaluated, numerically, the above expressions for FCA coefficient at 300 K
and parameters characteristic of GaAs and electron concentration n, = 107 em™3, A =42 A
and A = 50 A. On the basis of expressions obtained we have constructed figures 1—4.

In figure 1, we plot the FCA coefficient o} as a function of the photon energy Q2. Curves
1 and 4 refer to polar optic and acoustic phonon modes [16] and curves 2 and 3 to alloy disorder
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Figure 2. The FCA coefficient is shown as a function of 1/W®. Curve 1 is for the wavelength
X =3 um and curve 2 is for A = 5 pum.

and boundary roughness. Itis shown that «j decreases monotonically with increasing photon
energy. The kinks in the curves indicate boundary roughness-assisted transition between the
subbands. The enhancement of the absorption coefficient associated with scattering to higher
subbands also holds for other scattering mechanisms [15-17]. It is shown that in a quantum
wire the electron—boundary roughness interaction gives a greater contribution to the absorption
than the electron—acoustic phonon interaction. It can also be seen that FCA coefficients due
to boundary roughness and to alloy disorder and polar-optic phonons are of the same order.
In figure 2, we plot the FCA coefficient a;fl)@, in a GaAs quantum wire as a function of
the width of the wire. The absorption coefficient shows the oscillatory behaviour as a function
of 1/W?® whenever the photon energy is such that boundary roughness-assisted transition
takes place to one of the higher subbands of the QW wire. It is shown that FCA becomes
considerably enhanced as the width of the wire decreases. It was predicted in [19-22] that
the relaxation rate due to boundary roughness scattering in Q1D structures increases as the
transverse dimensions of the wire diminish. This increase in the scattering rate explains the
increase in the FCA coefficient predicted in our present numerical results for a quantum wire.
As the wavelength decreases more and more oscillations are observed and the absorption
coefficient increases linearly with agg o< 1/ Wwe.
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Figure 3. Boundary roughness-assisted quantum (full curve) and semiclassical (dashed curve)
FCA coefficients as a function of wavelength in a GaAs quantum wire.

The semiclassical (with a A?> wavelength dependence) absorption coefficient
(equation (13)) and quantum FCA coefficient (8) in the intermediate wavelength range are
plotted in figure 3. The quantum absorption coefficient is seen to converge to the semiclassical
value as the wavelength increases beyond 100 um. For shorter wavelengths, the quantum FCA
coefficient is significantly lower than semiclassical result. These results are directly analogous
to the distinct regimes in the wavelength dependence of the quasi-two-dimensional [12] and
bulk FCA coefficients [29].

In figure 4 we plot the temperature dependence of the ratio oy /a” and a g /a2, for
various transverse dimensions of the wire. In these structures, as is well known, the FCA
coefficient due to phonon [15, 16] and alloy-disorder scattering [17] increases with decreasing
cross-sectional area of the wire. Since the absorption coefficient due to boundary roughness
scattering increases with decreasing transverse dimensions of the thin wire as a function of
1/ W9, we expect boundary roughness scattering to dominate the scattering of the carriers in
thinner wires.

With increasing temperature, scattering by boundary roughness and alloy disorder
diminishes so the scattering rate should be smaller than that at lower temperatures. Thus, one
should expect the FCA coefficient due to boundary roughness and alloy disorder to become
much higher as the temperature is lowered.

With decreasing temperature, scattering by phonons diminishes so the scattering rate
should be smaller than that at higher temperatures. Therefore the FCA coefficient due to
phonons becomes much smaller as the temperature is lowered.

In conclusion, we predict that when boundary roughness scattering is dominant, the FCA
coefficient should increase with decreasing transverse dimensions of the wire for radiation
polarized along the length of the wire. We also predict an oscillatory dependence of the FCA
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Figure 4. In the quantum limit, the ratio of the FCA coefficient apg to the a,.(1,2) and
Qalloy (1,2") FCA coefficient is shown as a function of the temperature for various transverse
dimensions of the wire. We have chosen: 1, 1’'W = 100 A and 2, 2’W = 80 A.

on the width of the wire and photon frequency. The oscillatory behaviour is explained in terms
of boundary roughness transitions between quantized subbands arising from the confinement of
electrons in the Q1D semiconducting structure. The electron—boundary roughness scattering
is important especially when the wire width W and temperature decreases. The electron—
boundary roughness interaction gives a greater contribution to the absorption than the electron—
acoustic phonon interaction in Q1D structures made from the same materials.
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