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Real-Space and Energy Representations for the Interface Roughness

Scattering in Quantum-Well Structures
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We show that the real space representation of the interface-roughness as a fluctuating
potential in the coordinate space is equivalent to the usual energy- fluctuation representa-
tion for intrasublevel scattering in a single quantum well with a generally shaped confine-
ment-potential profile. The coordinate picture is, however, more general and can be used

for higher-order effects and multi-sublevel scattering in coupled multi-quantum-well

structures.
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Interface roughness is present in all artificially fabricated layered structures. It causes
unavoidable linewidths in optical and transport spectroscopy and also limits the low-tem-
perature mobility in modulation-doped semiconductor quantum wells (QW’s). Sasaki et
al. demonstrated experimentally and theoretically that interface-roughness scattering is a
dominant scattering mechanism for the low-temperature mobility in modulation-doped
narrow QW’s. [1] In this treatment, the energy fluctuation due to the interface roughness
for intrasublevel scattering is given by

OE(r) = g—i&(m, (D

where E is the sublevel energy and 8L(ry) is the fluctuation of the well width L at the
in-plane position vector ry. The scattering potential 8E(ry) is thus independent of the coor-
dinate z in the growth direction and is suitable only for lowest-order intrasublevel scatter-
ing. The advantage of this picture is that theoretical results calculated from Eq. (1) have no
explicit dependence on the confinement wave function y4z). At the same time, however,
the fluctuation energy 8E(r)) in Eq. (1) is inadequate for treating more complicated prob-
lems such as higher-order scattering effects or intersublevel scattering in single and cou-
pled multi-QW’s. It is also inadequate for treating intrasublevel scattering in coupled
double- or multi-QW’s with multiple interfaces. In this paper, we study a more general
form for the scattering potential which reduces to Eq. (1) for a single-sublevel problem in
a single QW.

A natural microscopic picture for the fluctuation energy is to write

8E(5.2) = £V, S8 £ L), @)

where 8(z) is the Dirac delta function and V; =V, (V,= V) is the potential-energy disconti-
nuity at the left (right) interface at z = -1/2 (z = L/2) as shown in Fig. 1. Here 8L(ry) can

take different values at the right and left interfaces, although we do not introduce separate
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symbols for simplicity. While the expression in Eq. (2) is intuitively deduced from a stan-
dard perturbation theory, its validity and equivalence to the expression in Eq. (1) should be
examined for a general confinement-potential structure, including the often used limit of
infinitely deep QW’s (i.e., band offsets) with V.. — oo. The effect of the potential in Eq. (2)
on the distortion of the confinement wave functions can be included by going beyond the
Born approximation. [2]

The inter- and intrasublevel matrix element of the potential in Eq. (2) is given by

< f18E(n,2) i >= VL) +(FL/ 2)y,(¥L/ 2), 3)

where (z) and a,bf(z) are sublevel functions. In order to show that Eq. (3) reduces to Eq.
(1) for intrasublevel scattering for a general confinement-potential structure in a single

QW, we prove the following identity
<y 10E(x,z) |y >==V_6L(xy) lw(L/2)I*= a—LSL(r"),
where yAz) is any sublevel function with an eigenvalue E defined below in Eq. (5). Equa-

tion (4) is written only for the layer fluctuation at the right interface for simplicity.

For this purpose, we write the Schroedinger equations as

Hy = Ev, (5a)
H=H,+V({), (50)
(5¢)

V(z) = V0(z; — 2) + V,0(z - z,),

where H is the Hamiltonian without interface fluctuations and () represents the discon-
tinuous potential-energy steps at the left (V; = V,) and right (V, = V) interfaces at z = z, z,
(Fig.1). In Eq. (5b), H, is the rest of the Hamiltonian including an arbitray band-bending

potential-profile around the interfaces in the presence of ionized dopants. We assume that

there is no correlation between the interface fluctuations at the right and left interfaces at
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any position rj and consider only the fluctuation &z, at the right interface for convenience.
By taking a derivative with respect to z, on both sides of Eq. (5a), using 0V(2)/dz,=-V,8(z
- 7,), and taking an inner product from the left side with y*, we find

oE
% ~V, ly(z) . 6)

This expression is identical to Eq. (4) if one identifies 6z, = 8L(r;)). Note that the effect of
the wave-function distortion due to 8z, (i.e., dy(z)/dz,# 0) is included in the above deriva-
tion.

The interesting general relationship in Eq. (6) can be verified for the eigenvalues and
eigenfunctions of a square-well potential, for example, by tediously calculating the eigen-
values and the eigenfunctions. Qne can also show that the relationship holds even for an
infinitely deep well. In this limit (i.e., V,— ), the wave function yAz,) in Eq. (6) becomes
infinitesimally small (i.e., [y{z,)| ~ 1 /1V,11/2 — 0) at the interface, cancelling the factor V,,
yielding 0E/dz, = - 72/(m*L3) for the ground sublevel as expected.

In summary, we have shown that the coordinate representation of the interface-rough-
ness scattering potential in Eq. (2) reduces to the usual energy-fluctuation model in Eq. (1)
for the simple case of intrasublevel scattering in a single quantum well. The representation
in Eq. (2) allows for different types of layer fluctuations on the interfaces in contrast to that

in Eq. (1) and is useful in treating multi-sublevel scattering in coupled multi-QW'’s. [3]
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Figure Captions
Fig. 1 Confinement potential-energy profile for the electrons with an arbitrary band
bending. The quantities V; and V, represent potential-energy discontinuities at the

left and right interfaces at z =z;and z = z.

ar. LR DAL s e e ax SR o 4o ol UL SRR R oV asl aiu i S 4



Jacd b
O

| "Bi4

N
i

Iz

Confinement-potential Energy

>




