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Intersubband transitions of a quasi-two-dimensional electron gas in the strong disorder regime

C. Metzner, M. Hofmann, and G. H. Do¨hler
Institut für Technische Physik I, Universita¨t Erlangen, Erwin-Rommel-Straße 1, 91058 Erlangen, Germany
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In modulationd-doped quantum wells with thin spacer layers the electrons are localized by strong doping-
induced potential fluctuations. We analyze in detail the corresponding single-particle wave functions by a
direct numerical solution of the multisubband quasi-two-dimensional Schro¨dinger equation and calculate the
intersubband absorption spectra. Although the disorder-induced broadening of the density of states is strong,
we only find a small linewidth for the intersubband transitions in the case of thin quantum wells. This behavior
can be traced back to a strong spatial correlation between the states associated with the ground and first excited
subband of the undisturbed system. For thicker wells the subband mixing increases and a gradual, asymmetric
broadening of the absorption peak is found. These results are compared to a simple, semiclassical approxima-
tion. It is demonstrated that the correlation between energetically separated quantum states is one of the key
effects of the intersubband excitation process, which is also relevant for other fields dealing with strongly
disordered multisubband systems.@S0163-1829~98!01436-2#
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I. INTRODUCTION

The peak position and line shape of the intersubband r
nance in quantum wells has been the subject of exten
studies during recent years.1 The experimentally observe
resonance energy and finite linewidth has been explaine
the interplay of various effects related to the complex ba
structure of the host semiconductor and to the electr
electron interaction.

In an idealized system without growth imperfections
charged impurities, with a parabolic in-plane dispersion
lation and neglecting many-body corrections, the absorp
peak would resemble ad function at a position equal to th
subband energy difference, corresponding tok-conserving
transitions of electrons from the ground subband to the
excited subband. In nonparabolic bands the electrons in
ferent subbands have different dispersion relations and
the transition energy becomesk dependent. This alread
leads to a temperature- and density-dependent broadeni
the absorption peak.5 At higher electron densities many-bod
effects play an important role in the absorption process.2 The
dynamic screening of the perturbing light field by the ele
trons ~depolarization! causes a blueshift of the resonan
peak, which is partly compensated for by the excitonic
traction between the excited electrons and holes left bac
the ground subband.6 In combination with the band nonpa
rabolicity, this gives also rise to an additional line distortion7

The broadening of the absorption peak by disorder
fects, such as interface roughness3 or doping-induced poten
tial fluctuations,4 is usually included only by comparativel
coarse approximations,8 or simply by introducing an empiri-
cal broadening parameter. This approach may be justified
high-quality modulation-doped quantum wells at high ele
tron density, where the disorder is small from the start or d
to effective screening by the electron gas. In samples w
small spacer layer thickness, however, the potential fluc
tions become very large when the electrons in the quan
well are depleted.9 The remaining electrons are typically lo
calized at the minima of the random potential and neither
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wave vector nor the subband number are good quan
numbers anymore. It can be expected that in this regime
intersubband absorption spectrum is mainly determined
the disorder effect. Therefore in this paper we investigate
detail the effect of doping-induced potential fluctuations
the far-infrared absorption spectra of a modulation-dop
quantum well, due to single-electron transitions within t
conduction band~CB!.

The organization of the paper is as follows. In Sec. II w
introduce the model system with its parameters and the
damental assumptions. The following Sec. III is devoted
describing the two different simulation approaches used
calculating the quantum states and absorption spectra.
results of the simulations are then presented and discuss
detail in Sec. IV. Finally we summarize the physical insig
gained by our simulations in Sec. V.

II. MODEL SYSTEM

The main purpose of this paper is to clarify the gene
structure of the quantum states in a multisubband quasi
electron gas subject to a disorder potential of controlla
magnitude. This situation can be realized experimentally
various types of devices, the most prominent be
modulation-doped heterostructures.

In this case, the two-dimensional confinement of the el
tron gas can be provided by a simple heterojunction or b
quantum well and the doping may be extended over a fi
volume or restricted to a single monolayer. The carrier d
sity may be varied by optical excitation or by using electric
contacts, as in field-effect transistor structures.

To avoid any nonessential complication, we use an ide
ized model system for our calculations, in which all secon
ary, device-related features are ignored. We thus conside
2D electron gas to be confined within an infinitely de
quantum well~QW! of thicknessa, defining its potential as
Vqw(z)50 for 0,z,a andVqw(z)5` elsewhere.

Our coordinate system is such that thez-axis points along
the growth direction~vertical to the layers!, with z50 at the
7188 © 1998 The American Physical Society
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PRB 58 7189INTERSUBBAND TRANSITIONS OF A QUASI-TWO- . . .
left quantum well boundary. The coordinatesx,y are referred
to as lateral positions and summarized asrW.

The positively charged donor impurities with sheet de
sity ND

(2) are assumed to be distributed statistically within
d-doping monolayer, separated from the left well bound
by a spacer layer of thicknessd ~compare Fig. 1!. They
produce a random Coulomb potentialVimp(z,rW) in the QW
region, the short wave components of which grow expon
tially with decreasingd. The total potential profile experi
enced by the electrons is thus given by

Vtot~z,rW !5Vqw~z!1Vimp~z,rW !. ~1!

We can only cope with a finite lateral segment of t
ideally infinite system in our numerical simulation. We th
choose a quadratic simulation area of linear extensionL and
use two-side periodic boundary conditions to minimi
finite-size effects. In principle, this changes the system in
planar superlattice with a very complicated unit cell. Con
quently, the resulting eigenstates should be of Bloch t
and minibands should be formed in the energy spectr
However, the wave functions of the low-energy states c
sidered below are all strongly localized with a localizati
length smaller thanL. Therefore, quantum overlap betwee
neighboring unit cells is exponentially small and the resu
ing miniband width can be neglected. Although we calcul
only the Bloch functions at the bottom of each miniban
these represent almost perfectly the states of the infinite
tem. The approximation can of course be improved a
trarily by increasing the size of the unit cell, which is on
limited by computational resources. We usedL5100 nm
for our simulations and have made sure that our results
insensitive to a further increase ofL. For the material param
eters we used the electron mass and dielectric constan
GaAs withm* 50.065m0 ande512.5.

The Coulomb potential of then-doping layer can be de
composed into its lateral average and a fluctuating part:

Vimp~z,rW !5eFDz1Vf l~z,rW ! with ^Vf l~z,rW !& rW50.
~2!

FIG. 1. Schematic band-edge diagram of our model system
modulationd-doped quantum well~QW!. In the calculation we as-
sumed infinitely high barriers.
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The electric fieldFD is assumed to be zero left from then
layer and constantFD54pK0ND

(2) to the right, thus neglect-
ing screening and band bending effects. HereK0
5e2/(4pee0) is the Coulomb constant. Performing a later
Fourier transform we can write

Vimp~z,qW !5dqW ,0WeFDz1~12dqW ,0W !Vf l~z,qW !. ~3!

The potential fluctuations can be factorized into a single
purity term and a form factor depending on the lateral do
positionsrW i . For wave vectors consistent with the period
boundary conditions,qW 5(2p/L)(u,v) with the u,v integer,
we can write

Vf l~z,qW !5V0~z,q!•S~qW !

5
22pK0

q
e2q~z1d!~1/L2!(

i
e2 iqW rW i. ~4!

It should be noted that it would be straightforward to e
tend the calculations presented in this paper to realistic
vice structures, including finite barrier heights and se
consistent band bending effects, thus enabling a di
comparison to experimental results. Also the~generally non-
linear! screening in a strictly two-dimensional electron g
has already been investigated in detail in Ref. 9 and
application of this theory to quasi-2D multisubband syste
bears no fundamental difficulties.

III. THEORETICAL APPROACHES

A. Preliminary remarks

For the later discussion it will be useful to reflect th
effects of the different potential contributions on the ele
trons step by step. We start with the undisturbed Ham
tonian, defined by the pure quantum well without any dop
induced potentials:

H05H0
z1~pr

2/2m!!5@~pz
2/2m!!1Vqw~z!#1~pr

2/2m!!
~5!

and its eigenstates

H0wm
0 ~z!eikW rW5S em

0 1
\2k2

2m! D wm~z!eikW rW, ~6!

with

wm
0 ~z!5~A2/a!sin~mpz/a!,

em
0 5S \2p2

2m!a2D m2 and m51,2, . . . . ~7!

If we now add the homogeneous electric field term to
undisturbed Hamiltonian,

H15H01eFDz, ~8!

we have a situation well known as the longitudinal Sta
effect in quantum wells, which is usually discussed in co
nection with the interband exciton. TherW-independent elec-

a
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7190 PRB 58C. METZNER, M. HOFMANN, AND G. H. DÖHLER
tric field leads merely to a shift of the subband edges an
a deformation of thez wave functions,

em
0→em

1 , wm
0 ~z!→wm

1 ~z!, ~9!

in such a way that the new ground subband wave functio
pulled asymetrically towards the attractive donor layer.
lateral homogeneous perturbation, especially, causes n
plane localization. Thusm as well askW remain good quantum
numbers.

In the final step we switch on the fluctuating part of t
impurity potential:

Htot5H01eFDz1Vf l~z,rW !. ~10!

Since this perturbation couples thez and rW coordinates, the
Schrödinger equation is no longer separable. The transla
symmetry parallel to the layers is destroyed and the pla
wave-type lateral wave functions are replaced by states
a complicatedrW dependence. However, if the typical width
the potential fluctuationsnVf l is not too large compared t
the subband spacing of the undisturbed system,e21

0 5e2
0

2e1
0 , it can be expected that there remains some trace o

original subband structure in the perturbed electron gas.
therefore reasonable to expand longitudinally in terms of
undisturbed quantum well eigenfunctionswm

0 (z):

Cn~z,rW !5(
m

wm
0 ~z!fn

m~rW !. ~11!

Thus, in the presence of disorder, due to the subband mix
the electron states are in general a linear combination
variousz-subband wave functions, each one attached to
individual 2D lateral functionfn

m(rW). The latter are deter
mined by a set of coupled 2D Schro¨dinger equations:

(
m

F dnmS pr
2

2m!D 1^nuVimp~z,rW !um&Gfn
m~rW !

5~En2en
0!fn

n~rW !, ~12!

where the effective 2D potentials are given as matrix e
ments of the 3D impurity potential with the undisturbe
z-subband wave functions:

^nuVimp~z,rW !um&5E dzwn~z!wm~z!Vimp~z,rW !. ~13!

B. Exact diagonalization

The coupled set of differential equations Eq.~12! has
been transformed into a matrix equation by Fourier deco
position and then been diagonalized numerically. We t
expand the lateral functions further in terms of plane wav

fn
m~rW !5(

kW
An

m~kW !eikW rW. ~14!

Due to the periodic boundary conditions the wave vectorkW

are restricted to the discrete subsetkW5(kx ,ky)5(2p/L)
3(u,v), with integersu and v. For the numerical imple-
mentation the basis had to be truncated,u,vP
to
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$2kmax, . . . ,0, . . . ,1kmax%, with kmax512 in most of the
calculations below. The neglection of the high Fourier co
ponents is uncritical for not-too-thin spacer layers and
electron states with not-too-high kinetic energy. This is b
cause the spacer layer exponentially suppresses the
Fourier components of the fluctuating impurity potential a
because electronic wave functions with low kinetic ener
can be accurately represented using only plane waves
small wave vectors. Also, here we have checked that a
ther increase ofkmax yields no significant changes in th
resulting eigenstates.

In k space the coupled Schro¨dinger equations~12! read

(
mkW

Fdn,mdkW2 ,kWS \2k2

2m! D 1^kW2nuVimp~z,rW !ukWm&GAn
m~kW !

5~En2en
0!An

n~kW2!, ~15!

with the potential matrix elements

^kW2nuVimp~z,rW !ukWm&

5~1/L2! E d2rWe2 i ~kW22kW !rW^nueFDz1Vf l~z,rW !um&.

~16!

The latter can be calculated analytically, due to the sim
trigonometricz wave functions, Eq.~7!. For the homoge-
neous electric-field term one obtains

^kW2nueFzukWm&5dkW2 ,kW^nueFzum&

5dkW2 ,kW
eFa

p2 F ~21!m2n21

~m2n!2
2

~21!m1n21

~m1n!2 G .

~17!

For parity reasons, this part of the matrix element is nonz
only if um2nu is odd. The fluctuating part yields, using E
~4!,

^kW2nuVf l~z,rW !ukWm&5^nuVf l~z,qW 5kW22kW !um&

5^nuV0~z,qW !um&•S~qW !, ~18!

with the explicit single impurity term

^nuV0~z,q!um&5
2pK0

a
e2qdF 12~21!n1me2aq

q21~p/a!2~n1m!2

2
12~21!n2me2aq

q21~p/a!2~n2m!2G . ~19!

After diagonalizing the Hamiltonian matrix according
Eq. ~15!, the resulting coefficientsAn

m(kW ) can be backtrans

formed to real-space wave functionsCn(z,rW) with Eqs.~14!
and~11!, or can be used directly for calculating optical pro
erties of the system.

In the dipole approximation, assuming the incident lig
polarized in thez direction, the intersubband absorption ra
can be calculated using Fermi’s golden rule:
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a~\v!5g0(
i , f

u^C f upzuC i&u2~ f i2 f f !d~Ef2Ei2\v!,

~20!

wheref i and f f are the Fermi occupation probabilities of th
initial and final state, atT50 K determined by the Ferm
level Fn :

f n5Q~Fn2En!. ~21!

The constant prefactorg0 is state independent and has be
set to 1. Note that, since the subband index and the w
vector are not good quantum numbers in the presenc
disorder, the optical matrix elements can be nonzero for
bitrary pairs of states, in principle. The longitudinal electr
magnetic field couples only to thez-dependent component
of the wave function. Thus the optical transition amplitu
can be written as

^C f upzuC i&5(
n,m

^nupzum&^f f
nuf i

m&, ~22!

where the matrix elements betweenz subbands are explicitly
given by

^nupzum&52
4i\

a
•

mn

n22m2
. ~23!

They are nonzero only between subbands of different pa
It is apparent from Eq.~22! that the transition amplitude
depends on the spatial overlap^f f

nuf i
m& of the lateral wave

functions. In the undisturbed system this overlap integral
sults in kW conservation, since the lateral eigenfunctions
plane waves~vertical transitions ink space!.

C. Local approximation

In addition to the above fully quantum-mechanical theo
we have studied a simple semiclassical model, which will
described in the following section. It is a straightforwa
application of the idea of calculating the absorption prop
ties locally at each lateral position in the layer. Thus the
total potential experienced by the electrons, as defined in
~1!, is now interpreted as a 1Dz profile, which depends on
the in-plane positionrW0 only as a freeparameter:

Vloc~z,@rW0# !5Vtot~z,rW0!. ~24!

For eachrW0 we solve the 1D Schro¨dinger equationindepen-
dently,

@~pz
2/2m!!1Vloc~z,@rW0# !#wm~z,@rW0# !5em@rW0#wm~z,@rW0# !,

~25!
and calculate the local absorption coefficient form→n tran-
sitions by

amn~\v,@rW0# !5g1u^wn@rW0#upzuwm@rW0#&u2

3~nn
~2!@rW0#2nm

~2!@rW0# !

3d~en@rW0#2em@rW0#2\v!. ~26!
ve
of
r-
-

y.

-
e

,
e

-

q.

Herenm
(2)@rW0# is the 2D electron density of themth subband

at rW0 , which is atT50 K given by

nm
~2!@rW0#5

m!

p\2
~Fn2em@rW0# !Q~Fn2em@rW0# !. ~27!

If we consider only 1→2 transitions, the local absorption i
characterized by a single photon energy in this simple mo

\v@rW0#5e2@rW0#2e1@rW0#, ~28!

and the inhomogeneous line broadening of the far-field sp
trum is only due to therW0 dependence of the subband ener
difference. It is obtained by averaging over the local spec

a~\v!5g2E d2rW0a12~\v,@rW0# !. ~29!

IV. RESULTS AND DISCUSSION

A. Potential fluctuations

To give an impression from the strong doping-induc
potential fluctuations in systems with thin spacer layers,
have plotted a typical impurity distribution and the resulti
lateral potential profile in Fig. 2. Throughout this paper, w
assumed a doping density ofND

(2)51012 cm22 for the n
layer. In the case of Fig. 2 the spacer layer thickness wad
52 nm. The contour lines of the potential correspond to
left quantum well boundary atz50. Deep, narrow valleys
are formed at donor clusters and relatively wide plateaus
regions of low impurity density. It should be mentioned th
random potentials produced by charged centers are spa
correlated and obey a nontrivial probability distribution,
contrast to the typically used model potentials in more fu
damental theoretical studies~e.g.,d correlated!. We believe
that the specific statistical properties of these profiles hav
significant effect on the resulting electron states and sho
be accounted for, whenever comparison with experime
data is performed.

Ensemble-averaged probability distributions of the lo
potential in thez50 plane are depicted in Fig. 3 for thre

FIG. 2. Typical configuration of impurities~small circles! in the
n layer and the resulting Coulomb potential at the left QW boun
ary (z50). System parameters:d52 nm, ND

(2)51012 cm22.



th
ge
ow
,
o

te
fo
th

n.
c

tial

or
c-
at

e.g.,
gy

of a
nd

ond-
f-
ple
f a

im-

cro-
he
of
de-
re-
he
h-
ue

s-

and
ac-
its
con-
pro-
w-

he
g of
ee,

es

7192 PRB 58C. METZNER, M. HOFMANN, AND G. H. DÖHLER
different widths of the spacer layer. It can be seen that
distribution function becomes Gaussian in the limit of lar
d. For thin spacer layers the distribution broadens and sh
a strongly asymmetric shape with a long low-energy tail
result of the deep potential minima mentioned above. N
that in the case ofd52 nm the full width at half-maximum
~FWHM! is of the order of 100 meV.

B. Wave functions

Figure 4 gives two examples of wave functions calcula
with the multisubband exact-diagonalization approach,
the case of the specific donor configuration of Fig. 2 and
standard system parametersd52 nm anda510 nm. We
have usedkmax512 and four subbands in the calculatio
The plotted point density is proportional to the lateral ele
tron probability density, integrated over thez direction,

Pn~rW !5(
m

Pn
m~rW !5(

m
ufn

m~rW !u2, ~30!

which has contributions from different subbandsm in gen-
eral.

Part ~a! depicts the ground state at an energy ofE0
531.25 meV, relative to the potential average atz50. It is a

FIG. 3. Distribution function of the~unscreened! fluctuating po-
tential in thez50 plane for three different spacer layer thickness
averaged over 100 impurity configurations.
e

s
a
te

d
r
e

-

nodeless wave function, localized at the global poten
minimum of our simulation area. Its distribution in thez
direction~not shown here! is asymmetric, with the maximum
shifted from the QW center towards the attractive don
layer. The in-plane localization radius of excited wave fun
tions generally grows with increasing energy, developing
the same time a complex structure of nodelines. See,
Fig. 4~b!, which shows the ninth excited state with ener
E9554.27 meV.

C. Absorption line shape

On the basis of the exact disordered quantum states
given impurity configuration, we computed the intersubba
absorption spectrum according to Eq.~20!. For determining
the Fermi levelFn , an electron density of 231011 cm22

has been assumed for all cases discussed below, corresp
ing to a filling factorF50.2. The resulting absorption coe
ficient corresponds to a near-field spectrum of a small sam
area with dimensions of 100 nm and therefore consists o
dense, but discrete distribution ofd peaks. To obtain a
smooth far-field spectrum, we averaged over 30 different
purity configurations.

For our standard system parameters the resulting ma
scopic absorption line is shown in Fig. 5, together with t
semiclassical, local approximation. Note that the FWHM
the intersubband absorption peak is of order 1.5 meV,
spite the potential fluctuations of about 100 meV. This
markable difference will be discussed in detail below. T
line shape is asymmetric with the longer tail at the hig
energy side. It is found that these transitions are typically d
to low-energy initial states, localized close to impurity clu
ters.

The overall agreement of the quantum-mechanical
semiclassical absorption spectra is surprising taking into
count the crude approximation of the local model and
very low demands on computer resources. For the cases
sidered here, the peak position and asymmetry are re
duced nicely with the local approach, the FWHM is, ho
ever, slightly overestimated.

If the width of the QW is increased, keeping constant t
spacer layer thickness, we observe a drastic broadenin
the line and a larger discrepancy with the local model. S

,

in-plane
FIG. 4. Representative disordered electron states for the impurity configuration of Fig. 2. The point density is proportional to the
probability density, averaged over thez direction. ~a! Ground state with energyE0531.25 meV; ~b! ninth excited state with energyE9

554.27 meV.
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e.g., Fig. 6, which corresponds to a 20-nm well, or the
rameter dependence study in Fig. 7. On the other hand
FWHM becomes as small as 0.07 meV in the case oa
52 nm.

FIG. 5. Intersubband absorption spectrum for a system witd
52 nm, a510 nm, andF50.2. Solid line, exact diagonalizatio
~FWHM'1.3 meV); Dotted line, local model ~FWHM
'1.7 meV).

FIG. 6. Intersubband absorption spectrum for a system witd
52 nm, a520 nm, andF50.2. Solid line, exact diagonalizatio
~FWHM'6.8 meV); dotted line, local model ~FWHM
'10.3 meV).
-
he Figure 7 also contains the line width dependence on
spacer layer thickness for a QW withd510 nm. The reduc-
tion of the disorder by removing the impurities is clear
visible, however the effect seems to be nonexponential. T
is because the spatial separation only suppresses the s
wavelength components of the random potential. The
maining fluctuations with a correlation length of orderl f l
5a are still capable of localizing electrons.

D. Semiclassical interpretation

The local model allows a very simple understanding
the main features of the intersubband absorption. In Fig
we present the lateral distribution of the subband energy
ference\v@rW0#5e1@rW0#2e0@rW0# for a specific donor con-
figuration~small circles! in the standard system. A clear co
relation can be seen between the local impurity density
the absorption energy. Donor clusters cause a blue shift,
ducing the high energy wing in the spectrum, while the
gions with low impurity density absorb at lower energy.

This can be semiquantitatively understood by consider
only the constant and linear terms of the localz-potential
profile in the QW region:

Vloc~z,@rW0# !'VD@rW0#1eFD@rW0#z. ~31!

The constant term has no net effect on the intersubband
ergy, since it shifts all subband edges by the same amo
The consequences of the linear longitudinal field term
well understood from the theory of the quantum confin
Stark effect. With increasingFD , the ground subband energ
e1 is lowered ~relative to the center of the QW bottom!,

FIG. 7. Dependence of the FWHM of the absorption line on
quantum well widtha and the spacer layer thicknessd for a doping
density ofND

(2)51012 cm22 and filling factorF50.2. The lines are
a guide for the eye. Circles, FWHM vsa for d52 nm; squares,
FWHM vs d for a510 nm.
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7194 PRB 58C. METZNER, M. HOFMANN, AND G. H. DÖHLER
while the first excited subbande2 grows slightly in energy.
This means that\v5e12e0 is a monotonously increasin
function of FD in the relevant field range.

We have plotted this dependence in Fig. 9 and marked

FIG. 8. In-plane distribution of the subband energy differen

\v@rW0#5e2@rW0#2e1@rW0# in the local model. Energies are given
units of meV. Impurities are represented by small circles. Sys
parameters:d52 nm, a510 nm, ND

(2)51012 cm22.

FIG. 9. Dependence of the subband energy differencee22e1 on
the electric fieldFD . The solid vertical line corresponds to th
average field, the dotted lines to its lateral fluctuation. System
rameters:d52 nm, a510 nm, ND

(2)51012 cm22.
e

average electric field with a solid vertical line. As a functio
of in-plane positionrW0 , the local field is fluctuating around
this value, roughly between the borders marked with brok
lines. The position-dependent Stark effectcauses a corre
sponding fluctuation of the intersubband energy, as show
the figure. Note that the slope of the\v(FD) dependence
~the sensibility to field fluctuations! becomes steeper fo
wider QW’s and zero in the extreme electric quantum lim
a→0. This explains, semiclassically, the broadening of
spectra with increasing well width.

E. Correlation effect

We now analyze quantum mechanically the reason of
sharpness of the intersubband absorption spectra relativ
the fluctuation width of the disorder potential. For this it
illuminating first to consider a thin quantum well with a thic
spacer layer,d.a. In such a case the impurity potential
the QW has a correlation length of orderd. Therefore, even
if Vimp(z,rW) varies arbitrarily parallel to the layers and
stronglyz dependent, we can assumeweak longitudinal fluc-
tuationsand approximate Eq.~2! by

Vimp~z,rW !5eFDz1Vlat~rW !. ~32!

Obviously the total Hamiltonian can now be split into ind
pendentz- and rW-dependent parts,

Hsep5Hz1HrW

5@~pz
2/2m!!1Vqw~z!1eFDz#

1@~pr
2/2m!!1Vlat~rW !# ~33!

and its eigenstates are again separable,

Cn~z,rW !5Cm,m~z,rW !5wm
1 ~z!fm~rW !, ~34!

with well-definedz subbands, modified by the quantum co
fined Stark effect,

Hzwm
1 ~z!5em

1 wm
1 ~z!, ~35!

and disordered in-plane states,

HrWfm~rW !5Emfm~rW !. ~36!

For our hypothetical model case with purely lateral fluctu
tions we thus arrive at a density of states~DOS! in the con-
duction band,

D~E!5(
m

Ddis~E2em
1 !, ~37!

which is a superposition of identical, disorder broaden
subbands:

Ddis~E!5V21 (
m

d~E2Em!. ~38!

The optical transition amplitude between two states@com-
pare Eq.~22!# now reduces to

^Cn,nupzuCm,m&5^nupzum&^fnufm&5^nupzum&dm,n .
~39!

e

m
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FIG. 10. Typical example of a pair of correlated in-plane wave functions. Shown is thez-averaged in-plane probability density of th
functionsf2

1 and f203
2 with energiesE2521.48 meV andE2035198.2 meV, respectively. System parameters:d52 nm, a510 nm, ND
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This means for the intersubband absorption withz-polarized
light that for each given electron state (1,m) in the ground
subband there exists only one possible final state (2,m5n)
in the first excited subband. This single transition conta
the whole oscillator strength and, independently from
initial state m, has a constant excitation energy\v5E2,m
2E1,m5e22e1 . Therefore, no matter how strong the late
disorder is, the intersubband spectrum remains ad peak.
Note that the DOS and spectral properties of the system
purely lateral disorder are analogous to the QW without a
disorder, where the subbands are step functions and
plane-wave-like lateral functions lead to the conservation
the k vector.

In reality the z dependence of the potential fluctuatio
cannot be completely neglected. However, forz-polarized
light the intersubband spectrum is sensitive only to the l
gitudinal potential fluctuations, which are small for thin
QW’s. Then for each localized initial stateC i ~with domi-
natingm51 character! we expect that optical transitions ca
occur only into a small number of final statesC f ~of n52
character! with energiesEf'Ei1(e22e1). One of them,
C f ( i ) , will have a lateral overlap close to 1:

^f f ~ i !
2 uf i

1&'1. ~40!
s
e

l

th
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-

Since this specific transitioni→ f ( i ) gives the main contri-
bution to the intersubband transition, we callC i andC f ( i ) a
correlated pair of wave functions.

We have found in our simulations that this strong late
correlation of states, which are energetically separated
approximately the undisturbed subband distance, is a gen
feature of the quasi-2D electron gas under the influence
strong disorder. When intersubband mixing is weak,
electrons of the different subbands experience a very sim
effective potential and thus develop similar in-plane wa
functions. The resulting correlated pairs of states are lo
ized at the same lateral positions and thus show almost
same energy shift from their corresponding undisturbed s
band edges. In effect, the intersubband absorption is g
erned by vertical transitions in real space.

Typical examples of correlated pairs of wave functio
are shown in Fig. 10 and Fig. 11. Note that the system
rameters used for this calculation,d52 nm and a
510 nm, are far from the ideal realization of purely later
disorder. Nevertheless, the correlation of lateral wave fu
tions is extremely well marked.

We can therefore trace back the sharpness of the inter
band absorption peak, relative to the huge random poten
to the insensitivity of the transition energies to lateral pote
FIG. 11. z-averaged in-plane probability density of the functionsf8
1 and f233

2 with energiesE8538.22 meV andE2035214.6 meV,
respectively. System parameters:d52 nm, a510 nm, ND

(2)51012 cm22.
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tial fluctuations. When the QW thicknessa increases at con
stantd, longitudinal fluctuations become more pronounc
and, consequently, a gradual broadening of the spectr
observed.

V. SUMMARY AND OUTLOOK

In summary we have performed a multisubband calcu
tion of quasi-2D single-electron states under the presenc
strong, doping-induced disorder. The one-particle inters
band excitation spectrum for constant filling factor as a fu
tion of QW width and spacer layer thickness has been c
puted on the basis of the numerically exact, disordered st
and found to be extremely sharp in comparison to the lat
potential fluctuations. This result can be explained by
strong spatial correlations between states separated ene
cally by approximately the undisturbed subband distan
We have compared these results to a simple, semiclas
approximation and found a surprisingly good agreement
spite the extreme simplifications made in the latter mode

We conclude that the correlations between quantum st
are a general key feature of quasi-2D disordered multis
band systems and must be taken into consideration fo
proper understanding of the intersubband absorption
shape. A similar effect may also be relevant for cyclotr
resonance experiments in modulation-doped quantum w
where the transitions are induced between localized state
different Landau levels.10,11

However, the results presented in this paper are not
suitable for a direct comparison with experimental data. F
of all, we used a simple model system with infinite barrie
and neglected the interface roughness completely. In
quantum wells, the width fluctuations may easily domin
the line broadening. While the presence of a positiv
charged impurity lowers the ground and first excited subb
edges locally by a similar amount, an island of smaller w
width increases the subband energy difference consider
in this region. For example in Ref. 3, an increase of
linewidth from 2.6 meV to 4.4 meV was reported for a ser
.
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of modulation-doped (d520 nm) quantum wells of widths
ranging between 11 nm and 7.5 nm, respectively. It would
straightforward to include interface roughness into o
model, as has already been realized in a recent study
exciton localization.12

Second, it is well known that electron-electron intera
tions play a crucial role for the intersubband absorption p
cess, becoming of course more pronounced with increa
carrier density. The static screening reduces the effective
tential fluctuations and thus leads to a narrowing of the
sorption line in the single-particle picture. The dynamic i
teraction of the electrons, which form a system of coup
oscillators, enables a collective response to the perturb
light field. This leads at low excitation power to a bluesh
of the peak~depolarization shift!.1 For an excitation power
comparable to the saturation intensity, however, the sec
subband becomes populated, the depolarization shift is
duced again and a more complicated line distortion is
served experimentally.2

The inclusion of these many particle effects into the th
oretical model represents the next step towards a real
simulation of the intersubband absorption process in dis
dered systems. The authors have already extended the m
to the case of doping superlattices with electrically tuna
carrier density. These systems are free of interfaces and f
an extreme case of well-controlled disorder, since the e
trons are directly exposed to the charged donors. St
screening has been accounted for by a self-consistent Ha
calculation of the single-particle quantum states. The
namic screening effects can be included by a natural ex
sion of Ando’s linear response theory1 to the case of local-
ized oscillators. These results will be published elsewher
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