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Intersubband transitions of a quasi-two-dimensional electron gas in the strong disorder regime
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In modulations-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 Saiger 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 systerhi$0163-182008)01436-2

I. INTRODUCTION wave vector nor the subband number are good quantum

numbers anymore. It can be expected that in this regime the

The peak position and line shape of the intersubband resdntersubband absorption spectrum is mainly determined by
nance in quantum wells has been the subject of extensiviée disorder effect. Therefore in this paper we investigate in
studies during recent yeatsThe experimentally observed detail the effect of doping-induced potential fluctuations on
resonance energy and finite linewidth has been explained b€ far-infrared absorption spectra of a modulation-doped
the interplay of various effects related to the complex bandluantum well, due to single-electron transitions within the

structure of the host semiconductor and to the electronconduction bandCB). _
electron interaction. The organization of the paper is as follows. In Sec. Il we

In an idealized system without growth imperfections orintroduce the model system with its parameters and the fun-
charged impurities, with a parabolic in-plane dispersion redamental assumptions. The following Sec. Ill is devoted to
lation and neglecting many-body corrections, the absorptioiescribing the two different simulation approaches used for
peak would resemble & function at a position equal to the calculating the quantum states and absorption spectra. The
subband energy difference, correspondingktoonserving results of the simulations are then presented and discussed in
transitions of electrons from the ground subband to the firsfletail in Sec. IV. Finally we summarize the physical insight
excited subband. In nonparabolic bands the electrons in digained by our simulations in Sec. V.
ferent subbands have different dispersion relations and thus
the transition energy becoméds d'ependent. This aIready Il. MODEL SYSTEM
leads to a temperature- and density-dependent broadening of
the absorption peakAt higher electron densities many-body ~ The main purpose of this paper is to clarify the general
effects play an important role in the absorption prodeBse  structure of the quantum states in a multisubband quasi-2D
dynamic screening of the perturbing light field by the elec-electron gas subject to a disorder potential of controllable
trons (depolarizatioh causes a blueshift of the resonancemagnitude. This situation can be realized experimentally in
peak, which is partly compensated for by the excitonic atvarious types of devices, the most prominent being
traction between the excited electrons and holes left back imodulation-doped heterostructures.
the ground subbarftiin combination with the band nonpa-  In this case, the two-dimensional confinement of the elec-
rabolicity, this gives also rise to an additional line distortion. tron gas can be provided by a simple heterojunction or by a

The broadening of the absorption peak by disorder efquantum well and the doping may be extended over a finite
fects, such as interface roughness doping-induced poten- volume or restricted to a single monolayer. The carrier den-
tial fluctuations® is usually included only by comparatively sity may be varied by optical excitation or by using electrical
coarse approximatiorfsor simply by introducing an empiri- contacts, as in field-effect transistor structures.
cal broadening parameter. This approach may be justified for To avoid any nonessential complication, we use an ideal-
high-quality modulation-doped quantum wells at high elec-ized model system for our calculations, in which all second-
tron density, where the disorder is small from the start or duary, device-related features are ignored. We thus consider the
to effective screening by the electron gas. In samples wit2D electron gas to be confined within an infinitely deep
small spacer layer thickness, however, the potential fluctuaguantum well(QW) of thicknessa, defining its potential as
tions become very large when the electrons in the quanturiq,(2z) =0 for 0<z<a andV,,(z) == elsewhere.
well are depleted.The remaining electrons are typically lo-  Our coordinate system is such that thaxis points along
calized at the minima of the random potential and neither théhe growth directior{vertical to the layers with z=0 at the
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4 The electric fieldFy is assumed to be zero left from time
layer and constarftp =47KoN® to the right, thus neglect-
ing screening and band bending effects. Hekg,
=e?/(4mee,) is the Coulomb constant. Performing a lateral
Fourier transform we can write

Energy

delta-n-
layer

Vimp(2,0) =85 68Foz+ (1= 836)Va(za). (3
The potential fluctuations can be factorized into a single im-
v purity term and a form factor depending on the lateral donor
® < positionsﬂ . For wave vectors consistent with the periodic

boundary conditionsiz(ZTr/L)(u,v) with the u,v integer,
we can write

E=07 . Vi1(2,0)=Vo(2,9)-S(q)

z=-d z=0 z=a z-Position — 27K
0o __

FIG. 1. Schematic band-edge diagram of our model system: a - Te q(z+d)(1/|‘2)2i e . (4)
modulations-doped quantum wellQW). In the calculation we as-
sumed infinitely high barriers. It should be noted that it would be straightforward to ex-

_ tend the calculations presented in this paper to realistic de-
left quantum well boundary. The coordinatey are referred  yice structures, including finite barrier heights and self-
to as lateral positions and summarizedras consistent band bending effects, thus enabling a direct

The positively charged donor impurities with sheet den-comparison to experimental results. Also tgenerally non-
sity N(DZ) are assumed to be distributed statistically within alinearn screening in a strictly two-dimensional electron gas
S-doping monolayer, separated from the left well boundaryhas already been investigated in detail in Ref. 9 and the
by a spacer layer of thickness (compare Fig. 1 They application of this theory to quasi-2D multisubband systems

produce a random Coulomb potentil,(z,r) in the Qw  bears no fundamental difficulties.
region, the short wave components of which grow exponen-
tially with decreasingd. The total potential profile experi- lll. THEORETICAL APPROACHES

enced by the electrons is thus given by A. Preliminary remarks

Viot(Z1) =Vau(2) + Vimp(Z,1). (1) For the later discussion it will be useful to reflect the
effects of the different potential contributions on the elec-
We can only cope with a finite lateral segment of thetrons step by step. We start with the undisturbed Hamil-
ideally infinite system in our numerical simulation. We thustonian, defined by the pure quantum well without any doping
choose a quadratic simulation area of linear extensi@md  induced potentials:
use two-side periodic boundary conditions to minimize
finite-size effects. In principle, this changes the system into a Ho=Hg+ (pZ/2m*)=[(p2/2m*) + Vqu(2) ]+ (pZ/2m*)
planar superlattice with a very complicated unit cell. Conse- (5)
quently, the resulting eigenstates should be of Bloch type . .
and minibands should be formed in the energy spectrumé.md Its eigenstates
However, the wave functions of the low-energy states con-
sidered below are all strongly localized with a localization H0¢o(z)eiEF:< 0+
length smaller tha.. Therefore, quantum overlap between " #
neighboring unit cells is exponentially small and the result-
ing miniband width can be neglected. Although we calculateVith
only the Bloch functions at the bottom of each miniband, 0 )
these represent almost perfectly the states of the infinite sys- %(Z):(‘/ﬁ)s'”(f“”z’ a),
tem. The approximation can of course be improved arbi-
trarily by increasing the size of the unit cell, which is only o ( h2m?
limited by computational resources. We uskee 100 nm €u™
for our simulations and have made sure that our results are
insensitive to a further increase lof For the material param- |f we now add the homogeneous electric field term to the
eters we used the electron mass and dielectric constant @hdisturbed Hamiltonian,
GaAs withm* =0.065n; ande=12.5.
The Coulomb potential of tha-doping layer can be de- H,=Hy,+eFpz, ©)]
composed into its lateral average and a fluctuating part:

21,2

Zm*) ¢, (2)eX, ®)

u? and w=1.2,.... (7)

2m*a?

we have a situation well known as the longitudinal Stark
Vimp(Z,F):eFDZ+Vf|(Z,F) with  (Vg(zr));=0. effect in quantum wells, which is usually discussed in con-
(2 nection with the interband exciton. ThTeindependent elec-
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tric field leads merely to a shift of the subband edges and t§—knay, - - - ,0, . . . FKnaxn, With k,.,=12 in most of the

a deformation of the wave functions, calculations below. The neglection of the high Fourier com-
o 1 0 1 ponents is uncritical for not-too-thin spacer layers and for
€, €, ¢,(2)—¢,(2), (9 electron states with not-too-high kinetic energy. This is be-

in such a way that the new ground subband wave function i§2Us€ the spacer layer exponentially suppresses the high
pulled asymetrically towards the attractive donor layer. aFourier components of the fluctuating impurity potential and

lateral homogeneous perturbation, especially, causes no ipecause electronic wave functlon§ with low kinetic energy
lane localization. Thus as well ask remain aood auantumm can be accurately represented using only plane waves with
ﬁumbers ' B 9 q small wave vectors. Also, here we have checked that a fur-

' . : ther increase ok, Yields no significant changes in the
. In t.he final s.te.p we switch on the fluctuating part of theresulting eigenstates.
impurity potential:

In k space the coupled Schilinger equation$12) read

Hior=Ho+eFpz+ Vi (z,r). (10 22
> ] [ " i e Kk
Since this perturbation couples tkeandr coordinates, the 2& 5V’#5kzvk< om* +(ka?|Vimp(z,1) ki) | AR (K)
Schralinger equation is no longer separable. The translation
symmetry parallel to the layers is destroyed and the plane- Z(En_e?;) AK(Ez), (15)

wave-type lateral wave functions are replaced by states with

a complicated dependence. However, if the typical width of With the potential matrix elements
the potential fluctuationa\ Vy, is not too large compared to

the subband spacing of the undisturbed systefh= eo (kav|Vimp(z,1)[Kps)
- eg’, it can be expected that there remains some trace of the I .
original subband structure in the perturbed electron gas. It is =(1L2) f d’re” ke (y|eFpz+ Vi (2,1)| ).
therefore reasonable to expand longitudinally in terms of the
undisturbed quantum well eigenfunctioqa%(z): (16)
The latter can be calculated analytically, due to the simple
Vo (z,r)= >, ¢2<Z)¢#(F>- (11)  trigonometricz wave functions, Eq(7). For the homoge-
3 neous electric-field term one obtains

Thus, in the presence of disorder, due to the subband mixing, - N
the electron states are in general a linear combination oKk2V|3FZ|kM>_5k2,k vleFZu)
various z-subband wave functions, each one attached to an

- — 1)~V — —1)HtTv—
individual 2D lateral functiong(r). The latter are deter- =5 EeFa{( D 1_( 1) 1
mined by a set of coupled 2D Schiinger equations: 2% 2 [ (u—7v)? (u+v)?
0?2 17
; - -
> 5”“(% +(V|Vimp(z,1) [ 1) | #H (1) For parity reasons, this part of the matrix element is nonzero
. only if |u—v| is odd. The fluctuating part yields, using Eq.
= (Ea— ) 83(0), 1 @
where the effective 2D potentials are given as matrix ele- <E2V|Vf|(z,F)|EM>:<V|Vﬂ(z,a:|22_;2)|Iu>
ments of the 3D impurity potential with the undisturbed . .
z-subband wave functions: =(v|Vo(z,q)| ) - S(q), (18

R . with the explicit single impurity term
<VIVimp(zyr)|M>=fdZsoV(Z)so,L(Z)Vimp(z,r)- (13

27Ky _ 4 1-(—1)r re 2
. . . <V|V0(qu)|l'l“>: a 2 2 2
B. Exact diagonalization a g+ (mla)<(v+pu)
The coupled set of differential equations Ed2) has 1—(—1)" ke 2
been transformed into a matrix equation by Fourier decom- - 5 5| (19
position and then been diagonalized numerically. We thus q°+(mla)i(v—pu)

expand the lateral functions further in terms of plane waves: ) o o ) )
After diagonalizing the Hamiltonian matrix according to

- I ' ici 0% -
qbﬁ(r):E AL(R)eT, (14) Eqg. (15), the resulting coeff|C|ent.An(k) can pe backtrans
K formed to real-space wave functio®s,(z,r) with Egs.(14)

o N . and(11), or can be used directly for calculating optical prop-
Due to the periodic boundary conditions the wave veckors erties of the system.

are restricted to the discrete subsﬁai:(kx,ky)=(27r/L) In the dipole approximation, assuming the incident light
X(u,v), with integersu andv. For the numerical imple- polarized in thez direction, the intersubband absorption rate
mentation the basis had to be truncated,ve can be calculated using Fermi’s golden rule:
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100

a(hw)=y02, [(i|p ) |2(fi— ;) 8(Es—Ei—fiw), Potential (meV)
if N 7/ARE 58 A\

(20 L@\ . 2 6 0~ 5%
o 2 : = 30 - 40
wheref; andf; are the Fermi occupation probabilities of the — g
initial and final state, af=0 K determined by the Fermi 60 B o- 10
—_ Bl 0- o
|eVe| CDn g Bl 20 - -10
- Bl 30 - 20
f.=0(d,—E,). (21) — s
Bl 0 - 50
The constant prefactoy, is state independent and has been 20 -
set to 1. Note that, since the subband index and the wav -
vector are not good quantum numbers in the presence ¢ & o : I 110 ~-100

disorder, the optical matrix elements can be nonzero for ar- 0 20 40 60 80 100

bitrary pairs of states, in principle. The longitudinal electro- X (nm)

magnetic field couples only to thedependent components

of the wave function. Thus the optical transition amplitude FG- 2. Typical configuration of impuritiessmall circle in the
can be written as n layer and the resulting Coulomb potential at the left QW bound-

ary (z=0). System parameterd=2 nm, N =10'? cm™2.

<‘I’f|Pz|‘1’i>:V§;4L (vlpd w) (bt &), (22 Heren([r,] is the 2D electron density of theth subband
_ ~ atrg, which is atT=0 K given by
where the matrix elements betweesubbands are explicitly
given by R m* R _
NPro]= —5(Pn= e O(Pr—e,[ro]).  (27)
4it v wh

=——" . 23 . " _
(vlpel ) a 22— y? @3 If we consider only -2 transitions, the local absorption is

) _ characterized by a single photon energy in this simple model,
They are nonzero only between subbands of different parity.

It is apparent from I_Eq(22) thatV the transition amplitude A w[;o]: 62[;0]_ 61[;0], (28)
depends on the spatial overlép;| /) of the lateral wave _ _ . _
functions. In the undisturbed system this overlap integral reand the inhomogeneous line broadening of the far-field spec-

sults ink conservation, since the lateral eigenfunctions arérum is only due to the, dependence of the subband energy
plane wavegvertical transitions irk space. difference. It is obtained by averaging over the local spectra:

C. Local approximation a(hw)= 72f d2rgai(fiw,[rp]). (29)

In addition to the above fully guantum-mechanical theory,
we have studied a simple semiclassical model, which will be
described in the following section. It is a straightforward IV. RESULTS AND DISCUSSION
application of the idea of calculating the absorption proper- A. Potential fluctuations
ties locally at each lateral position in the layer. Thus the 3D
total potential experienced by the electrons, as defined in E%
(1), is now interpreted as a 1B profile, which depends on 0

the in-plane positiom,, only as a fregparameter

To give an impression from the strong doping-induced
tential fluctuations in systems with thin spacer layers, we
have plotted a typical impurity distribution and the resulting
lateral potential profile in Fig. 2. Throughout this paper, we
R . assumed a doping density &f&)=10'? cm~2 for the n
Vioc(Z[To]) =Vior(Z.To)- (24) layer. In the case of Fig. 2 the spacer layer thicknessdvas
=2 nm. The contour lines of the potential correspond to the
left quantum well boundary at=0. Deep, narrow valleys
are formed at donor clusters and relatively wide plateaus in
. - - - - regions of low impurity density. It should be mentioned that
[(p3/2m*) +Viao(z,[Fo])J¢u(z[Fo]) = €ulTo] @,(zFol), random potentials produced by charged centers are spatially
(25 correlated and obey a nontrivial probability distribution, in
and calculate the local absorption coefficient for- v tran-  contrast to the typically used model potentials in more fun-
sitions by damental theoretical studi€s.g., § correlated. We believe
that the specific statistical properties of these profiles have a
aﬂy(ﬁw.[Fo]): 71|<%[Fo]|l3z| @M[FoDlz significant effect on the resulting elec_tron states and_should
be accounted for, whenever comparison with experimental
x(n(yz)[Fo]—nﬁf)[Fo]) data is performed.
Ensemble-averaged probability distributions of the local
X 8(€,[To]—€,[lo]—hw). (26)  potential in thez=0 plane are depicted in Fig. 3 for three

For eachfo we solve the 1D Schringer equatiorindepen-
dently,



7192 C. METZNER, M. HOFMANN, AND G. H. DOHLER PRB 58

T 1 1 T T nodeless wave function, localized at the global potential

00257 ] minimum of our simulation area. Its distribution in ttze
S 020_. i dir_ection(not shown hergis asymmetric, with the mgximum
g T shifted from the QW center towards the attractive donor
= 0.015 ] I{ayer. The in-plane Iocalyza'qon rad_|us of excited wave func-
2 tions generally grows with increasing energy, developing at
§ 0010_' ] the same time a complex structure _of nodelines_. See, e.g.,
8 Fig. 4(b), which shows the ninth excited state with energy
a ] Eg=54.27 meV.

0.005 - .

0.000 e T T e C. Absorption line shape

-150  -100  -50 0 50 100 150

On the basis of the exact disordered quantum states of a
given impurity configuration, we computed the intersubband
absorption spectrum according to Eg0). For determining
the Fermi level®,, an electron density of 210 cm™?2
has been assumed for all cases discussed below, correspond-
ing to a filling factorF=0.2. The resulting absorption coef-
different widths of the spacer layer. It can be seen that théicient corresponds to a near-field spectrum of a small sample
distribution function becomes Gaussian in the limit of large@réa with dimensions of 100 nm and therefore consists of a
d. For thin spacer layers the distribution broadens and showdense, but discrete distribution of peaks. To obtain a
a strongly asymmetric shape with a long low-energy tail, SMooth far-field spectrum, we averaged over 30 different im-
result of the deep potential minima mentioned above. Not@Urity configurations. .
that in the case ofi=2 nm the full width at half-maximum For our standard system parameters the resulting macro-
(FWHM) is of the order of 100 meV. scopic absorption line is shown in Fig. 5, together with the
semiclassical, local approximation. Note that the FWHM of
the intersubband absorption peak is of order 1.5 meV, de-
spite the potential fluctuations of about 100 meV. This re-

Figure 4 gives two examples of wave functions calculatednarkable difference will be discussed in detail below. The
with the multisubband exact-diagonalization approach, fotine shape is asymmetric with the longer tail at the high-
the case of the specific donor configuration of Fig. 2 and thenergy side. It is found that these transitions are typically due
standard system parametals=2 nm anda=10 nm. We to low-energy initial states, localized close to impurity clus-
have usedk,,,=12 and four subbands in the calculation. ters.

The plotted point density is proportional to the lateral elec- The overall agreement of the quantum-mechanical and
tron probability density, integrated over taedirection, semiclassical absorption spectra is surprising taking into ac-
count the crude approximation of the local model and its
- - - very low demands on computer resources. For the cases con-
P”(r):%: Pﬁ(r):%‘, LAGLE (30 sidered here, the peak position and asymmetry are repro-
duced nicely with the local approach, the FWHM is, how-
which has contributions from different subbandsin gen-  ever, slightly overestimated.
eral. If the width of the QW is increased, keeping constant the

Part (a) depicts the ground state at an energy B  spacer layer thickness, we observe a drastic broadening of

=31.25 meV, relative to the potential averageat0. Itisa  the line and a larger discrepancy with the local model. See,

Potential (meV)

FIG. 3. Distribution function of théunscreenedfluctuating po-
tential in thez=0 plane for three different spacer layer thicknesses
averaged over 100 impurity configurations.

B. Wave functions

100

80

60

y (nm)

40

20

40 60
x (nm} x {nmy}

FIG. 4. Representative disordered electron states for the impurity configuration of Fig. 2. The point density is proportional to the in-plane

probability density, averaged over tledirection.(a) Ground state with energl,=31.25 meV;(b) ninth excited state with energy,
=54.27 meV.



PRB 58

INTERSUBBAND TRANSITIONS OF A QUASI-TWG. .. 7193

0.8

0.6 1

o
S
1 e

Absorption (arb. units)

o
N
PR

0.04+——
160

FIG. 5. Intersubband absorption spectrum for a system dith

e
170

L. ST
180

Energy (meV)

—
190 200

8 T T T T T T T T
[ ]
64 4
3
£ 7
=
I
=
w
2 4
|
L
\-
04 .
T T T T T T T T
0 5 10 15 20

Width (nm)

FIG. 7. Dependence of the FWHM of the absorption line on the

=2 nm, a=10 nm, andF=0.2. Solid line, exact diagonalization quantum well widtha and the spacer layer thicknesgsor a doping

(FWHM~1.3 meV);
~1.7 meV).

Dotted

line,

local

model (FWHM

density of N =10"? cm~2 and filling factorF =0.2. The lines are
a guide for the eye. Circles, FWHM & for d=2 nm; squares,
FWHM vs d for a=10 nm.

e.g., Fig. 6, which corresponds to a 20-nm well, or the pa- ) _ )
rameter dependence study in Fig. 7. On the other hand, the Figure 7 also contains the line width dependence on the
FWHM becomes as small as 0.07 meV in the caseaof spacer layer thickness for a QW with=10 nm. The reduc-

=2 nm.

0.15 ——

0.10

Absorption (arb. units)

0.05

0.00]

80

FIG. 6. Intersubband absorption spectrum for a system dith
=2 nm, a=20 nm, andF=0.2. Solid line, exact diagonalization

(FWHM~6.8 meV);
~10.3 meV).

————
100

S ..
110 120

Energy (meV)

dotted

line,
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model (FWHM

tion of the disorder by removing the impurities is clearly
visible, however the effect seems to be nonexponential. This
is because the spatial separation only suppresses the short-
wavelength components of the random potential. The re-
maining fluctuations with a correlation length of ordeg

=a are still capable of localizing electrons.

D. Semiclassical interpretation

The local model allows a very simple understanding of
the main features of the intersubband absorption. In Fig. 8
we present the lateral distribution of the subband energy dif-

ferencefw[ro]=€1[ro]— €0l fo] for a specific donor con-
figuration(small circle$ in the standard system. A clear cor-
relation can be seen between the local impurity density and
the absorption energy. Donor clusters cause a blue shift, pro-
ducing the high energy wing in the spectrum, while the re-
gions with low impurity density absorb at lower energy.

This can be semiquantitatively understood by considering
only the constant and linear terms of the loezgbotential
profile in the QW region:

Vioe(Z,[Fo]) = Vp[rol+eFp[rolz. (31)

The constant term has no net effect on the intersubband en-
ergy, since it shifts all subband edges by the same amount.
The consequences of the linear longitudinal field term are
well understood from the theory of the quantum confined
Stark effect. With increasing , the ground subband energy
€, is lowered (relative to the center of the QW bottom
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average electric field with a solid vertical line. As a function

of in-plane positiorfo, the local field is fluctuating around
this value, roughly between the borders marked with broken
lines. The position-dependent Stark effecauses a corre-
sponding fluctuation of the intersubband energy, as shown in
the figure. Note that the slope of thiew(Fp) dependence
(the sensibility to field fluctuationsbecomes steeper for
wider QW’s and zero in the extreme electric quantum limit
a—0. This explains, semiclassically, the broadening of the
spectra with increasing well width.

E. Correlation effect

We now analyze quantum mechanically the reason of the
sharpness of the intersubband absorption spectra relative to
the fluctuation width of the disorder potential. For this it is
illuminating first to consider a thin quantum well with a thick
spacer layerd>a. In such a case the impurity potential at
the QW has a correlation length of ord#r Therefore, even

1703 ~ 1800 [ 1758 -~ 1765 if Vimp(z,r) varies arbitrarily parallel to the _Iayt_ers and is
B 1786 - 1793 [ 1751 — 1758 stronglyz dependent, we can assumveak longitudinal fluc-
B 1779 - 17856 174.4 - 175.1 tuationsand approximate Ed2) by
1772 - 177.9 173.7 -- 174.4
5 - g .0 -- 173. o\ g
B 1765 -- 177.2 173.0 - 173.7 Vimp(zar)_eFDZ+Vlat(r)- (32)

Obviously the total Hamiltonian can now be split into inde-

FIG. 8. In-plane distribution of the subband energy difference -
pendentz- andr-dependent parts,

ho[ro]=e[ro]—€iro] in the local model. Energies are given in
units of meV. Impurities are represented by small circles. System Lz ur
parametersd=2 nm,a=10 nm,N® =102 cm2. Hsep=H"+H

:[(p§/2m*)+vqw(z)+eFDz]
while the first excited subbane, grows slightly in energy. .
This means that w=e,— € is @ monotonously increasing +[(p,2/2m*)+V|at(r)] (33
function of F in the relevant field range.

We have plotted this dependence in Fig. 9 and marked '[héelnd Its eigenstates are again separable,

Wo(z)=V, m(Z.0)=¢1(2) n(T), (34)

186 T T T T
- _ 1 with well-definedz subbands, modified by the quantum con-
1ea b Fo-144m~ 3 fined Stark effect,
182 E 3 H ¢, (2) = €,0,(2), (35)
50 . ] and disordered in-plane states,
sk ! 3 H' $n(1) = Emébm(F). (36
% : i ] For our hypothetical model case with purely lateral fluctua-
£ .k ! ] tions we thus arrive at a density of stat&09) in the con-
'-'é F ! ] duction band,
174 £ .
S Tl e 5 D(E)=2 Duis(E~e,), (37)
3 i Al ! ] 2
170 - E E 3 which is a superposition of identical, disorder broadened
- ' ! 1 subbands:
168:"'""“'"':""""':“"":
0 50 100 150 200 250 Dyi(E)=Q71 > S(E-E,). (38)
F(kV/cm) "

The optical transition amplitude between two statesm-
FIG. 9. Dependence of the subband energy differeneee; on pare Eqg.(22)] now reduces to
the electric fieldFp. The solid vertical line corresponds to the
average field, the dotted lines to its lateral fluctuation. System pa- (W', 1| P|W , m) = (V[P ) n| bm) = (¥|P 1) O -
rametersd=2 nm, a=10 nm,N& =10'2 cm 2.
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FIG. 10. Typical example of a pair of correlated in-plane wave functions. Shown &-aleraged in-plane probability density of the
functions ¢3 and ¢3,; with energiesE,=21.48 meV ancE,;=198.2 meV, respectively. System parameters:2 nm, a=10 nm, N&)
=102 cm™2.

This means for the intersubband absorption weipolarized  Since this specific transition— f(i) gives the main contri-
light that for each given electron state if), in the ground  bution to the intersubband transition, we c#j and Wy, a
subband there exists only one possible final statm{X) correlated pair of wave functions

in the first excited subband. This single transition contains We have found in our simulations that this strong lateral
the whole oscillator strength and, independently from thecorrelation of states, which are energetically separated by
initial statem, has a constant excitation enerw=E;,,  approximately the undisturbed subband distance, is a general
—Eim=€,— €. Therefore, no matter how strong the lateral feature of the quasi-2D electron gas under the influence of
disorder is, the intersubband spectrum remaind peak. strong disorder. When intersubband mixing is weak, the
Note that the DOS and spectral properties of the system witRjectrons of the different subbands experience a very similar
purely lateral disorder are analogous to the QW without anyrective potential and thus develop similar in-plane wave
disorder, where the subbands are step functions and g, ions, The resulting correlated pairs of states are local-
plane-wave-like lateral functions lead to the conservation o zed at the same lateral positions and thus show almost the
the k vector. same energy shift from their corresponding undisturbed sub-

In reality thez dependence of the potential fluctL_Janns band edges. In effect, the intersubband absorption is gov-
cannot be completely neglected. However, fpolarized . - .
erned by vertical transitions in real space.

light the intersubband spectrum is sensitive only to the lon- Tvpical | f lated pai f functi

gitudinal potential fluctuationswhich are small for thin yE'Ca gxaénp elsoo golr:r_e alel Sa'rsﬁ w;\ve unctions

QW's. Then for each localized initial stat#, (with domi- ~ &'€ Shown in Fig. 10 and Fig. 11. Note that the system pa-
rameters used for this calculationd=2 nm and a

natingu =1 characterwe expect that optical transitions can ) N
=10 nm, are far from the ideal realization of purely lateral

occur only into a small number of final statds (of v=2 ) '
character with energiesE;~E;+ (e,—€;). One of them, disorder. Nevertheless, the correlation of lateral wave func-

W4y, will have a lateral overlap close to 1: tions is extremely well marked. .
We can therefore trace back the sharpness of the intersub-
) 1 band absorption peak, relative to the huge random potential,
(D7)l o) ~1. (400 to the insensitivity of the transition energies to lateral poten-

) &)
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FIG. 11. z-averaged in-plane probability density of the functiafx§ and (/;%33 with energiesEg=38.22 meV andE,j;=214.6 meV,
respectively. System parametets:2 nm, a=10 nm,N&=10'2 cm™2,
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tial fluctuations. When the QW thickneasincreases at con- of modulation-dopedd=20 nm) quantum wells of widths
stantd, longitudinal fluctuations become more pronouncedranging between 11 nm and 7.5 nm, respectively. It would be
and, consequently, a gradual broadening of the spectra igraightforward to include interface roughness into our
observed. model, as has already been realized in a recent study on
exciton localizatior?
V. SUMMARY AND OUTLOOK Second, it is well known that electron-electron interac-
tions play a crucial role for the intersubband absorption pro-

In summary we have performed a multisubband calculageqs "hecoming of course more pronounced with increasing

tion of q(l;as,i'zp s;ilngleo—lecl;'actrc()jn St‘:"l_tﬁs under the Iprgsenceb% rrier density. The static screening reduces the effective po-
strong, doping-induced disorder. The one-particle Intersubg,ia| fiyctuations and thus leads to a narrowing of the ab-
band excitation spectrum for constant filling factor as a funChtion Jine in the single-particle picture. The dynamic in-
tion of QW W|dth.and spacer Iayer thickness has been COMgaraction of the electrons, which form a system of coupled
puted on the basis of the numerically exact, disordered stategqjjiators, enables a collective response to the perturbing
and found to be extremely sharp in comparison to the laterg|ypy fie|d. This leads at low excitation power to a blueshift

potential fluctuations. This result can be explained by theof the peak(depolarization shift' For an excitation power

strong spatial co_rrelations betwe_en states separated_energ%mparame to the saturation intensity, however, the second
cally by approximately the undisturbed subband distanceg, \hang hecomes populated, the depolarization shift is re-

We haye c_ompared these result_s foa simple, semiclassic ced again and a more complicated line distortion is ob-
approximation and found a surprisingly good agreement degyp eq experimentally.
spite the extreme simplifications made in the latter model. The inclusion of these many particle effects into the the-

We conclude that the correlations between quantum stat€getical model represents the next step towards a realistic

are a general key feature of quaS|-2_D dlsordc_ared r,nUIt'SUbéimulation of the intersubband absorption process in disor-
band systems and must be taken into consideration for

Bered systems. The authors have already extended the model

proper understanding of the intersubband absorption ling, e case of doping superlattices with electrically tunable

shape. A similar effect may "’:]IIS(I) be r(ej:leva(;nt for CyCIOtrOIrrcarrier density. These systems are free of interfaces and form
rer?onanhce experiments in rgo udagon- opel qtlj_an:jum WelISn extreme case of well-controlled disorder, since the elec-
where the transitions are induced between localized states gb" are directly exposed to the charged donors. Static

: 0,11
different Landau levelS. screening has been accounted for by a self-consistent Hartree

However, th.e results prgsenteq n thls.paper are not Yelyiculation of the single-particle quantum states. The dy-
suitable for a direct comparison with experimental data. Firsfamic screening effects can be included by a natural exten-
of all, we used a simple model system with infinite barriersgj, of Ando’s linear response thedrp the case of local-

and neglected the m'Ferface roughness compl_etely. 'r_‘ tifyed oscillators. These results will be published elsewhere.
guantum wells, the width fluctuations may easily dominate

the line broadening. While the presence of a positively
charged impurity lowers the ground and first excited subband
edges locally by a similar amount, an island of smaller well
width increases the subband energy difference considerably One of the author$C.M.) would like to thank the Deut-

in this region. For example in Ref. 3, an increase of thesche Forschungsgemeinschaft DFG for financial support and
linewidth from 2.6 meV to 4.4 meV was reported for a seriesS. Tsujino and M. Beck for stimulating discussions.
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