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Density-dependent intersubband absorption in strongly disordered systems
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We study theoretically the intersubbaf®) absorption spectrum of electrons in a center-doped quantum
well (QW) as a function of the carrier density. Besides the subband quantizatiprdinection, the wave
functions of the electrons, being directly exposed to the charged dopands, become disorder localized in the
layer plane. For each set of random impurity configurations, the corresponding spectrum of quantum states is
computed with a self-consistent density-functional approach, thus, taking into account the disorder and non-
linear static screening effects in a realistic way. On the basis of these effective single-particle states, we then
include dynamic many-body effectdepolarization and dynamic exchange correctidnsapplying and ex-
tending our recently developed theory of resonant screening in the localization regime. We analyze the rel-
evance of the various many-body effects and find that at higher electron densities the direct static Hartree and
the depolarization contributions dominate over the exchange effects. Dynamic Coulomb interactions qualita-
tively change the IS absorption spectrum of the statically screened electron gas, however, do not lead to a
spectral narrowing in this system. A small variation of #hrelayer position within the QW affects the relative
disorder strength of the two subbands and causes dramatic changes of the spectral shape and width. Our model
and results are suitable for a direct comparison with experimental data.
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[. INTRODUCTION exposed to sufficiently strong potential fluctuations, as they
Intersubband(IS) transitions in semiconductor quantum easily come about by closeby charged impurities, they be-
wells (QW) have been successfully utilized in a number of come in-plane localized and cannot be described any longer
optoelectronic devices, like photodetectbrsnodulatorss by the usual 2D theory based on lateral translation symmetry.
and lasers:* At the same time, IS processes remain in the It has been shown in Ref. 22 that, despite of this dramatic
focus of fundamental semiconductor physics, mainly due tetructural change of the electron gas, the IS spectrum in
the pronounced effect of many-body interactions on the abmodulation-doped systems shows only a slight broadening of
sorption spectrum. the absorption linécompared to the “ordered” case without
It is well established now that the IS resonance is a colpotential fluctuations This insensitivity is due to a tight cor-
lective phenomenon of the quantized conduction SUbbanFjelation between the subbands: The edgés) of the differ-

electrons, leading to a strong, density-dependent shift of thgnt subbands are fluctuating heavily when viewed as a
absorption peak with respect to the single-particle IS

separatiors. Theoretically, this change of the peak position is function of the lateral positiom, but they vary almost *in
explained by the depolarization effect, which leads to gharallel.” For this reason, the random arrays of localized
strong blueshift with increasing density, and an excitonic€lectron statesnatural quantum dotformed in the ground
correction, which produces a small redshift and dominates and first excited subband are very similar and IS absorption
low densities. Numerous experimental investigatiohs takes place in the form of transitions between “correlated
suggest that the present standard theory of IS absorption is pairs” of localized statescompare Fig. L
quantitative agreement with the measured absorption data, With respect to the external light field, each of these lo-
although the interpretation is often complicated by simultacalized two-level systems forms an elementary oscillator
neous drastic changes of the band structure as the electravith its own resonance line position. The far-field absorption
density is varied. spectrum simply reflects the probability distribution of the
Another long-standing problem of IS physics is the ob-individual oscillator transition energies. In systems with al-
served finite spectral widtlf,"?* which is determined by a most perfect IS correlationgnodulation-doped QWJs this
complex interplay of inhomogeneous broadening mechadistribution is narrow, but it becomes broader in center-
nisms, such as well-width fluctuations or doping-induced po-doped QW'’s, where the ground subband is fluctuating stron-
tential flucuations, homogeneous broadening effects, such @er than the first excited one.
electron-electron scattering or short-scale interface rough- In the above picture, electron-electron interactions are not
ness, and the collective phenomena, which tend to concelyet included. How do electrons populate the random poten-
trate the distributed oscillator strength into a narrow resodtial profile and to which extent does this screen out the fluc-
nance line. tuations? And how do the spatially distributed localized os-
While from an application point of view it is desirable to cillators, under IS excitation, affect each other by long-range
keep disorder, and thus the absorption linewidth, as small adynamic Coulomb interactions?
possible, for a fundamental understanding of the underlying In Ref. 23, different static screening theories have been
physics it can be more profitable to study the opposite exeompared and applied to the case of a strongly disorded elec-
treme: the regime of strong disorder. When the electrons argon gas. It has been shown that in the nonlinear screening
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dynamic many-body effects as well as the nonparabolicity of
the subbands, but neglected disorder. Such a broadening and
nonstandard peak shift would indeed be expected in the den-
sity regime where the strength of the many-body interactions
[roughly given by the depolarization shiftEqe(n®) in a
homogeneous two-dimensioné2D) electron gas of equal
density falls below the disorder-induced widtkE y;5 of the

&(%Y) single-particle spectrum.

However, in their modulation-doped QW, the disorder
was mainly due to interface roughness, which produces only
relatively weak localization effects. Therefore, at higher den-
Lateral Position sities (or low densities and higher temperatyrassignificant

FIG. 1. Schematic showing the correlated fluctuations of thelfaction of the carriers in the ground subband is probably

subband edges, and €, in a disordered quasi-2D system and the occupying dglocqlized quantum states. Furthermore, since
formation of natural two-level quantum dots. the electric field in the FET structure pushes the electrons

more and more against the substrate-side interface of the
regime, corresponding to low-electron and high-impurityQWv this increa_lse of effectiye c!isorder may_also co_ntribute to
concentrations, the familiar and convenient random phasi® observed line broadening in the depletion region.
approximation is not applicable. Instead of treating many- Clearly, it would be very important at the present stage to
body effects with a perturbative theory, it is more appropriatd€St the_ above theoretlc_:al predlct|0_n§ guantitatively by even
to view the problem as an electronic-structure calculation offore tailor-made experiments, avoiding as far as possible the
a complex ‘“random molecule” and, correspondingly, above probler_ns. To facilitate such a dllrect comparison, hpw-
density-functional methods should be applied. The effect ofVer, @ consistent and comprehensive theory is required,
static screening on the IS absorption spectrum has been the@hich simultaneously has to account for all the relevant ef-
retically investigated in Ref. 24. fects: Reahstlc disorder, IS c_orrelatlpns, static screening, and

The problem of dynamic electron-electron coupling in lo- dynamic electron—electrqn interactions. In this paper, we
calized random systems has been addressed in Refs. 25,8esent such a calculation and hope that the results will
In this paper, an idealized model system was investigated, iftimulate corresponding experiments. _
which the fluctuating lateral potential landscape was approxi- 1h€ paper is organized as follows: The following Sec. I
mated by a random array of rotationally symmetric, Ioara_descrlbes our.proposed model system. Section Il is d(_avoted
bolic potential minima. The single-particie absorption spec0 our theoretical approach. In Sec. IV, we show and discuss
trum of the correponding oscillator ensemble was artificially@Ur Simulation results. Finally, in Sec.V, we present our con-
set to a box distribution. For this case it was found that withc/usions.
increasing electron density, collective phase-locking effects
betwee_n the Coulomb-c_oupled oscillators lead to a g_rad_ual Il. MODEL SYSTEM
narrowing of the absorption spectrum and to a depolarization
shift. The conclusion was that, even if the single-particle Since we are interested in the effectivity of static and
absorption spectrum is broad in a system with strong disordynamic screening processes, it is important that the funda-
der and weak IS correlations, the actual spectrum observed atental disorder in the system is strong and the IS correlation
fixed carrier concentration may be narrow and of Lorentziareffect relatively weak. For this reason, we placé-dopedn
shape, due to the dynamic screening. layer of donor densitw(Dz) directly into the center of a quan-

In the meantime, first experimental investigations haveum well of width a. The width of the QW is chosen to
been conducted to elucidate the problem of the collectivgproduce an experimentally convenient IS separation.
resonance in the localization regime, which, at least qualita- For a study of many-body effects in the context of IS
tively, seem to support this theoretical picture. Pusep andbsorption it is essential that the electron density can be var-
co-workeré”?8 studied the plasma response of electrons iried. In principle, a gradual depletion of the electrons in the
disordered superlattices, while Yakimeval®® analyzed the QW can be achieved with a FET structdfe® However, as
depolarization shift of the interlevel resonance in a densalready mentioned in the Introduction, in such systems the
array of quantum dots. QW becomes more and more tilted as the density is reduced.

Very recently (and more directly related to our present This causes drastic changes of the subband wave functions
problem, Luin et al® measured, as a function of carrier and energies, which have nothing to do wignd, therefore,
densityn(®, the peak position and linewidth of the IS reso- partly mask the many-body effects. These side effects can
nance in a QW, which was embedded into a field-effect tranbe minimized in two ways.
sistor (FET) structure. Interestingly, in the limit of low- One possibility consists in using an undoped QW and
electron concentrations they observed a pronounced graduakciting the necessary carriers optically by interband
line broadening, provided the temperature was kept below excitation®® Then, in a continuous-wave experiment, the
certain threshold. Simultaneously, the measured absorptiosteady-state density is adjustable by the laser power. In a
peak position started to deviate from the theoretical densityime-resolved experiment with pulsed excitation, the density
dependence, calculated with a model that included static angutomatically decays to zero by gradual recombination.

Dot J
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Energy
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Since the number of electrons and holes is always the samehich accounts for subband mixing induced by the nonsepa-

in the QW, band-bending effects are very small. The drawraple fluctuation potentia¥*9(z,r). In our case the wave
back is, however, the presence of holes, which can affect thgnctions appear in form of more or less strongly correlated
electronic IS resonance in various ways. groups, as discussed in the Introduction and schematically
A simpler approach is to embed thi®-doped QW into  depicted in Fig. 1. To emphasize this structure, we assign a
the intrinsic region of ap-i-p structure and to attach selec- large indexl to each group and replace the general inG|x
tive electrical contact§™**to the centralsn layer and the by a superscripfl) and a subscript One member of group
outer p layers, respectively(Alternatively, in order to en- | pelongs(almosi completely to the ground subbare- 0,
hance overall absorption, @ri-on-i--- - superlattice could another to the first excited subbajie 1. The corresponding

be used. The advantage of this structure compared to thq . Vs OYs
. e ; e ateral wave function r) and r) are usually ver
FET configuration is that the active QW maintains a local 9o'(1) 91°(r) y very

mirror symmetry with respect to its center for all electron
densities. Thus, the trivial changes of the subbands dueg?1

similar.
For simplicity, we from now on totallyneglect subband-
ixing effectsand write the member functions of each cor-

band bending are less harmful. Also, tunneling escape elated groud in a factorized form

carriers out of the QW is small even in the almost deplete

state. We have, therefore, chosen this latter approach for our My D — £ O

model system. The averageband profile of the central cell v (@0 =1(2)g7 (). ©

is shown for two different electron densitie§? in Fig. 3.  In the following, we will be especially interested in the lo-

We define the filling factoF =n®/N& of the QW as the calized two-level oscillator formed by the statg¢§’ and

density ratio between electrons and donors. (1'), which can be excited resonantly by the incident light
For most of our simulations we assumed a GaAs/AlAsfield. Higher subbands can be disregarded in our system,

QW with the following design parametera=10 nm, N(DZ) because the oscillator strength of the transition between the

=4x10' cm™? (structureA). We also performed some cal- ground and second excited subband is zero for symmetry

culations for slightly modified systems, in which the centralreasons and the first excited subband is practically unoccu-

én layer was replaced by twén layers(each doped with pied in the linear absorption regime.

N@/2), located symmetrically around the QW center at a With the neglect of subband mixing, we can derive a 2D

mutual distancel=2 nm(structureB), ord=4 nm(struc-  Schrainger equation for the lateral functiog$ ,

ture C).

In Sec. lll, the capital Ietterﬁ=(x,y,z) is a three-

dimensional3D) position vector, while = (x,y) denotes the
lateral coordinates only. An analogous convention is used fo
the momentum vectors.

p’ N - .
ﬁ+v}f°)(r))g}')(r)=(E§')—e,-)g}')(r). (4)

Here, €; is the undisturbed subband edge corresponding to
the 1D jellium potentialVi®)(z) and V{*9(r) is a matrix
element of the fluctuation potential, taken between the sub-
. THEORY band wave function$;(z),
A. Statically screelned band structure V]-(]-SC)(F) =<fj(Z)|V(SC)(Z,F)|fj(Z)>
We start from the 3D Schdinger equation of an electron _ ) R R
in the disordered QW, =V () + VI () +ViP(n). (5)

This effective 2D potential consists of the bare impurity con-
tribution V{"™, the direct Hartree self-consistent fiel
and the exchange-correlatidar Fock correctionvj(jx) .

(1) The 3D impurity potential, from which|™?(r) is a 2D
weighted average, is related via Poisson’s equation to the
impurity charge density,

pz ] , -
> VI @) +VEI(z ) |y (2 =ER Y@ (z ).

Here, V€ (z) is the averaggellium mode) band profile in
z direction andV®9(z,r) is the self-consistentstatically
screenefl fluctuation potential, resulting from the Coulomb V2VImPY(R) = (47K /e)pE) (R)
potentials of the charged donors, which are located at ran- P
dom positions within the plane of thén layer. Note that by ~ With
definition, the lateral{) average oveV*9(z,r) is zero for
all z . . P (R1=e> 8(R—Ry)

In general, the 3D wave function can be expanded into K
longitudinal (subbang modes f;(z) and lateral factors

- and
gi? (). *

Ko=e?/4meye, . (6)

@(z.= f.(29@(1), 2 Here, ¢, is the relative dielectric constant of the host material
vz ; i(2)g57(r) @ (GaAs. In practice, we solve this equation krspace, using
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a fast Fourier transform algorithm and applying periodic B. The perfect correlation approximation
boundary conditions in the lateral directiori@he typical Although the lateral wave functions of the excited sub-

lateral size of ourzsir(r;L)JI.ation arealis=100 nm. Within this  pahq4i =1 were not needed for the static density-functional
segment, th&=L“Np" impurities are assigned random, un- c5|cylation above, they come into play as soon as IS transi-

correlated positions. o tions or dynamic electron-electron interactions are consid-
Analogously, the Hartree potential is related to the elecereq. To reduce the numerical cost of these computations, we
tronic charge density, can make use of the fact that the lateral functions belonging
to the same group are very similar in our systeff. This
V2VH(R) = (47K o /e) pCU(R) observation suggests to entirely neglect the small differences,
_ leading to what we call th@erfect correlation approxima-
with tion. Consequently, we drop the subband indefkxom the
lateral factors, using the functions of the ground state as
pB(R)=(—e)|fo(2)|2nA(r). (7)  representatives of the whole grogr pain,
Here we have made use of the fact that only the ground g (N —gM(r)=g{(r). (11

subband is occupied with electrons at low temperatures. The
lateral 2D electron-density profile®)(F) can be expressed ~ Note, however, that the corresponding energ®
as a sum over all pairs cannotbe assumed to be perfectly correlated. After all, fluc-
tuations of the level differences{)=E{"—E{" are respon-
R . sible for the disorder broadeningE,;s of the IS spectrum.
n@(r)=2> f(@,—ES)|gd ()2, (8)  Therefore, since we solve E) only for the ground sub-
' bandj=0, we have to compute the eigen energies ofjthe

wheref() is the Fermi function ané,, the quasi-Fermilevel =1 States by some other means.

of the degenerate electron gas. In the jellium model,E{y would be equal to the undis-
For the exchange-correlation correction in the local-turbed IS separatios o= e;— €. With potential fluctuations,
density approximation, each member stajeof the correlated pail is shifted by an
amountAVJ(J” depending on the local potential profile, so
VER)=[ £, ]n=n(y (9 that
Efd=ew0+ (AVE)-AV(). (12

we used the well-known expression of Ref. 36. For simplic-
ity and reasons of consisten¢see latey, we decided to ne- We can approximately compute these shifts using first order
glect the correlation part completefyve have convinced perturbation theory:

ourselves that its contribution is very smallThe remaining

exchange potential is simply proportional to the cube root of AVE = (gO(r)|VEIr)[g(r)). (13
the local electron density. Using our factorized densities, we
can derive the following formula: The dipole momenje, of the oscillators is another impor-
tant quantity. For the excitation with light polarized in the
VE(R) = _aX[p(B)(F‘i)/(_e)]l/S direction it is a constant in our approximation,
= —ay|fo(2)|?In®(r)]+3 m=edN=e(¥ |2 W) =e(fi|z|fo)=ez0. (19
with C. Dynamic electron-electron interactions and absorption

Besides the excitation energig§) of each oscillator and
its dipole momeniu,, we also need the dynamic Coulomb-
whereag=%2/(K,m) is the effective electronic Bohr radius. 'Ntéraction terms betweelr(llrf]\)nd all other oscillators, con-

Equations (4)—(10) have been solved iteratively, until SIStng of the direct parb™™’ and the exchange correction
convergence was achieved. Since in thermal equilibrium X, This dynamic Coulomb interaction can be viewed as a
low temperatures and for the relevant filling factors the carcoherent excitation transfer process. Excited oscillaighe
riers occupy the ground subband only, it was actually suffi-Source performs a transition frort¥ £ to W and transfers
cient to restrict the time-consuming computations to the subthe released energy to oscillato(the probg, which thereby
spacej=0. As a result, we obtained the self-consistent 2Dbecomes excited fron#{’ to w{.

ay=0.611Ky/2ap)(4mag/3)*", (10

electron-density prof”en(Z)(F), from which all relevant The_spgtial fluctuation qf 3D eIeptron density due to the
quantities can bére-)derived. In particular, we can calculate d&-€xcitation of the sourcis described by

. . (SC) >, _ . R
the 2D in-plane potentialy;;”(r) and, based on thes% po An(J)(R):\I,(()J)*\I,(lJ):fo(z)fl(z)|g(J)(r)|2_ (15)
tentials, we can compute the lateral wave functigf$(r)
for all correlated pair$ (oscillators, natural dotsand for any The corresponding induced fluctuation of the direct Cou-
subband we wish. lomb potential is
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)= , Ko )= exchange interactionX(?).) From the amplitudeA!)(w)
AD! )(R)=f d RJ| = |An( (Ry). (160 we immediately obtain the absorption spectrum,
-y
From this potential fluctuation we immediately obtain the a(w)Osz IM{AO(w)}. (23)
|

coupling strength betweenandJ by taking the matrix ele-

ment between the initial and final state of the probe,
We note that we have repeated our calculations for about

D(IJ):<qf(ll)|AD(J)(|§|)|qu)>. (17) 80 different impurity configurations and then averaged the
resulting absorption spect(@ach individual spectrum may
It corresponds to a dipole-dipole interaction for large dis-pe interpreted as a local property of the macroscopic system,
tancesr,; between source and probe and asymptotically dewhich could, in principle, be measured by near-field tech-
cays liker ;3. niques.

In a similar way we can calculate the fluctuation of the In the following, we will abbreviate the different many-
exchange potential induced M(J)(ﬁ), by using the same body effects affecting the IS absorption process by the letters
local-density functional approximation as in H@0), H, F, D, and X, corresponding, respectively, to the static

Hartree, statid=ock, dynamicDepolarization and dynamic

> eXchange effects.
AXO(R) = g

df -
—X} AnO(R). (18)
n=n(|§)
. . _ IV. RESULTS AND DISCUSSION
The strength of the dynamic exchange interaction between

the two oscillators is then given by A. Average band profiles of the model system
y 0 0= 0 Figure 2 is a schematic band diagram of our
X = (wAXO(R) W) (19 p-i-én-i-p-structure for different voltages applied to the se-

This quantity depends on the overlap of the charge diS,[ribul_ectlve contacts. The electron filling factérin the QW can

tion of source and probe and thus decays exponentially witﬁ)e fined over almos_t the whole range between 0 and 1, with-
) ) o ; ; out changing the mirror symmetry of the potential. The ap-
distancer,; in the localization regime. Due to the factorized

wave functions, an efficient numerical evaluation of Eqs.plieol voltageU,,, is directly related to the difference of the

(17) and(19) is possible with the help of Fourier transforma- gugii—\llzjrm levelsb,, and @, for electrons and holes, re-
tion techniques. p y-

; . In Figs. 3 and 4 we show, for different filling factoFs
We now define for each oscillatbia complex, frequency- el
dependent response function, the average band profil&g®'(z) for the center-doped struc-

ture A and for the modified structur@. Note that in structure
1 A the charged impuritieecusp in the potentigalare located at
S (20) the maximum of the probability distribution of the ground
E)—tow—il’ subband [(=0) electrons and at the node of the wave func-

tion of the electrons in the excited subbarjd=(L). There-
wherew is the frequency of the incident light and parameter o=

RO(w)=

I' accounts for homogeneous broadening of the resonance p B} i . sn N i . P
line (mainly determined by interface roughness with short

correlation lengths and by spontaneous phonon emigsions - o

The amplitude and phase of the oscillation can be describec 99.9.__,_._.ﬂ’x._leUPn_vbi A 2009

by a dimensionless complex variat#é)(w), corresponding
to the off-diagonal elemeritoherenceof the density matrix
of the two-level system. e LT
Without electron-electron interactions, this amplitude ? 000 " b
would simply be proportional to the field strengthof the | 7T
light and the dipole moment,, i.e.,

AD(w)=eFzRN(w). (21)
With interactions, the oscillator amplitudes become coupled ¥
by a linear system of equations, which are readily solved !

numerically, —Position
| 13 13 3 _ | FIG. 2. Schematic band profile of @i-én-i-p structure with
EJ: [5'J_R( )(“’)(D( )X ))]A( )(“))_erloR( )((")' selective contacts, for different applied voltages. The upper band
(22) diagram nearly corresponds to flat band conditibuilt-in voltage
applied; filling factorF=1; full lines). In the lower diagram the
(For a detailed derivation see Ref. 25; compared to the origiQw is almost depleted of electroristrong reverse bias applied;
nal version, the above equation has been extended by ttre—0; short dashed lings
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FIG. 3. Self-consistent jellium band profile and squared subband FIG. 4. Analogous to Fig. 3, however with twbdoping layers

wave functions of a centef-doped QW(structureA) for filling

placed symmetrically around the QW center at a mutual distance of

factorF=1 (full lines) andF=0.2 (dashed line; wave function not d=4 nm (structureC).

shown for clarity.
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o

y-Position (nm)
B
o
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x-Position (nm)

tal disorder, we will mainly focus on the center-doped QW in
fore, the subband=0 will be modulated stronger by the the following (structuresB andC will be studied later in the
random doping potential, leading to relatively large fluctua-context of Fig. 9.
tions of the local IS transition energy;(X,y)— €qo(X,y)
(weak IS correlations In structureB, on the other hand, both
subbands experience rather similar potential fluctuations and
the IS correlations are more pronounced. As a consequence The mechanism of static screening of the impurity poten-
we expect, at least in the single-particle approximation, thatial is visualized in Figs. 5 and 6 for a typical lateral system
structureA will exhibit the broadest IS absorption spectrum. segment of size (100 nnf)In the left part of Fig. 5, we
Since we are interested here in the case of strong fundamehave marked the donor positions by small white circles and
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B. In-plane potential and density profile

20

100

80

60

40

20

40 60 80 100

x-Position (nm)

FIG. 5. Left part: Unscreened, effective impurity potent§f"(x,y) acting on the electrons in the ground subband of the center-doped
QW (donor positions marked by circlesRight part: Corresponding screened, self-consistent potémgfé?l(x,y) for a filling factor F

=0.6. The scale is in units of meV.
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x-Position (nm) FIG. 7. Calculated IS absorption spectrum of the center-doped
QW at filling factorF =0.6. Casda): Without any electron-electron
FIG. 6. Electron density distribution corresponding to the interaction. Caséb): Including only the static Hartree effectst (
screened potential shown in the right part of Fig. 5. The scale is irapproximation. Case(c): Including additionally the static exchange
units of 1d? cm™2. effect (HF approximation Case(d): Taking into account only the

. direct Coulomb effects, both static and dynanitD approxima-
plotted on top the bare, unscreened 2D Coulomb pOtem'eﬁon). Case(e): Including all effects simultaneousl{HFDX ap-

Vg™ (x,y), which would be experienced by the ground sub-proximation.
band electrons, if there were no many-body interactions.
Note that the local potential ranges frorB00 meV(minima ) ) o
close to statistical impurity clustergo +150 meV(maxima If we now turn on the static Hartree interactig) in Fig.
at donor voids In the right part we show the corresponding 7(b), we observe a considerable spectral narrowing and a
statically screened potenti@iF approximationfor a filing ~ Slight redshift of the absorption peak. The narrowing, of
factor F=0.6, using the same gray levels as before. It iscourse, reflects the smoothening of the random potential by
clearly discernible how the potential landscape becomes flathe static electronic screening effect. Adding the exchange
tened and smoothened by the action of the electrons. Thigorrection in Fig. Tc) leaves the spectral shape almost un-
effect comes about quite classically by a redistribution of thechanged, but causes only a small blueshift of the spectrum.
electron density(plotted in Fig. 6, in such a way that the In the next step, we include both of the direct Coulomb
negative carriers move to the positive donor clusfprten- interactions, i.e., the static Hartréld) and the dynamic de-
tial minima) to compensate the local excess charge. Note thgsolarization(D) contribution. Comparing the approximation
in our case of extreme disorder, there exist spatial regionsl in Fig. 7(b) with the approximation HD in Fig. (@), we
with negligible carrier density besides electron “puddles” observe in the dynamically screened spectrum a dramatic
with peak densities of 2 10" cm 2. depolarization blueshift of about 25 meV and a “reversal” of
the peak form: Now thdow-energy tail is much stronger
pronounced. In contrast to Ref. 25, the collective resonance
Next we turn to the IS absorption spectrum and how it isdoes not manifest itself in a line narrowingActually, we
affected by the various many-body effects. In Fig. 7 we com-even find an increase of the FWHM in our case.
pare, for a fixed filling factoF = 0.6, the single-particle ab- We have investigated this apparent discrepancy by study-
sorption spectréawhich reflect simply the distribution of os- ing many different model systems with qualitatively different
cillator resonance energieg!") formed by noninteracting single-particle IS absorption specttn Ref. 25, a box dis-
electrons localized in the bare impurity potentinlith the  tribution was used for the oscillator resonance energies.
spectra obtained for the approximatioks HF, HD, and Roughly speaking, it turned out that as long as the blue-
HFDX. shifted peak of the collective resonance lies within the
The single-particle spectrum Fig(&f is peaked around “range” of the high-energy wing of the single-particle spec-
hw~148 meV, which is very close to the subband separatrum, the collective IS absorption remains broad. It seems
tion €,0=147.2 meV in the jellium mode(i.e., neglecting that the presence of even a few oscillators with resonance
the disorder. However, the spectrum is very broad with a energies around the depolarization-shifted peak greatly dis-
pronounced high-energy tail of at least 30 meV width, whichturb the collective resonance. However, if we artificially in-
is produced by electrons localized in the deepest potentiarease the dynamic electron-electron interactions sufficiently
minima (at such places, the ground-state subband is loweregk.g., by raising the carrier density to unrealistic vajuése
much more than the excited subbarBecause of this asym- depolarization effect eventually blueshifts the absorption-
metric spectral shape, the full width at half maximum peak to “beyond” the single-particle tail. At this point the
(FWHM <10 meV) is no particularly useful quantity. spectral narrowing sets in, leading finally to a sharp collec-

C. Many-body effects on IS absorption
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FIG. 8. IS absorption spectra of the center-doped QW as a func-
tion of the filling factorF. The dashed lines are calculated including _
only static many-body interactiondiF approximatiol, the solid g 30 |
lines additionally account for the dynamic Coulomb effdgi§DX -g
approximatiof. The spectra have been shifted vertically for clarity. bt
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will discuss this point in detail in a forthcoming papér. (A)
Finally, we also activate the stat{&) and dynamic(X)
exchange interactions in our simulation, arriving at the full 0 ) .
HFDX approximation of Fig. {®). Obviously, the effects of 100 120 140 160 180 200
F and X, when combined withd andD, are not very signifi- Photon Energy (meV)

cant in the parameter regime shown.

The apparent fine structure on the spectrum is due to in- F|G. 9. Comparison of the single-particle IS absorption spectra
complete cancellation of the disorder-induced fluctuationsfor Qws with differents-doping profiles at filling factor =0.4:
We note that for each individual impurity configuration, cor- Center dopedstructure A, two 6--n layers at distance=2 nm
responding to a mesoscopic part of the whole system, thetructure B and twoés-n layers at distancd=4 nm (structure C,
HFDX spectrum contains peaks at “random” photon ener-compare to Fig. ¥ Part(a) corresponds to the HF approximation,
gies and can thus be very different from the macroscopiart (b) to the full HFDX model.
ensemble average. These structures gradually cancel out
when more and more configurations are added. However, ianergieqthe depolarization effect overcompensating the red-
practice we are limited by the computation time. shift of the static modéland, again, appear like reversed

images of the corresponding static spectra.

D. Density dependence of IS absorption

Next, we investigate in Fig. 8 the dependence of the spec- E. Effect of doping profile

tral shape on the electron density, expressed by the filling With respect to possible experiments it is illuminating to
factor F. In this plot, we only include the total static model study the effect of small changes of the structural design
HF (dashed linesand the full approximation HFDXsolid  parameters on the IS absorption spectrum. Here, the most
lines). As the filling factor rises, the HF absorption spectrumsensitive feature is the doping profile, because it directly de-
shows an almost linear redshift and a gradual peak narrowtermines the degree of IS correlations and, thus, the width of
ing, reflecting the increasing efficiency of the static screeninghe single-particle absorption spectrum. In Fig. 9, we com-
of the potential fluctuations. On the other hand, the HFDXpare the spectra of our three model structuke8, C for a
spectra, which would actually be observed in a standard 18xed filling factor F=0.4, in the static approximatiofHF,
absorption experiment, shift more and more to higher photomart (a)] and in the full dynamic moddHFDX, part(b)].
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Note that in all three cases the mirror symmetry of thecontacts to the andp layers?=>%, inelastic light scattering
jellium potential is preserved, the doping remains inside ther Raman experiments would be particularly interesting. If
QW, and even the total sheet density of donors is the saméhe exciting laser is tuned to the gap between the split-off
The only difference is the distandébetween the two subn  valence band and the conduction band, one can observe, be-
layers, which was set td=0 nm (sampleA), d=2 nm sides single-particle transitiofSPT'9, also charge-density
(sampleB) andd=4 nm (sampleC), respectively. The re- excitations(CDE’s, polarized spectjand spin-density exci-
sulting difference in the HFDX absorption spectra, especiallytations (SDE’s, depolarized specyi#*' The CDE’s are
between case® ) and(C) is surprising. In the single-particle blueshifted with respect to the SPT’s by dynamic depolariza-
spectrum of sample A, the high-energy wing is much moretion (slightly compensated by exchange-correlation effects
pronounced, due to the weak IS correlations. The presence ahd correspond to the IS absorption spectra. The SDE’s are
single-particle oscillators with resonance energies close teedshifted relatively to the SPT's only by thésmal)
the depolarization shifted absorption peak is responsible foexchange-correlation terms. Thus, our predictions concern-

the great width of the HFDX spectrum. ing both kinds of spectra could be verified in a single experi-
ment for the whole range of electron densitiexcept for
V. CONCLUSION AND OUTLOOK very small valuep

We note that similar experiments have been carried out

In conclusion we have presented a comprehensive Nsreviously on simplen-i-p-i- superlattice4*® However, in
merical simulation of IS absorption in a doped QW with these experiments the filling factor was tunable only within a
tunable_electr(_)n conce_ntratlon, whlch Woulql allow a_d'reCtreIativer narrow range by variation of the light intensity
comparison with experiment. While the static screening efitself and the change of spectral shape could not be observed.
fects cause a narrowing of the IS absorption spectra comp particular, the results were more complicated to interpret,
pared to the single-particle picture, the dynamic Coulombas the IS separartion was rather close to the LO phonon
interaction leads to a density-dependent depolarization bm%nergy, which implies the excitaton of coupled
shift and to an approximate “reversal” of the spectral shapejntersubband-LO-phonon modes. These problems could be
Furthermore, we demonstrated an extreme sensitivity for thgyoided with our present sample design.
position of thes-doping layer with respect to the nodes and
maxima of the subband wave functions. ACKNOWLEDGMENTS
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