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Effective exciton mobility edge in narrow quantum wells
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An effective mobility edge for excitons in two-dimensional systems is shown to exist by comparing photo-
luminescencéPL) and PL excitatiorPLE) with excitation-energy-dependent micro-PL spectra. The effective
mobility edge of excitons shifts towards higher energies with increasing potential fluctuations. This blue shift
is correlated with a sharp decrease of the PLE signal resulting in an extremely large energy separation between
the PL and PLE spectra. Numerical simulations using a random potential confirm these results and predict a
significant deviation of the PLE from the absorption spectr[®0163-18207)50636-9

Electrons, holes, and their bound stagescitons in semi-  edge in disordered QW’s resembles to some respect the
conductor quantum well&QW) can always be localized by transport energy introduced for hopping processes in amor-
random potential fluctuations at the interfaces due to theiphous semiconductof$.
two-dimensional character. This is in strong contrast to elec- In this paper, we will demonstrate by experimental and
tronic states in three-dimensional bulk material, where delotheoretical considerations that the concept oéHactivemo-
calized and localized states with infinite and finite localiza-bility edge E,, for the exciton motion in two-dimensional
tion length, respectively, are energetically separated by aystems is applicable. The variation of the localization length
sharp boundary, the so-called mobility edgdegartyet al?>  as a function of energy in a QW with a certain type and
and Takagaharzhave also applied the concept of a mobility structure of disorder is so rapid that, is quite well defined
edge to the relaxation behavior of excitons in 2D systemsfor a given temperature. In order to provide experimental
This mobility edgeE,, separates excitons with values of evidence, we investigatg-PL spectra of several narrow
center-of-mass localization length on the order of the diffu-single QW’s synthesized under well-defined, but different
sion length from those with much smaller values. The formeigrowth conditions. At the same time, all structures have been
type of states is considered to be effectively delocalizedfully characterized by conventional PL measurements. The
while the latter are localized. From a theoretical point ofexperimental results are supported by numerical simulations
view,*"®localized states and the positionBf, are found in  of the exciton energy relaxation in a random potential to
the low-energy part and near the center of the exciton abebtain the corresponding PL, PL excitatiOALE), and ab-
sorption spectrum, respectively, which has been confirmedorption spectrum. Furthermore, for a random potential with
by several experimente’ So far, the experimental investi- a large amplitude, the effective mobility edge exhibits a shift
gations have been focused on multiple QW structures pretowards the high-energy side of the exciton spectrum. This
dominantly with a rather large thickness of the QW, i.e.,blue shift is correlated with a significant decrease of the in-
larger than 8 nm. These studies were based on time-resolveensity of the heavy holéhh) PLE signal leading to an un-
photoluminescencePL) experiments such as frequency- usually high energy separation of the corresponding PL and
domain four-wave mixing®® and Rayleigh scatterifgas  PLE lines, which is often assigned to the so-called Stokes
well as stimulated, picosecond photon-echo experimentsshift. We show that in the present case this assignment has to
providing exciton relaxation rates or homogeneous linebe corrected.
widths as a function of the exciton energy We have investigated three QW samples fabricated by

The recently developed method pfPL spectroscopy is molecular-beam epitaxy using different growth parameters,
ideal to investigate the effective exciton mobility edge inwhich are listed in Table I. Sample #1 has been grown under
semiconductor QW's. The very sharp lines usually observedtep flow conditions on €01) GaAs substrate with a miscut
in u-PL spectra at low temperatures originate from excitonsangle of 2° towardg111)A. The growth conditions have
localized at different potential minima with a depth deter-been optimized for good optical quality, in particular for a
mined by the respective size and shdp®In addition to  small PL linewidth, but without showing any monolayer
ground-state excitons, these potential valleys can also corML) splitting of the PL lineg(Ref. 13 and references thergin
tain optically active excited staté$.Hence, u-PL spectra Samples #2 and #3 are prepared (001) GaAs substrates
can be used to image the landscape of the potential minimaithout any nominal miscut. In contrast to sample #1, the top
of the QW interfaces in a direct way. The upper part of theand bottom barriers are formed by short period superlattices
potential valleys should become visible when resonant excitSPSL) consisting of 11 and 50 periods, respectively, of 4
tation of higher states is achieved. A similar idea based oML AlAs and 8 ML GaAs(1 ML corresponds to 0.283 nm
conventional PL spectroscopy was used to investigaién Using a SPSL for the bottom barrier avoids roughening of
bulk CdSSe_,.* The concept of an effective mobility the bottom interface of the QW independently of the thick-
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TABLE I. Growth conditions for the GaAs single QW{samples #1-#3 T, BEP ratio, and SPSL denote the growth temperature,
As,-to-Ga beam equivalent pressure ratio, and short period AlAs/GaAs superlattice, respectively.

Substrate BEP Well width PL linewidth
Sample miscut T (°C) ratio Barrier (nm) (meV)
#1 2°(11DA 605 16 Al Ga As 3.5 5.5
#2 0° 550 10 SPSL 4.8 9
#3 0° 610 30 SPSL 4.8 10

ness and the growth temperatufig;j of this barrier. For the lows the conventional PLE signal. Therefore, the conclusions
growth of sample #2T 5 was chosen to be below the usual regarding the effective exciton mobility edge derived from
temperature in order to induce a two-dimensional nucleatiotthe u-PL spectra can be assumed to be representative for the
mode, whereas the higher Am-Ga beam equivalent pres- respective sample. Since a direct measurement of the absorp-
sure(BEP) ratio used for sample #3 results in irregular andtion in a single quantum well requires the removal of the
fuzzy growth step$? Therefore, we expect rather rough top substrate by chemical etching, the absorption and emission
interfaces for samples #2 and #3. A first signature of theproperties of this system can be changed, e.g., due to the
different random potentials induced by the different growthinduced strain. Therefore, we have estimated the expected
conditions are the increased PL linewidths of samples #2 anabsorption line(dotted line in upper part of Fig.)from a

#3 compared to sample #&f. Table ). All three samples topographical modéf which predicts an almost Gaussian
have been investigated by PL, PLE, amdPL spectroscopy. line shape withS=0.553v, wherew denotes the width of
The excitation was provided by a tunable Ti:sapphire lasethe absorption line an8l the Stokes shift. The value of has

pumped by an Af laser. The sample temperaturessaK in
the PL and PLE measurementda® K in the u-PL experi-

been estimated from the light hofth) PLE linewidth. This
procedure has been proven to be valid in a number of pub-

ments. The optical probe areas amounted to about 0.04 mrlications(cf. Ref. 15. We believe that our approach does not

in the PL and PLE and 1-2m? in the u-PL experiments.

cause more uncertainties than does measuring the absorption

spectrum after etching away the substrate.

Sevenu-PL spectra(1-7) recorded for differenE, are
shown in the lower part of Fig.(& with normalized inten-
sities for a better comparison. The splitting into a large num-
Since only transitions beloE, can be detectedhe laser ber of narrow lines indicates exciton localization due to ran-
line is suppressed by a notch filter(E,) depends not only dom potential fluctuations, which are assumed to be due to
on the absorption strength, but also on the exciton dynamicghickness fluctuations as well as fluctuations of the barrier
which is also true for the PLE spectruti(E,) can be con- height'*'®With decreasingE, beginning at the high-energy
sidered as an extended excitation spectrum, which is sugail of the absorption line, the fine structure of thePL
ported by the experimental observation that it essentially folspectra remains almost unchangegectra 1-buntil a criti-
cal energy is reached. Below this energy, some narrow lines
exhibit an increase in intensity as observed in the spectra 6
and 7. Since the intensity of these lines decreases again for a
further reduction ofE; (not shown herg their change in
intensity is a result of a resonant excitation of higher exciton
levels(center-of-mass eigenstatdscalized within the same
spatial region.

In Fig. 1(b), the PL, PLE, and some selectgePL spectra
are shown for sample #3, which exhibits the largest potential
fluctuations. Again, the fine structure of thePL spectra
remains unchanged with decreasiBg down to a critical
energy. However, compared to Figal, this critical energy
is shifted towards higher energies. A striking feature of the
PLE spectrum in sample #3 is the much weaker signal of the
hh line compared to sample #1, while the Ih line seems to be
of similar absorption strength in both samples. Hence, for
QW’s with large potential fluctuations, the hh PLE line can-
FIG. 1. PL(dashed ling PLE (solid line) detected aE,, esti- not be used as a measure for the absorption strength any-

mated absorptior{dotted lind, and normalizedu-PL spectra of ~More. Therefore, the absorption spectrum was again recon-
sample #1(a) and sample #3b). The open squares indicate the Structed using the model mentioned abovesince for
integrated intensities of the-PL spectra excited at the respective Sample #1 this procedure provides an absorption line, which
energies. The numbers in the upper part indicate the excitation efearly agrees with the data of the excitation spef@izE and

ergy of theu-PL spectra in the lower part. The sample temperature (E_ )], we assume that the Gaussian line derived in this
in the PL and PLE measurements was 5 K, while thEL spectra manner for sample #3 reflects its expected absorption spec-
were recorded at 8 K. trum. Furthermore, the energy difference between the esti-

Figure Xa) shows the PL, PLE, an@g-PL results mea-
sured in sample #1. The data poirisgjuares in the upper
par) correspond to thentegratedintensitiesl (E,) of the
u-PL spectra as a function of the respective laser enErgy
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FIG. 2. PLE(solid line) and absorption spectfdotted ling for

all three samples under the same conditions as in Fig. 1. The data

points indicate thos@-PL lines which are characterized by an in-
creased intensity due to the resonant excitation of higher excito
states at the respective laser enefglyort dashed line The PLE
spectra for samples #1 as well as #3 have been detectegl (af.
Fig. 1) and for sample #2 at 1.664 eV.
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therefore in a remarkable overestimation of the Stokes shift
S. This conclusion is of particular importance for narrow
QW's.

For a more detailed understanding of the exciton mobility
edge, the relaxation kinetics of excitons in a QW have been
studied numerically using quantum mechanical eigenstates
of the exciton center-of-mass motion in a disordered poten-
tial. The relative motion of the electron and the hole is as-
sumed to remain unchangéd\ kinetic equation is set up
involving acoustic-phonon deformation-potential scattering,
which dominates at low temperatures. The transition rates
between statea and 8, which have approximately the form

SBHa:W(EB_Ea)J' d2R|q,a(R)|2|q,B(R)|21 (1)

depend strongly on the wave-function overlap in real sface,
which is responsible for the selective filling of tail states
observed in theu-PL data. The temperature-dependent
prefactor W distinguishes between phonon absorption and
emission, and its magnitude determines the relative impor-
tance of relaxation compared to radiative emissi@p

mated hh abSOI‘ption Iine and the measured Ih PLE IIch“-dZR‘PB(R)lZ Once the eigenfunctions Of a given rea|_

agrees quite well with the calculated hh-lh splitting using thejzation of the disordered potential are known, the kinetic
nominal parameters. The experimental data of sample #2 agjuation for the exciton occupatidih,

similar to those of sample #3.

In order to determine the critical energy more accurately,

the energetic position of all enhancedPL lines has been
evaluated as a function of the excitation energy. The result

a

Rat X S,H) N, (2
S B

obtained for the three samples are shown in Fig. 2, where the

estimated absorption line as well as the PLE spectra are als
included. The energ¥,. marked by arrows in Fig. 2 de-
notes the energy, below which resonant excitation intc
higher states occurs. The data for sample #1 in F{g 2
clearly illustrate that resonant excitation of higher localized
states is only detected for energies near or below the cent
of the absorption spectrum. In this respect, theL data of
the state-of-the-art QWsample #1 confirm earlier reported
results for multiple QW's with thicker well widths and
complement the time-resolved experiments of Refs. 2, 6, an
7. However, the results for samples #2 and #3 are very dif
ferent. First, the energ¥,.s exhibits a remarkable shift to
higher energies with increasing potential fluctuations, i.e.
from sample #1 over #2 to sample #3. Second, this blue shit
is correlated with a cutoff of the hh PLE signal, which leads
to an almost complete suppression of the hh line in sampl
#3. If we interpretE, s as a measure for the position of the
effective exciton mobility edgde,,, the blue shift ofE,
cannot be explained using the concept discussed above,
because within this model the high-energy part of the excitot

spectrum should be generally due to delocalized states. Nev-

ertheless, the observed blue shift Bf,; demonstrates the

E,|E
”~
1 1/ \PL =
B
Xy
—— PLE,
—— PLE,

E-E, (meV)

FIG. 3. Calculated PL(dashed ling and PLE spectrdsolid

lines) in comparison to the absorption AB@&lotted ling of a

increasing importance of localized states going from Sampl%aAs-Ak,SGao _As single QW with a thickness of 5 nm. The pa-

#1 to sample #3, which is obviously responsible for the ob-

ameters used in the calculation are a potential variance of 8 meV

served cutoff of the hh PLE spectrum. The fact that for.5;,seq by interface roughness, an exciton Bohr radRis
samples #2 and #3 the shape and the width of the hh PLE 17 nm, and a temperature of 5 K. The insets show schematically
lines do not agree with the ones of the respective |h linesne potential fluctuations with and without a disorder component on
clearly indicates a suppression of the hh signal on the lowa large length scale as well as typical wave functions at their re-
energy side, which results in an increased deviation of the hipective energies. The upper part illustrates the type of disorder
PLE spectrum from the actually expected absorption andised in the numerical calculations.
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including phonon scattering, absorption of the test pulse, antby inhomogeneitiescan consist of several components dif-

radiative emission, can be easily solved using a generatiofering in the lateral correlation lengtfi-*° Assuming that the

rateG, and a data collection mode, which correspond to thdnhomogeneous broadening of the exciton spectra in samples

particular experiment. #2 and #3 is caused by a random potential with at least two
Figure 3 shows the results of the calculated absorptiogignificantly different lateral correlation lengthgy,q and

(ABS) and PL spectrum for a 5-nm-thick GaAsfAGay-As  liarge (Ismaiis assumed to be on the orderR§, while I jarge

QW with interface roughness. The disorder conditions as® Re), We can qualitatively explain both the blue shifti,

sumed in the calculations correspond to those of sample ##nd the suppression of the hh PLE life. lower inset of

The larger width of the PL and PLE lines found in the ex- F19- 3. With decreasing laser energl,es is reached, when

periment are due to the narrower well width. The solid linesEL enters the highest localized states of the large scale po-

show two calculated PLE spectra for different detection en_tent|al fluctuations. Since the density distribution of optically

ergies. Calculations for different detection energies result irgﬁ'l\ljitjgggﬁgz's g:;e;mlr;t;? obri/tﬁ:a/er:?%l-negngrvers?c?(tahoif(lt?]?as
similar PLE spectrgsolid lineg in agreement with experi- bsorption line relior exgi?on eneraies gbeldﬁlye gyexcitons
mental observations. The numerical results clearly exhibit a P : 9 s\

abruot transition between rather extended states. which c annot be transferred easily from the excited states in the
up! ition X » whic gh-energy regions to the detection states in the low-energy
relax into many different local minima, and rather localized

regions of the cf. Fig. 3 giving rise to an increased
states, which feed only very few local minima. This leads tosu%pression of %\gl(hh PLgE s)ig%al. g

a sharp decrease of the PLE efficiency, which is, within our conclusion, for narrow QW's the effective mobility
accuracy, independent of the detection energy as observ%ge E,. can be well defined or inhomogeneously spread
experimentally. Note that for energies above this sharp degyer the whole exciton spectrum depending on the growth-
crease, which is identified as the effective mobility 83¢  re|ated amplitude and correlation length of the potential fluc-
the PLE spectrum nicely follows the absorption. A shift of ,4tions. In the latter case the experimentally determiied

E,, towards the h|gh—energy tail of the absorption spectrumis nderstood as the high-energy limit of the lo&a|. For
however, cannot be explained by the above theoretical conspegies helow this limit, states of the same energy may be
sideration, where we have tacitly assumed that the energycajized within one part of the QW and delocalized within
fluctuations occur on a length scale of the exciton Bohr rayngiher. A proposed interpretation takes into account a ran-
diusRg or smaller(cf. upper inset of Fig. 3 In the opposite jom potential consisting of various components differing in
limit of very long-range fluctuations, the abrupt decrease inpg |ateral correlation length. The suppression of the hh PLE
the PLE spectrum broadens, ak¢, becomes spatially de- gigna| due to disorder should generally be taken into account
pendent. Therefore, as a route for the interpretation of theg, e analysis of low-temperature PLE spectra.
experimental results obtained in samples #2 and #3, we pro-

pose to take into account potential fluctuations on different Part of this work has been supported by the Deutsche
length scales, since interface variatigmsughness and/or al- Forschungsgemeinschaft within the framework of Sfb 296.
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