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PHYSICAL REVIEW B VOLUME 55, NUMBER 12 15 MARCH 1997-II

Coherent dynamics of interwell excitons in GaAs/AlGa; _,As superlattices

V. Mizeikis, D. Birkedal, W. Langbein, and J. M. Hvam
Mikroelektronik Centret, The Technical University of Denmark, DK-2800 Lyngby, Denmark
(Received 6 August 1996

Coherent exciton dynamics in a GaAs/Bl, _,As narrow-miniband superlattice is studied by spectrally
resolved transient four-wave mixing. Coherent optical properties of the investigated structure are found to be
strongly affected by the existence of two different heavy-hole excitonic states. One of thera hbeevg-hole
exciton, is almost identical to the same state in noninteracting quantum wells, while the other, the heavy-hole
interwell exciton, is composed of an electron and a heavy hole in adjacent wells. The interwell exciton leads
to a resonant enhancement in the four-wave mixing spectra and exhibits quantum beats vgtheiéneyihole
exciton. The dephasing of the interwell exciton is one order of magnitude faster than that of the heavy-hole
exciton and is mostly due to intensity-independent scattering mechariS6163-182697)07011-3

I. INTRODUCTION solved TFWM. Taking advantage of the spectral informa-
tion, we confirm the discrete nature of the IWX in the inves-
In GaAs/AlLGa _,As superlattices with narrow mini- tigated superlattice. We observe a resonant enhancement due
bands, the Coulomb interaction contributes significantly toto the IWX in the TFWM spectra, and a fast signal decay at
the localization of the 4 heavy-hole excitofHHX) states this energy, indicating a large homogeneous broadening of
along the superlattice growth directiorAt the same time, the IWX resonance. Since the broadening is nearly indepen-
the state overlap between neighboring quantum wells of thelent of the excitation intensity, it is mostly due to scattering
superlattice remains considerable, and interwell Coulominechanisms such as phonon and defect scattering. Quantum
coupling results in a pronounced heavy-hole interwell excibeats with a period corresponding to the HHX-IWX energy
tonic (IWX) transition? This transition is resolved in the difference are observed in the TEWM decay.
optical absorption spectra at photon energies a few meV
above the HHX state. The linear optical properties near the
band gap are thus dominated by two distinct excitonic reso- || sAMPLE AND EXPERIMENTAL TECHNIQUES
nances. One of them, the HHX, is spatially direct, and this
state is confined mainly inside a single quantum well. The The investigated superlattice, grown by molecular-beam
IWX is spatially indirect, and consists of an electron and aepitaxy on a(100-oriented semi-insulating GaAs substrate,
heavy hole in the nearest neighboring wells. Recently, the 1consists of 20 periods of GaAs/AlGa, 7As. The thickness
character of the IWX state was confirmed. of the GaAs quantum wells is,,= 80 A, and the thickness
Coherent interaction between spatially direct and indirecof the AL Ga, _,As barriers is.,= 30 A. To allow for linear
excitonic states is a topic, widely investigated in relation toand nonlinear optical measurements in transmission geom-
Bloch oscillations! Transient four-wave mixing TFWM) etry, the sample was lifted off the GaAs substrate, by selec-
and nonlinear quantum beat spectroscopies have becortige etching, and mounted on a sapphire disk. Photolumines-
standard tools for such studig¥he narrow-miniband super- cence(PL) was excited using the 632.8-nm line of a HeNe
lattices present a possibility to investigate such interactionaser, and for transmission measurements, white light from a
in superlattices without the external electric field. Indeed, gungsten halogen lamp was used. The luminescence and
pair of HHX and IWX states resembles partly the Stark lad-transmission spectra were recorded by an optical multichan-
der, which forms in superlattices, subject to an external elechel analyzefOMA) system. The inhomogeneous linewidth
tric field. Having in mind this analogy, one might expect thatof the HHX line is 2.2 meV(full width at half maximum)
the quantum beats between the HH and IW excitons woul@nd shows a Stokes shift of the PL of 0.5 meV. All experi-
indicate periodic oscillations in the spatial separation bements were carried out at a temperature of 5 K, which was
tween the photoexcited electron and heavy hole along th&aintained in a helium bath cryostat.
superlattice direction. However, previously published experi- The TFWM experiments are performed using femtosec-
mental data on coherent exciton dynamics in narrow-ond pulses from a self-mode-locked Ti:sapphire laser with a
miniband superlatticé< have suggested, that the IW exci- 76-MHz repetition rate. The duration of the transform-
tonic transition is not a discrete resonance, but has #mited pulses was about 150 fs, and their central frequency
continuumlike character. Due to this, no periodic beatingwas tuned to excite the HHX and IWX simultaneously. The
with the HH exciton is observed in the TFWM experiment. two-beam self-diffraction geomeftand time-integrated sig-
Only under the influence of external factors, such as el&ctricnal detection were used in the TFWM experiments. The sig-
or magnetié fields, has the IWX acquired sufficient discrete- nal was recorded in the nearly phase-matched direction
ness allowing for periodic beats with the HHX. 2k ,-k 1, wherek ; andk , are the wave vectors of the inci-
In this paper, we study excitonic dephasing and quantundent laser pulses, as a function of their mutual time delay
beats in narrow-miniband superlattices using spectrally ret;,. For a three-level system, the decay of the TFWM signal

0163-1829/97/54.2)/77436)/$10.00 55 7743 © 1997 The American Physical Society



7744 V. MIZEIKIS, D. BIRKEDAL, W. LANGBEIN, AND J. M. HVAM 55

intensity I tryym, at the energy of one resonance, can be ex- Z
pressed &s b)
Ctlz El_ E2
Irrwm(ti exp — — || 1+ 1n(tip)co§ ———taa| |, E
T, h
()

where the constanttis 2 (4) for homogeneouslyinhomoge-

neously broadened systems, afid is a phenomenological

dephasing time of the given resonance. The expression in the

square brackets accounts for the quantum bégtand E, E,
are the energies of the beating resonances,lafd,) de-

notes the delay-dependent amplitude of the signal modula-

tion, which is determined by the propertidgscillator

strengths, dephasing times, inhomogeneous broadenifigs

both resonances. The energy differertce- E, can be de- )

termined from the oscillation period dfryw(t12). To obtain

the maximum available information in the TFWM —_
experiment, the signal is dispersed in a spectrometer, and its

spectrum is recorded using the OMA system as a slow de-

tector.

Ill. RESULTS AND DISCUSSION

Before discussing the experimental data, it is useful to E,
compare briefly the circumstances, which lead to the forma-
tion of the IWX states in superlattices with and without an 5 1 Optical transitions in superlattice®) in a broad-

applied external electric field. _ miniband, electrically biased superlattice without the excitonic ef-

A superlattice can be regarded as a multiple quantum Welc(s and(b) in a narrow-miniband, electrically unbiased superlat-
(MQW) structure, in which the individual quantum wells are ices with excitonic effects. In both plots, the vertical transition is
allowed to interact via thin barriers. Without an applied elec-spatially direct, while the transitions, marked by the inclined ar-

tric field, the delocalization of the single-particle states du@ows, are spatially indiredinterwell) transitions.
to the overlap with the neighboring wells competes with the
Coulomb interaction, which correlate the positions of elec-be seen in the absorption spectrum.
trons and holes. In the present work, we are particularly in- |n narrow-miniband superlattices, wherE<E>(QW)
terested in such correlation between the electrons and thglds, the excitonic localization prevails over the delocaliz-
heavy holes(hh). Denoting the respective miniband half- ing effect of the periodic superlattice potential. In this case,
widths asAE, andAEy, the relative strength of both effects mainly the conduction-band single-particle states are delo-
can be estimated from the comparison of the combined sttalized, whereas the heavy-hole states due to their larger
perlattice miniband halfwidtAE=AE.+ AEy, to the exci-  effective mass are confined in the quantum wells. The Cou-
ton binding energE2(?Y) in an isolated quantum well of the lomb interaction between photoexcited electrons and heavy
same thickness. Also, the distinction of broad and narrovholes effectively reduces the spread of the electron wave
miniband superlattices can be based on such a compdrisorunctions into the neighboring wellsThus, even without an

In superlattices with broad minibands, i.e., whereexternal electric field, the electrons are substantially local-
AE>EP(OW) | effects due to Coulomb interaction are insig- ized to a single quantum well due to their correlation to the
nificant compared to those of the interwell coupling. In suchlocalized heavy hole3and their single-particle energy is at
structures, both electron and heavy-hole single-particle statédbe middle of the miniband. Accordingly, the excitonic tran-
are delocalized in the superlattice growth direction, and thesition is foundE2(°") below the middle of the miniband, just
Coulomb correlation between these states results in almoss in an isolated quantum well. The basic optical properties
three-dimensional heavy-hole exciton states. Hence, the digf the narrow-miniband superlattices become obvious in a
tinction between spatially direct and indirect transitions issimple tight-binding modél,” which regards the Coulomb
not relevant. However, in an external electric field, the transpotential of the heavy hole being superimposed on the peri-
lational invariance of the superlattice is lifted, and the mini-odic superlattice potential. The above discussed localization
bands split into series of discrete localized levels, referred tis a result of locally broken translational symmetry of the
as the Stark laddéf:'! The energy levels and optical transi- superlattice. The energy levels and optical transitions accord-
tions in the Stark ladder in the absence of the excitonic efing to this model are shown in Fig(d).
fects are sketched in Fig(a for a model superlattice with For sufficiently strong interwell state overlap and Cou-
five quantum wells. One spatially direct and several indirectomb interaction, the IWX, composed of electrons and heavy
transitions are possible between the Stark-ladder levels, prdwoles in the nearest-neighboring wells become optically ac-
vided the localization is not complete. At moderate electrictive. The optical transition to the IWX states is spatially in-
fields and low temperatures, a series of excitonic peaks cadirect, and is shown in the same figure. The condition for the
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FIG. 3. Dynamics of the spectrally integrated and spectrally
resolved TFWM signal. The spectrally integrated signal is labeled

Sl. The spectrally resolved signals at the energies of the HHX,

FIG. 2. Linear and nonlinear spectral characteristics of theyoyciton (XX), and IWX are labeled. The-h pair density is
narrow-miniband superlattice. The positions of the HHX, IWX, Nen=4x10° cm 2. The inset shows the Fourier transform of the

photon energy (V)

LHX, and biexciton(XX) are marked by labels. TFWM decay at the IWX energy with the peak at 1.35 THz.
formation of the IWX was outlined earlier to be hole continuum transitions. The IWX state is better resolved
b(OW) in the PL data, where it is seen as a shoulder at 1.5755 eV.
AE<Ew~E, ™. (2 The TFWM signal spectrum, recordedtas=0.4 ps and the

Here,Ey=e%[ eo(L,+ Ly)] is the interwell Coulomb inter-  SPectrum qf the laser pulse, used in the experiments, are
action energy. The energy of the IWX state is lowered by theshown in Fig. 2. The resonant enhancement due to the IWX
e-h Coulomb interaction, but not as strongly as for the HHX state is clearly seen in the TFWM spectrum. From t_hese data,
state due to the finite-h separation in the growth direction. & difference of about 5 meV between the energies of the
Interwell excitons are also formed by electrons and heavy!HX and IWX states can be extracted. _

holes separated by more than one superlattice period, if the Figure 3 shows the decay of the TFWM signal with delay
Coulomb interaction energy between the particles satisfiedme at several spectral positions. For comparison with pre-
the condition(2). However, the oscillator strength for these Viously published data, a spectrally integrated TFWM decay
transitions will decrease rapidly with increasing interwell 'S &lS0 shown. The spectrally integrated signal exibits a peak

distance, thus making them very weak in optical spettra, &roundt;>~0 ps, a dip at;,~0.35 ps, and subsequent weak
oscillations with a period of about 1.7 ps, indicating quantum

beats between levels, separated in energy-By4 meV. The

linear spectra in Fig. 2 have no prominent spectral features
For the superlattice parameters given in the previous segeparated by this energy.

tion, the electron and heavy-hole miniband half-widths are |n general, the initial part of the spectrally integrated de-
AE.=5.5meV andAE;,=0.4 meV, as obtained frork-p  cay is very similar to that found in &g _,As/GaAs mul-
band-structure calculations. The HHX binding energy in 80-tiple quantum wells, where the HHX and the heavy-hole
A-wide noninteracting multiple quantum welB2?®) was  continuum transitions were excited simultaneod8iThe
determined earliéf to be~10 meV. These values show that dip shortly aftert,,=0, followed by partial recovery of the
the investigated sample falls into the category of narrow-TFWM signal was regarded as a signature of quantum inter-
miniband superlattices. As expected, only the conductionference between the discrete resonance and the continuum.
band states are delocalized in the superlattice. The smaBuch a feature was also observed in TFWM experiments on
width of the heavy-hole miniband indicates that the heavy-GaAs/ALGa, _,As superlattice$,and ascribed to the inter-
hole states are essentially confined inside the wells. The irference between the HHX resonance and continuumlike in-
terwell Coulomb interaction energy B,,~10 meV in this  terwell transitions. It was shown in the same publication that
sample, hence the criterig®) for the formation of IWX is  in an external magnetic field, the IWX state displays features
fulfilled. of a discrete resonance. An increase in the magnetic field
In Fig. 2, the spectra of the linear optical density, the cwresults in a gradual transformation from the single dip to the
PL, and the TFWM signal are shown. In the linear opticalperiodic oscillations in the signal decay.
density, the HHX and light-hole excitor{sHX) are seen as It was found previously that the HHX binding energy in
peaks at 1.5706 and 1.5846 eV, respectively. The feature #e superlattice investigated here is about 7 mie¥Mence,
1.5768 eV, between the HHX and LHX resonances, is theéhe onset of the HHX continuum transitions is just above the
IWX state, partially overlapping with the onset of the heavy-IWX resonance. In the TFWM measurements with subpico-

A. Quantum beats between HH and IW excitons
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second time resolution, it is not possible to excite selectivelyscattering to that of the HH exciton. The density dependence
only the IWX exciton. Some continuum states are excited asf the homogeneous linewidty=1/T, is often expressed
well, and in principle they may affect our observations.as”>

However, the data presented below suggest that major fea-

tures of the inital part of the decay are due to the quantum ¥(Nepn) = y(0) + Angp, 3
beats between two discrete resonances, namely, the HHX
and IWX sates. whereng, is the e-h pair density,y(0) is the low-density

The decay of the spectrally resolved TFWM signal at sev-ntrinsic linewidth due to scattering by defects and phonons,
eral selected spectral positions explains the peculiarities ond A is a constant, characterizing the intensity-dependent
served in the spectrally integrated signal. The slow oscillascattering between various electronic states, populated by in-
tions are strongly present about 2.5 meV below the HHXIENSe excitation.
transition energy, and they are ascribed to quantum beats The plots in Fig. 4 show the TFWM signal at different
between the HHX and biexcito$ The biexcitonic resonant €N pair densities. The TFWM spectra for a fixed delay
enhancement can be seen as a low-energy shoulder in the=0-4 PS are shown in Fig.(4. An increase in thee-h

TFWM signal spectrum in Fig. 2. The biexciton binding en- P&’ density results in a gradual increase in the homogeneous

ergy of 2.4 meV is determined from the period of the bea’[s."”ewidth of the HHX peak. .At the highesth pair densities,
hen the homogeneous linewidth becomes comparable to

The biexcitonic resonance is inherently nonlinear and igV

therefore not seen in the linear spectra in Fig. 2, recorded ét]e mhomogenequs linewidth{2 meV), the brogdenmg b_e-
low excitation levels. The high biexciton binding energy of corc> apparent in the TFWM spectrum. The increase in the
) 9 9 gy homogeneous linewidth of the HHX results in faster decay of

. i . . Wathe signal. This is illustrated in Fig(d). The straight lines in
found in 12non.|nt'eract|ng i mglhple quantum - wells W'th the figure are fits to the exponential final parts of the signal
L,,=80 A!? This is an indication that the heavy-hole biex- decay, their slopes yield the signal decay ratessee Eq.
citons as well as the excitons are mainly localized inside th%l)]_ In Fig. 4c), the same dependence is shown for the
quantum well and are thus quasi-two-dimensional states. |\wx. with increasinge-h pair density, the homogeneous

The signal decay at the HHX energy, shown in Fig. 3, isjinewidths of both excitons increase, and as a result, the
nearly exponential for delayls,>1.5 ps. For shorter times, mych weaker IWX resonance enhancement disappears
the decay is identical to that of the spectrally integrated siggradually from the TFWM signal spectrum in Figla4 Cor-
nal. At the energy of the IWX resonant enhancement, th@espondingly, the temporal oscillations in Figga¥and 4b)
decay is much faster, and the signal exibits oscillations witthecome weaker.

a period of 0.73 ps. Accordingly, the Fourier transform of the  The signal decay rate is shown in Fig. 5 as a function of
signal decay at the IW exciton energy given in the insefhe e-h pair density for both types of excitons. It would be
shows a peak at a frequency of 1.355 THz, corresponding tgore instructive to determine this dependence for the homo-
5.7-meV energy splitting. This energy agrees with the differ-geneous linewidth alone. However, at least in the case of the
ence between the HHX and IWX energies, estimated fronyHx, there is an apparent transition from predominantly in-
Fig. 2, suggesting that the oscillations represent quanturRomogeneous to homogeneous broadening with increase in
beats between the two excitons. As can be seen from Fig. $e e-h pair density. Hence, the constantn Eq. (1) under-

the signal decay at the IWX energy is very fast, indicatinggoes a change from 4 to 2. For this reason, we compare the
large homogeneous broadening. Nevertheless, the oscill@nacay ratexy of both resonances, and approximate them
tions at this energy indicate that the IW exciton state is ayjth a dependence of the for(8), as shown in Fig. 5.

discrete resonance. The single dip in the initial part of the The HH exciton is predominantly inhomogeneously
spectrally integrated and the HH excitonic TFWM signal canprgadened at low densities. The low-density homogeneous
be qualitatively explained by the difference in the decay rate§newidth yuux can be estimated from Fig. 5 to be

of the HHX and IWX resonances. The difference in the sig-— g 15 mev, which is a typical low-temperature value for the
nal magnitude at the corresponding spectral positions iNguasi-two dimensional HHX in narrow quantum wéffs.
creases rapidly with delay time, and only a single minimum * |t s more difficult to determine the broadening of the
is observed at the energy of the strong HHX excitonic resoyyyx exciton due to the relative weakness of this resonance.
nance. The much weaker IWX exhibits two oscillations be‘Assuming homogeneous broadening=2), one obtains the
fore reaching the noise level. However, by spectrally reso"’homogeneous linewidthy,x of 1.8 meV, i.e., one order of
ing the TFWM signal, we are able to separate thismagnitude larger thamyyy . This linewidth corresponds ap-
contribution. proximately to the width of the IWX feature, observed in the
luminescence and TFWM specfiisee Fig. 2 Therefore, the
assumption about predominantly homogeneous character of
the IWX seems to be reasonable.

The fast TFWM signal decay at the spectral position of It can be seen from Fig. 5, that fast dephasing and, corre-
the IW exciton points towards strong scattering of this statespondingly, large homogeneous broadening of the IWX reso-
In order to investigate its origin, we have performed TFWM nance is intrinsic to the investigated structure. There is a big
experiments at different excitation intensities. The main idealifference between the low-density homogeneous linewidths
of these experiments is to distinguish between the intrinsiof the IWX and the HHX states. In contrast, the density-
and the density-induced scattering contributions. Also, speadependent scattering contributions are similar for both reso-
trally resolved TFWM allows one to compare the IW exciton nances. There might be several reasons for the observed

B. Intensity-dependent TFWM experiments
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n, x10° cm?2) resonances as a function of teeh pair density. The symbol size
102 20 corresponds to the experimental uncertainty.
2
5 o exciton state under accoustic phonon emission leads to a
o lifetime broadening of the IWX, especially because their in-
g 100 plane wave functions are similar. The low-density value of
% 107 cy given in Fig. 5 infers subpicosecond lifetime of the IW
_ exciton. This assumption is partially supported by the results
102 of the picosecond time-resolved luminescence experiments,
performed on the same sample. The IW exciton was excited
10-3 resonantly, and the luminescence was recorded with a streak
0 1 2 3 4 5 6 camera. We have observed a significant increase in the HHX
luminescence, when the excitation was resonant with the
t, ©9) IWX, but no luminescence was found at the IWX energy.
This indicates fast IWX relaxation to the HHX, and the IWX
© 10¢ 3 lifetime due to the relaxation being shorter than the experi-
s 3 <109 (cm2) mental time resolution of 20 ps. _
e 10 1 = Altogether, the data presented above support that the in-
% 104 4 terwell exciton behaves as a discrete resonance. The ob-
3 served beating between the IWX and the HHX has a peculiar
g 10% character, because it involves spatially direct and indirect
~ ]02_: optical transitions, and resembles quantum beats between the
% Stark-ladder states in electrically biased, broad-miniband su-
- o -! perlattices. It is well known that quantum beats in the Stark
3 ladders are associated with Bloch oscillations in the external
100-5 ~ electric field? As can be seen from Fig. 1, the common fea-
10" L ture between the Stark ladder and the excitonic localization
0 1 2 is a broken translational invariance of the superlattice. In the
former case, the external electric field acts as a global
T]Q (©s) symmetry-breaking factor, which is also responsible for the

spatial oscillations. The excitonic effects break the transla-
FIG. 4. Spectral and temporal shape of the TFWM signal atfional invariance locally, and in the vincinity of the photoex-
different excitation densities. The TFWM spectra at the delayCited hole the electron state is strongly perturbed by the Cou-

t,,=0.4 ps(a), the signal decay at the HHX enerdy, the same at Iomb field of the heavy hole. It might_ be expected tha_lt the
the IWX energy(c). The numbers above the curves indicate thebeats between the HH and IW excitons, observed in the

e-h pair density. The straight lines in plotls) and(c) are exponen-  present studies, would correspond to the periodic spatial os-
tial fits to the signal decay. cillations of the electrons in the local field of the heavy

holes. However, by examining Fig.(d one can see that
large intrinsic homogeneous linewidth of the IWX exciton. even if the superlattice translational invariance is broken, the
The IWX has a charge separation in the superlattice growtheflection symmetry is preserved, and a macroscopic oscillat-
direction, and therefore should couple strongly to the LOing dipole, characteristic for the Bloch oscillations, will not
phonons. Also, the exciton-polaron relaxation to the HHXappear in this case.
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IV. CONCLUSIONS continuumlike fashion. The observed beating is between spa-
tially direct and indirect optical transitions and can be re-

Ga\,la\v:/ ATE/G S*s(:jli:\rrtg\?v-r%?:ii;ndt gﬁt'zalat%g)eg“eg gz_abarded as an analog to the quantum beats between the Stark-
- x P Y SPEC- 13 dder levels. However, the Bloch oscillations do not occur

g?e"it;iimlv e:ffggtr; S('j'et? t Iﬁgr(;v)\('iz\tlsngxé?%hg?ﬁi?wgl?ﬁig'ves_due to the reflection symmetry of the Coulomb potential.
gy y Y~ The incoherent properties of the interwell exciton is cur-

Eglr?c:r);cgr?tngf Ihhee'}\évv\?nﬁcg?nn;j r‘?'\(]?sal'?gvei/lasir eﬁglnﬂgtsea%ntly under investigation using light-induced grating tech-
gnal. 9 niques. The aim of these studies is to investigate whether the

fast de_cay, '”d'ca"ﬂg predominant hc_;mo_geneous broaden"}%nneling of the interwell exciton into the direct exciton state
of the interwell exciton. The broadening is not related to the

effects of high carrier density. We observe quantum beat'sS limiting the lifetime of the interwell exciton.
between the HH and IW excitons in the TFWM signal, dem-
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