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Excited-state optical transitions of excitons and biexcitons in a single §Ga; _,As quantum disk
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The photoluminescence of J8a, _,As/Al,Ga _,As quantum disks is investigated by microscope photolu-
minescencéPL) and PL excitation spectroscopies. The excited-state transitions of excitons and biexcitons are
studied in terms of their dependence on excitation photon polarization. Their origins are analyzed on the basis
of symmetry properties expected of excitons and biexcitons. Dominant excited-state resonances are ascribed to
successive two-step absorptions of two photons of opposite optical orientation, one into an exciton excited state
followed by another into a densely distributed biexciton excited state. Filling of the exciton state is found to
lead to absorption from the exciton ground state to the biexciton excited state. Remaining excitation resonances
with large oscillator strength are identified as two-photon absorption processes that directly create weakly
correlated exciton pair statds50163-18208)05147-9

I. INTRODUCTION cence emissions in a self-assembled dot was rep&ttBd-
cause the binding of biexcitons in a quantum dot is much
The semiconductor zero-dimension@D) structure has tighter than in a three-dimension@D) or two-dimensional
long been a subject of interest not only in physics but also if(2D) structure, biexcitons survive up to a higher temperature.
device applicatiort. The activity oriented toward the realiza- Such stable biexciton is considered to be a unique conse-
tion of the semiconductor OD structure is now approaching auence of the spatial confinement of quantum dots and it
new apex following the application of the spontaneous re<annot be observed in bulk materials. As a matter of fact, the
construction of the strained heterostructure, such as that olpiexciton effect may dominate the optical process in quan-
tained through the coherent islanding phenometort  tum dots and should be seriously considered when examin-
exploits the damage-free fabrication of the quantum-doing the optical responses of quantum dots. Use may also be
structure. The spatial extent of such structures currentlynade of its specific nonlinear optical properties in device
available is even smaller than the extent of twice the typicahpplication.
exciton Bohr radius:* In such a structure, one may observe  Up to now, the biexciton effect has most extensively been
the most distinct features of the quantum confinement effectstudied in materials such as CdS and CdSe'@dtsvhich
expected for quantum dots. As the density of states betweeare classified as being in the “strong-confinement” regime.
discrete levels is, in principle, zero, the scattering of elec-The extent of the dot in these cases is much smaller than the
tronic state which leads to dephasing of the state and followsxciton Bohr radius. However, in the “weak-confinement”
energy relaxation may be inefficient because of the lack ofegime, only a few observations have been made until
final states mediating the scattering events. The inhibition ofecently****!"The observation of biexciton luminescence in
such processes may thus lead to a substantial increase in tthe monolayer island in the 1lI-V quantum well such as re-
dephasing time of the exciton states and sharp and distingtorted by Brunneet al1° confirmed the enhancement of the
exciton resonances can be observed. The mesoscopic dpiexciton effect in grown-in monolayer islands. However, a
hancement of exciton oscillator strength may also occur pardetailed picture of the excitation of excitons and biexcitons
ticularly when the spatial extent of the dot is greater tharvia their discrete excited states is unclear.
several times the exciton Bohr radiié\s a result, a very In this paper, we address the optical excitation via excited
sharp exciton ground state as well as excited-state resonancgtates of an excitdh*?8and a biexciton in a quantum dot in
are expected and these have frequently been observed in tiiee weak confinement regime. We have used a unique self-
microscope photoluminescence spectfin. organized InGg _,As/Al,Ga _,As disk structure grown on
Packing excitons into a tiny space will also enhance thex (3118 substraté? The spontaneous reorganization re-
interaction between two excitons with opposite spin orientasulted in arrays of well-ordered J6a _,As disk-shaped
tions, thereby greatly increasing the biexciton effect. Thisstructures with diameters of 30 to 100 nm automatically em-
has been demonstrated by Forchehl!® for an artificially — bedded in the AlGa, _,As.*?° Since the lateral extent of the
defined quantum dot, and the biexciton was observed even irlevant structure lay within a rangB>ag, whereR and
a monolayer island in a GaAs/&bg _,As quantum-well in- ag denote the lateral extent of the disk and exciton Bohr
terface by Brunneet al*® The lateral confinement energy in radius, respectively, exciton confinement governs the optical
the latter case is only as low as 10 meV, nevertheless digroperties of the dot, and mesoscopic enhancement of the
tinctive biexciton luminescence was observed, implying theexciton response is still operatif&The quantum disk pro-
potential of the OD structure in stabilizing the biexciton state.vides well-separated heavy-light valence splitting as a con-
More recently, a series of confined multiexciton lumines-sequence of the larger quantum confinement perpendicular to
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the quantum-well plane, thus leaving heavy-hole states as the _ Growth )
lowest in the energy spectruffi.>* Additional lateral con- (a) InGaAs layer  interruption  InGaAs disks
finement leading finally to a complete quantization along all
three directions gives rise to an absolutely discrete excitonic
level structure, whereby sharp optical emissions and
absorption'*?18 can be observed. To analyze the role of
biexcitonic excitation in this mesoscopic dot system, we first
hunt for well-correlated exciton/biexciton pairs. Due to the b
significant biexciton effect, an exciton is excited not only via (b)
its excited states but also via biexciton excited states.
Enough large heavy and light splitting then enabled spin-
selective excitation, whereby discrimination of exciton-
related or biexciton-related transition was made possible via
excitation of one or both spin orientations. Photolumines-
cence excitatiodPLE) experiments on an isolated single dot
were thus done with a variety of light polarizations of exci-
tation and by detecting luminescence of particular polariza- (c)
tion. We give a classification of the observed excitations in
terms of the symmetry properties of excitons and biexcitons
and recently given theoretical guidelif@sAn important role
of the weakly correlated exciton pair state with large oscil-
lator strength is stressed.

The paper is organized as follows. In Sec. Il, we present
experimental details on the growth and characterization of
the InGa _,As quantum disk. In Sec. Ill, we first discuss
the experimental results of microscope photoluminescence
(PL), stressing the important biexciton effect. Results of PL
excitation (PLE) measurements under a variety of polariza-
tions and the intensity of excitation photons are given to FIG. 1. Schematic representation of growth sequence to obtain
classify the excited-state transitions into excitonic or biexci-an ordered array of an JGa,_,As disk: One to three minutes
tonic origin. Then we compare the results with the expectedrowth interruption results in self-organizatié®. Secondary elec-
optical selection rules and we identify the origins of sometron microscope image of the surface, left(bf, and cross-section
observed excited-state transitions, which we discuss with resew showing In-rich disk-part and Al-rich coverage, right (bf.
gard to recent theoretical expectations. Finally, in Sec. IVEach nanocrystal in the array has a specific facet structure com-
we summarize our results. posed mostly of low-index surfaces as determined by atomic-force

microscopy(c).

Surface Image Cross Sectional View

[112] [21]

Il. EXPERIMENTAL DETAILS diative recombination, thereby enabling single-dot spectros-
copy. Electron microscope observation confirmed the forma-
The samples used for this study were all grown by low-tijon of an array of well-faceted nanocrystallines such as Fig.
pressure metalorganic vapor phase epitaxy on GaAs @811)1(b) (left) containing InGa _,As/Al,Ga _,As disks [Fig.
substrates, using trimethyl-gallium(TMG), trimethyl-  1(b), right]. The disk diameter was controlled within 20 to
aluminum(TMA), trimethyl-indium(TMI), and arsine as gas 100 nm by a nominal indium composition, 0.2 to 0.4. 20 to
sources. Following the deposition of a 100-nmy &aAs 60 dots were typically found in a surface area of
buffer layer, an InGa, _,As layer with a nominal thickness 2 yumx2 um depending on the nominal indium composition
of 15 nm was deposited as an initiating layer and this wagf 0.2 to 0.4. Figure (b) is a typical secondary electron
subsequently capped by 150-nm-thick,AB&sAs [Fig.  microscope image of a quantum disk sample gfL,B&, AS.
1(a)]. A thinner Iny Ga ¢As disk layer with a nominal thick- A well-ordered array of dot islands is evident, and each is-
ness of 3—6 nm was then deposited, followed by 1-3-minand has a peculiar facet structure composed mostly of low
growth interruption to allow spontaneous disk formatiéh index surfaces such 4%11), (100, and(110 as displayed in
[Fig. 1(@]. The growth temperature was between 690 °C andFig. 1(c), inferring surface reconstruction into the faceted
750 °C. It should be noted that no ,&a _,As overgrowth  surface structure with a lower surface energy during self-
was needed to embed thg@g, _,As disk as confirmed by a organization. The symmetry is apparently low. Thus we ex-
secondary electron microscope image of a cleaved facet ipect that the optical properties associated with localized ex-
Fig. 1(b), where we observed clear contrast between In-ricltitons will reflect this characteristic geometry of the dots. As
disk and Al-rich coverage. The spontaneous rearrangememte will show, this structural asymmetry can impose a lifting
resulted in InGa_,As islanding as well as automatic of the degeneracies of the dot states, resulting in a multitude
Al,Ga _,As coverage on top through the complex interplayof excited-state energy levels.
of the mixing/segregation of the |6a _,As/Al,Ga _,As For single-dot luminescence spectroscopy, we used a mi-
heterostructure and strain minimizati#hDue to this auto- croscope objective lens and a He-flow cryostat firmly at-
matic coverage, the structure at the surface maintained goadched on a high-precisio’XYZ stage'? The sample
radiative efficiency without being spoiled by surface nonra-mounted on a cold-finger was cooled to less than 4 K. A



PRB 58 EXCITED-STATE OPTICAL TRANSITIONS @& . .. 16 245

I I T I I I T T T T T T T

[ 3.8K 4.7 meV ‘E £xc.=1.68707eV] 38K E=1.7819eV
T aemev ||
i 4.6 meV ] X|X 1900 W/cm2
‘ | 5.1 meV ‘ L .
i ‘ * 2.6 Py ) 950

— ||| — 380
L _ x 20
PL3 B “J L»pN/\»AM 1
i | x 20 M’\z 190
Py PL4 L _

LUMINESCENCE INTENSITY (arb. unit)
LUMINESCENCE INTENSITY ( arb. unit)

B PL2 .
PL1 PL5 « 20 MW ),
| I | | | | ' . ' L '

1.664 1.668 1.672 1.676 1666 1.668 1.670 1.672 1674 1.676
PHOTON ENERGY (eV) PHOTON ENERGY (eV)

FIG. 2. Dot PL spectra taken under two different excitation  FIG. 3. Evolution of a series of luminescence lines under in-
densities,Py and 2.6 Py (P,=300 W/cnf) at 3.8 K. Excitation  creasing excitation densit{95 to 1900 W/crR). PL emission la-
energy is 1.687 07 eV. PL emissions labeled PL1 though PL5 ar@eledX (PL3 of Fig. 2 is the exciton luminescence and that labeled
excitonic emissions from different dots. Arrows indicate biexcitonic X X is the biexciton luminescence pairing with Excitation energy
PL emissions and links connect exciton and biexciton luminescencg 1.7819 eV.
from individual dots. Biexciton binding energies are also indicated.

Ill. RESULTS AND DISCUSSION
laser beam from a continuous-wave Ti/sapphire laser
pumped by an Af-ion laser was focused to az2n spot on
the sample surface. Luminescence was collected through the We adopted the following method to identify pairs of cor-
same lens, passed through a pin hole at the imaging plamelated exciton and biexciton luminescences. First, by mea-
which corresponded to a PL image ofn in diameter, then  suring the excitation power density dependence of the spec-
dispersed by a 1-m double-grating monochromator. Finally itrum, we looked for the luminescence lines that grew
was detected by a cooled Si charge-coupled device. In ordejuadratically with an increase in the excitation power. They
to reduce the number of dots within the laser spot and t@an be attributed to biexcitonic transitions. Second, by PLE
facilitate the repeated location of specific areas on thgneasurement on all the observed PL lines, we could corre-
sample, a metal mask with fine openings was processed Qgte 4 particular biexciton luminescence with an exciton lu-

g_'el Samp'f_el surface. Thﬁ_ sam%Ie Wﬁs first _Coatﬁd Witha thighinescence originating from an identical dot. Both lumines-
ielectric film (200-nm-thick and a thin titanium fimwitha  copce jines may involve common resonant excitation

. . 2
v?n?ty otf) operlllltr;gs dO\r/]vn to d ?kl?n}'ftw?fst prr?c'essedDb_y features In the following, we present the results obtained
electron-beam Tithography an € liftoft technique. omgir_] this way. A brief check was made as follows: The PL

micro-PL measurements through the fine mask openings a AN o
lowed only a few dots within the micrometer-sized optical Spectra in Fig. dexcitation energy 1.68707 gWere taken

probe. A well-separated small number of shdtgpical on an InGaeAs sample through a mask opening of

FWHM less than 20QueV and the narrowest less than 34 0.5um? at 3.8 K. Excitonic PL lines PL1 through PL5 are
weV) luminescence lines with very high radiative efficiency Visible. By changing the excitation intensity by a factor of
were observede.qg., Figs. 1-B'“12 The polarization of the €SS than 5, fronP, (=300 W/crrf) to 2.6P, the lumines-
laser beam was controlled by a polarizer coupled either witisence lines for biexcitonic origitindicated by arrowsgrow

a halfn or a quartex plate located before the beam en- superlinearly by factors approximately equal to the square of
trance. The former produced a linear polarized and the lattethe factor of the excitation intensity increase. The links in
a circularly polarized excitation source. In similar ways, aFig. 2 represent pairs of exciton/biexciton emissions as de-
linearly polarized PL component was selected by a combinatermined by subsequent PL excitatiLE) measurements
tion of a halfA plate and a linear polarizer, and a circularly on each lines. Nearly all the dot exciton luminescences are
polarized PL component was selected by a combination of accompanied by biexciton partners, implying the biexciton
guartern plate and a linear polarizer. effect is common for the present 0D structures.

A. Exciton and biexciton luminescences
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From now on we will mainly focus on the properties of a ' ' ' ' '
single quantum dot found in the same, @& As sample. 4| Eexc.=17189eV a 38K
Figure 3 shows the evolutiorf a 4 K PL spectrum observed 10
through the same mask opening but with a different excita- :
tion energy of 1.7819 eV for a series of excitation power
densities. In general, the PL spectrum is extremely sensitive -
to excitation energy, reflecting a resonant excited level struc- 5 10°
ture for the dot. Therefore by choosing the excitation energy, —
only a few dot luminescence lines can be isolated. It is note- >-
worthy that all the excitations in this study were made reso- =
nant to excited-state resonance of the dot. Under such con-2
ditions, much higher excitation density is required to saturate 'I-'_J 10°
dot luminescence than in the case using the excitation into 2
the barrier continuumt A range of the excitation density is
required which is larger by three orders of magnitude than
using Ar"-laser excitation. Nevertheless, the dot lumines-
cences were all very sharp and distinctive, and the linewidth
was less than 10@QeV. They are ascribed to the lumines-
cences of excitons localized in disk-shaped quantum dots.

Under an excitation densitygbout 3 mW per spot, corre-
sponding to 100 W/cR), only the exciton line labeleX
(bottom spectrum in Fig.)3with a typical linewidth of less
than 80ueV can be observe@pectrometer resolution of 25 /

ueV). The additional lines visible at higher energy are from 10° 10" 102 103 10°
other dots within the same metal mask opening. With in- 2
creasing excitation density, the intensity of the exciton lumi- EXCITATION DENSITY (W/cm=)
nescence nearly increases linearly, reaches maximum, and

then falls very sharply for higher excitation. Simultaneously,
another new distinct sharp line labeleédX emerges at an
energy lower by 4.7 meV(see the spectra at 190 and
380 W/cnt in Fig. 3. The intensity of the latter lumines-

cence line first increases quadratically, then it continues

uni

b

Y
o
-

INTEGRATED PL

FIG. 4. Integrated luminescence intensity of an exciton and a
biexciton in a single 1gGa, _,As quantum disk at 3.8 K plotted as
a function of excitation density. Inset shows an exciton-biexciton
four-level scheme with helicity-dependent transitions.

growing while X is fading. Such behaviors are very similar dfyX fyx
to the results reported by Brunnet all® and by Forchel dt Ao e (10)
et al,'® and they are regarded as the fingerprint of a pair of r

exciton and biexcitonic emissions. Under a higher excitation
density above 1000 W/chnline broadening occurs o as ~ With fo+fx+fxx=1, wheref,, fy, andfyy, respectively,
well as onXX as we previously reportéd.Typically broad- ~ represent the fractions of an empty dot, the exciton, and the
ening by a factor of 2 for an excitation above 1000 Wicm biexciton. The paramete(3, 7, 7%, anda are the exciton
was observed. This is due to the ease of losing exciton ccereation rate, the exciton radiative lifetime, the biexciton
herence caused by an increasing exciton-exciicarrien  lifetime, and a proportional constant, respectively. The third
scattering probability. term in Eq.(2) represents the capture of the second exciton
The luminescence intensity evolutions Xfand XX are ~ creating a biexciton. By letting the left sides be zero and
summarized in Fig. 4, where integrated PL intensities aré&olving the resulting coupled equations, we have the frac-
plotted as a function of excitation density. The linear in-tions of the exciton and biexciton as functions &f We
crease ofX and the quadratic increase ¥ at low excita-  estimate unknown parameters suchrfisand 7% from our
tion are quite cleat®'3Photon emission rates of exciton and recent time-resolved PL experiméntNamely, we found the
biexciton ground states can be deduced from the occupatiorexciton radiative lifetime to be 400-500 psec at 47}§.X
of those states calculated using a set of rate equations base@s assumed to be of the same order. The solid lines in Fig.
on a simple exciton-biexciton four-level schenfieset in 4 represent the solutions to the rate equatidras—(1c) for

Fig. 4. The equations are excitonic PL intensities obtained by assuming 7*=2.4
and @=0.2. The value ofr\/7/*=2.4 may be compared
dfy fy with theoretical values for a mesoscopic dot: According to
i~ Cfot X (1@  the calculation by Takagahae# al,***'the ratio of the biex-

r citon oscillator strength over that of an excitdgy/fy, in a
mesoscopic GaAs dot is about 1.8Rimz=2 and it is about

dfy fy “x 2 asR/ag=3. The agreement seems reasonable, although the
T Gfy— = —aGfy % (1b) calculation was made on a spherical dot. Therefore, the four-
T?( T?( level exciton-biexciton model satisfactorily explains the ex-

perimental results and the exciton/biexciton attribution was
and reinforced.
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The line X corresponds to the transition from the one- [ l l |
exciton ground state to the empty state, while the k¢ 4K Exc:LINEARLY POLARIZED
corresponds to that from the biexciton ground state to the k2
exciton ground state. The energies of these two transi-
tions are in the inset of Fig. 4: th¥X transition has an
energyExx—Ex=2Ex—Axx—Ex=Ex—Axx (Exx=2Exx
—Ayx), whereEyx andEyy denote the energies of the exci-
ton and the biexciton, respectively, aigy is the biexciton
binding energy. The observed PL energy separation of 4.7
meV betweenX and XX agrees well with the biexci-
ton correlation energy, about 5 meV, expected for small
GaAs/AlLGa _,As quantum-dot structureé§. Also for the
other dot luminescences in Fig. 2 we obtain biexciton bind-
ing energies of 5.14 and 4.6 meV. They are all significantly
enhanced compared to the value of about 1 meV observed in
QWs and that of about 0.2 meV in bulk Ga&s?®

B. Exciton/biexciton energy spectra

LUMINESCENCE INTENSITY ( arb. unit)

As the disk-shaped structure provides well-separated XX PL
heavy-light valence splitting as a consequence of the stron- |
ger quantum confinement perpendicular to the quantum-well
plane, it leaves heavy-hole states as the lowest in the energy L | ' =
1.66 1.67 1.68 1.69

spectrum. Under these circumstances, spin acts like a good

guantum number. Linear polarization can create both spin-up PHOTON ENERGY (eV)

and spin-down excitons, and is thus capable of feeding not

only the exciton but also creating a biexciton composed of FIG. 5. Photoluminescence excitation spectra taken on exciton

two excitons with opposite spin orientations. A biexciton (X) and biexciton KX) lines & 4 K under an excitation density

composed of two excitons with opposite spins cannot be cret=100 Wicn?). Excitation source is linearly polarized. Vertical

ated by circularly polarized light. Therefore the comparisonbars indicate correspondence between resonanéesimi X X. The

of the spectra taken under linear and circular polarizatioine labeledR1 appears only in thXX-PLE spectrum.

':?)Erﬁi: i??)?lzi(t&?:itglr?iténg?i(g)?n of the transition either of eXCI'thga same IGay _As d_is_,k, and this supports th_e biexcitonic

o . o .. origin of the XX transition. The reason for this one-to-one

The PL excitation experiments under an excitation densit

. %orrespondence will be discussed later.
(about 100 W/crf) on bothX andX X revealed the spectrain ™| £ spectra were found to be extremely sensitive to ex-

Fig. 5. The_ excitation source was linearly polarized. Durmgcitation power density. PLE spectra show nonlinear behav-
the recording of each spectrum, the laser power was stabjsrs when excitation density is increased. The spectra taken
lized at a constant to obtain constant excitation density PLEn X are in Fig. 6 for four different excitation densitiesy,
spectra. The PLE measurements on the number of dots rep,  2.87,, ‘and 4°,—where P, is about 200 W/crh
vealed that the excitation spectrum was unique for each dofhen the excitation density is increased, the PLE spectrum
It should be noted, however, that the pattern of PLE resochanges nonlinearly: Some resonant features first grow al-
nance structure seemed quite similar for the number of dotsnost linearly and then decrease, and this is accompanied by
differing only in level spacing and relative energies. Thenoticeable resonance line broadening. The broadening seems
PLE spectrum is characterized by a number of well-separateih be accompanied by the growing absorption between dis-
sharp resonances, which we attribute to the exciton excitedrete resonances, which may be due to the increase of the
states. In two PLE spectra fof and XX, a number of sharp overlapping contributions of a number of absorption reso-
resonance features are common; nearly one-to-one correances with small oscillator strength. Most remarkably,
spondence is observed. Assuming an elongated shape alompen the excitation density is increased further, the reso-
the [110] axis for the dot, a lateral extent of 40—50 nm is nances labeledR2 and R3, which have large oscillator
estimated from the energy distribution of excited-state resostrength, turn into “dips.” These behaviors can be attributed
nances. The multitude of the PLE resonances may partly b® the nonlinear population of exciton states according to Eqs
due to the low symmetry of the dots which lifts the degen-(1a)—(1c): Under high excitation density, the biexciton state
eracy of the states. They can be attributed to the excitegopulation is substantial, therefore there should be a drop in
energy-level structure of the dot exciton. Such one-to-onghe relative exciton state population as Fig. 4 shows. As a
correspondence was also found by Brunaeal!® We as-  result of the saturation of the exciton state, the exciton ab-
sign these resonances to the excitation of the exciton becauserption is bleached at the ground state as well as at the
of the results of a PLE experiment under circularly polarizedexcited states. At highest excitation B¢), we also found
light excitation, which we will discuss later. The one-to-onethe emergence of a new resonaft®e Such resonances only
correspondence in the PLE features, together with the interemerge when the exciton population is nearly saturated and
sity evolutions ofX andXX as well as the overall agreement they can be attributed to the transitions creating another ex-
with theory, conclusively proves that they are emitted fromciton into a dot.
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FIG. 6. PLE spectra taken on an excitof) (line under a variety
of excitation power densitie®,, 2Py, 2.8Py, and 4,, where PHOTON ENERGY (eV)
P, is about 200 W/crh Under the highest excitation density, ex- . o )
cited state resonances labe® andR3, which seem to have very FIG. 7. PLE spectra of exciton and biexciton lines taken under

large oscillator strength, appear as a “dip.” Also an emergence of dinearly polarized excitatiorta), and those under circularly polar-
new resonance labeldRll can be observed ized excitation(b). For (b), excitation isc* and PL iso". In the

XX PLE spectrum, th&®1 transition is visible.

A similar PLE experiment was done on both theand o with an angular momentud=2 that is expected to be
XX lines but with circularly polarized excitation. The PL of gjiowed. We therefore assigR2 andR3 to be such transi-
either left- or right-handed helicityoc™ and o~) with the  tjons.
axis along the direction of light propagation was analyzed One may notice also that the PLE resonances are much
under an excitation of one of the two helicities. Figuf®)7 more clearly resolved under circular excitation than those
shows the PLE spectra fer™ excitation ands™ detection. recorded under linearly polarized excitation. This may be
For X, almost all the PLE resonances observed under lindue to the absence of the broad and densely distributed spec-
early polarized excitation can also be observed under circu¥al contribution of the biexciton. Circular excitation will
larly polarized excitation. In distinct contrast, most of the eliminate the biexcitonic contribution in the absorption spec-
PLE features ofXX observed under the excitation of linear trum leaving only exciton creation processes except for the
polarization[Fig. 7(a)] disappear or emerge only weakly, tv_vo-p_hoton transitions discussed a_bove. Inferr_ed _broadened
except for two or three higher-lying peaks labeR@ and b!excnon resonances can be_ explained by their higher ener-
R3. Therefore, the observed exciton PLE resonances are d@es and shorter dephasing time.
to the excited exciton states as discussed before Rlhkne
observed under linear excitation cannot be seen. A straight- C. Symmetry properties
forward conclusion is that circular polarization only excites At this point, it is useful to review some details on the

an exciton with one of two spin orientations and therefore itsymmetry of the electron and hole Bloch functions and that
cannot create an exciton with the other spin orientation angs the excitons. The conduction-bargl states and the
either a biexciton composed of two excitons with opposite\glence-bandp states are represented in the cubic zinc-
spins. The same argument is applied to the disappearance gfendeT, group as'I’; and °I's, respectively. In the double
the R1 transition; because successive two-step transitiongroup representation, thd"; conduction band becomé$ ',
each of which creates the same spin exciton into the dotand the °T'y transforms to?I";@ “T'g. Spin-orbit coupling
cannot populate a biexciton. The higher-lying biexciton PLEIifts the latter degeneracy and splits off tRE- band, leaving
resonanceskR2 andR3, which remain under circular excita- the “T'g as the ground state of the holes. In a quantum well,
tion and are also observed in the exciton PLE spectrum, cawhich lowers theT, symmetry toD,4, “T'g bands split fur-

be the optical transition allowed even under the circular pother into 2I'g (light hole) and 2I'; (heavy holé bands. Of
larized light of one of the two helicities. In a recent theory of these, we are interested in the latter because they form the
exciton/biexciton optical processes of semiconductor quandppermost valence bands under quantum-well confinement.
tum dots?® a two-photon transition directly creates a biexci- Excitons formed from thél 5 conduction-band electron and
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', valence-band hole have symmet’l¢®?I';=2T¢
oI';e'T,, ie., a doubly degeneratél's exciton with
(x,y) symmetry and two nondegenerate dark exciton states.
The 2T'5 exciton states directly couple to light propagating
perpendicular to the well, with an in-plane polarization along L J=0,1,2
either x or y, acting as a state with total Bloch function

angular momentum=1. The I'; exciton transforms like

x?—y?2, while the ', exciton transforms likexy. It is the o E E £
I=1(1,=*+1) exciton state {T's) that is optically excited. ) t p t
As all the optically excited states have a zero angular mo- O L O L O L
mentum () for the envelope functior, also equals the total xx XX =1 _X”‘:_ .
angular momentum for such states. From these exciton P B Y X
states, we may generate biexciton states: InDBg group E} ==-g--- ) ! {
representation, we have E, — —
Tees=T0T,0T 0T, E, E, E,
Ts®T'3=2Ts, D) () ()
L L L
X X X
2F5®1F4:2F5,
\ \ 4 \ 4
1F3®1F3:1F1, 0
Eyx - Ex = Ex Exx =2Ey
TaoTa="T, (@) (b) (©)
Teir,=1,. FIG. 8. Schematic representations of the observed excited state

Bi . ith the Bloch f . | absorption resonances of exciton and biexcih.is identified as
iexciton states with the Bloch function angular momentumabsorption to create the first exciton followed by energy relaxation

J=02' 1, or 2 are formed. Of these states, fig®'Tsstate  gpg subsequent absorption from the exciton ground statel)

and “I's®T', state of a biexciton may act ds=1 states and  jnto the biexciton excited statég). First and second transitions are
are optically allowed. Therefore, either the product made Upylowed for two photons of opposite optical orientations. Two-
with two 'T'; excitons or that with two'I'; excitons may be  photon absorption directly into the=2 biexciton excited statéb)

the ground state of biexciton ds=0 because they are sym- for observed transionR2 andR3. Two photons are of the same
metric under exciton exchange. Thd s®°I's biexciton  optical orientations. The other transitions observed in PLE spectra
state is made up with the exciton pairlef 1 and may act as are classified as schente). A two-step absorption process, first
aJ=2 state. It is allowed for two-photon absorption becausephotoabsorption into thé=1 exciton excited state and simulta-
the two-photon operator has the same symmetry. In the ndgreous absorption into the biexciton excited state, creates biexciton.
tations above, we distinguish the total Bloch function angulaft is allowed for a photon pair with opposite optical orientations
momenta of excitons and biexcitonslaandJ, respectively,

using the notations adopted by Nair and Takagaffafn  sjte. The biexciton is formed only when the excitation per-
important implication of the theory of exciton/biexciton ran- mits the exciton population of both spin orientations; the
sitions in spherical CuCIl quantum dots is that the eXC'tat'orbrocess is forbidden for circular polarizatidR1 (in Figs. 5

of the dweakly gorrela_ted :rﬁlton—hpa;]r states dommates_ th(%nd 9 is observed in the exciton excitation spectrum as well
excited-state absorption. Although the present system IS Qg i, the piexciton excitation spectrum when excitation pho-

lower symmetry tharb,4 and the spin combination is much tons are linearly polarized and the exciton state is nearly

more complicated, a similar exciton-biexciton transition will ish letel d ircularl larized
be observed. satL'Jrat.ed. It vanishes completely un er circularly polarize
excitation. These features are all well interpreted within the
scheme(a). Therefore, we assigneR1 as the absorption
from thel =1 exciton states to the biexciton state.
The observed biexciton transitions are summarized in Fig. The two-photon absorption to thle=2 biexciton state is
8. Only allowed transitions are presented for circular polar-described agb). We assign two higher-lying PLE features,
izations. R2 andRS3, to two-photon transitions which directly create
The transition scheme that corresponds to the PLE transi}=2 biexciton states. The two-photon transition is allowed
tion R1 is described aga). It involves the absorption from for linearly and circularly polarized photons. Evidenti2
the I =1 exciton states to the biexciton state. Here, the abandR3 satisfies this. We conclude also that this two-photon
sorption to create ah=1 exciton is allowed whatever the absorption creates directly the weakly correlated exciton pair
optical orientation is. Once the radiative exciton state, whictstate!® The weakly correlated exciton pair stateJsf 2 in a
is of =1, is filled following the relaxation, the subsequent large dot is well described by a product of two independent
absorption of a photon creates the biexcitodef0, 1, or 2.  exciton wave functions and thus has an oscillator strength
However, because of the biexcitonic nature, the optical orialmost twice as large as that of the exciton state. It may
entation of the first and the second photons should be oppdherefore have an outstanding strength k2 andR3.

D. Modeling of exciton/biexciton transitions
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The other PLE resonances observed are classified into thhadiative recombination lifetimé00-500 p}529 Let us end
scheme in Fig. @). Here, the absorption of a photon of a the discussion by noting that spin relaxation in quantum dots
given optical orientatioriddenoted a£, ) creates an exciton may play a crucial role in the creation of biexcitons. This
of I=1 with a corresponding spin. The subsequent photoPPens up a new aspect in quantum-dot physics that remains
absorption from the excitetd=1 exciton state to the biexci- t0 be worked out. Work is now underway to unveil the role
ton is, however, allowed only for a photon with the opposite©f Spin-relaxation in quantum dots.
optical orientation. At a low excitation density, the first pho-
ton absorption is dominant. For higher excitations at which
the exciton state saturates, the second absorption is prevail- IV. CONCLUSIONS
ing over the first process. The net absorption for the biexci- | conclusion, we showed that biexciton optical response
ton creation is proportional to the product of the energy-leve|ays 4 crucial role in the optical process of the quantum dot.
density distribution of excitons and that of biexcitons. Be-The piexciton effect was confirmed for most of the indi-
cause the energy-level density distribution of the biexciton ag;q,al dots we examined: Not only exciton luminescence but

a product of two excitons is much higher, the net absorptiony s hiexciton luminescence from the individual dots were
is determined by the sparse distribution of exciton levelsgypserved in InGa_,As self-organized structure, which
Accordingly, the biexciton PLE features resemble the exciqyanifested an enhancement of the biexciton effect in the

ton PLE features: it is the origin of the one-to-one corresponyesoscopic quantum dot, which itself exhibited a biexciton
dence between exciton and biexciton PLE features. With thﬁinding energy more than 5 meV, much larger than in the

excitation of circular polarized light, the second abs:orptionquamum well or the bulk. Because of the enhanced biexci-
to the biexciton is forbidden unless the partial spin-flip iS¢ the excitation of an exciton occurs not only via its own
allowed:; that is what we observed. _ .. excited states but also via its higher-lying excited biexciton
In all cases(a) through(c), both the exciton and biexciton  giates. Polarization dependent photoluminescence excitation
luminescence can be observed, respectively.,aandLxx- s shown to be valuable to assign excited-state transitions to
Although the details of the biexciton creation are not fully those via an exciton excited state or a biexciton excited state.
understood at this stage, the present experimental resglé/ a detailed comparison of the exciton as well as biexciton
strongly suggest these three schemes as dominating optic&citation spectra, taken under spin-nonselective excitation
processes in the quantum-dot exciton/biexciton system. (jinear polarization excitationand spin-selective excitation

Having discussed the origin of the observed excited-statfjrcylar polarization excitation we managed to distinguish
transitions of the exciton and biexciton, we now analyze SeVihe exciton and biexciton excited states.

eral important points from the preceding paragraph. Itis in-\jost of the observed transitions were related to the exci-

teresting again to point out the absenceRif resonance o excited states. Some excitation resonances are assigned
under spin-selective excitation. This implies that a resonantly, the apsorptions from the exciton ground states to excited
excited exciton with a given optical-spin orientation neverpjexciton states. We also found a candidate for the two-
flips into the other orientation even during the energy relaxphoton absorption which allows direct creation of biexcitons
ation followed by thermalization before radiative recombina-j, the higher-lying excited state. Such biexciton states are
tion. In other words, if spin relaxation occurs before radiativecgnsidered to be a weakly correlated pair of excitons, which
recombination, we may observe biexciton luminescence be&san have outstanding oscillator strength. Together with the
cause two excitons with the same quantum number and eRacent results on CuCl nanocrystallites, weakly correlated
ergy but differing in spin orientation can coexist with finite exciton-pair states seem to have a quite general nature in 0D

probabilities within the time interval of the order of the biex- systems in the weak confinement regime and they may exist
citon recombination lifetime. The vanishingly small biexci- jn other systems.

ton PL signal at most of the exciton excited state resonances Finally, we note that as a consequence of the discrete

shown in Fig. Tb) can then also be understood as a result ohayyre of the spin-split levels, i.e., the zero density of states
the suppression of spin relaxation in the present quantugetween the levels, there appears to be a strong tendency for
disk system. The full quantization of the quantum-well en-the conservation of the electron magnetic moment which
ergy spectrum into OD by additional lateral confinementyohipits the creation of excitons with opposite spin. This
makes all the elastic processes inefficient that have usuallé{pens up a new experimental field in quantum dot physics
been !”"gglfgsd to explain the r%%'d relaxation of spin in bulkregarding the general understanding of exciton relaxation in
material or in 2D systems’ As the density of states op. we hope that our results may contribute to a better un-

between _discrete levels is zero, t_he rglaxation of phomgene&erstanding of the spin-dependent properties of 0D systems.
ated excitons between levels with different spins can only

take place by a change in energy and magnetic moment. No
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