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The quantum size effect of exciton transitions is investigated experimentally and theoretically for self-
organized InAs/GaAs quantum dd@D’s). Photoluminescence excitatioRLE) experiments are reported for
a series of samples with QD’s varying in average size, revealing size-dependent excitation resonances.
Temperature-dependent measurements show that the PLE spectra mirror the absorption spectra of QD’s with a
certain ground state transition energy. The observed PLE resonances are identified based on their energy,
relative intensity, and sensitivity to size variations in comparison to results of eightkgnchlculations for
pyramidal InAs/GaAs QD’s wit{101} side facets. Band mixing, strain, and the particular geometry of the
three-dimensional confinement lead to a rich fine structure with a variety of “forbidden” excitonic transitions.
A good agreement between experiment and theory is found for large QEys=(.1eV), whereas the
agreement becomes worse for smaller QD’s. The discrepancies arise, most likely, from the uncertainties in the
size- and growth-dependent variations of the QD shape and composition as well as Coulomb-induced localized
wetting layer states.

[. INTRODUCTION microscopy(AFM) data have showfia change in the aspect
ratio at a self-limiting base size with increasing island vol-
The effect of quantum confinement on the electronicume.
states in semiconductor nanostructures has been studied for PhotoluminescencéPL) spectroscopy at high excitation
decades. In 1974 Dingle, Wiegman, and Héndemon- densities, taking advantage of state filling in the discrete den-
strated the quantum-size effect for one-dimensional confineSity of states, is the most common experimental access to
ment in quantum well structures, an effect that is textbookeXcited exciton states in such QI'S”*'~**However, such
knowledge nowadays. Subsequently, this effect has beedfeasurements are restricted by the inhomogeneous broaden-
demonstrated also for three-dimensional confinement ifng of the QD ensemble and, in addition, probe the spectrum
highly symmetric systems like colloidal 11-VI and I1I-v ©f highly populated QD’s, which is subject to many-particle
quantum dotgQD's) (Refs. 2 and Bor QD's made from effects?® The nearly equidistant series of excited state tran-
quantum wells by exploiting modern etching technigliss, ~ Sitions found in such experiments suggested an interpretation
cal interdiffusion® or the strain fields of self-organized in terms of “allowed” transitons An=0) in a two-
nanostressofsOnly limited information is, however, avail- dimensional harmonic oscillator potentfai:-**Such models
able on the details and the quantum-size effect of the elec@'®€, however, inherently unable to account for the character-
tronic structure of self-organized epitaxial island QD's. ~istic peculiarities of self-organized QD's, i.e., the complex
The potential of self-organized island formation during shape and the inhomogeneous strain.

highly strained epitaxy to produce small coherently embed- Recently, more detailed calculations of the electronic
ded QD’s with large energy level separations has stimulategtructure of strained InAs/GaAs QD’s using eight-bang
considerable research on zero-dimensiciod) systems in theor?>?® or empirical pseudopotentigEP) theory’” be-
recent year$.The self-organized growth affords, however, came available. These calculations predict nonequidistant en-
only limited control on the structural properties and thus on€rgy levels, the complete removal of orbital degeneracy, and
the discrete energy spectrum of such QD’s. The average siZBe breakdown of the stringent selection rules for dipole tran-
of the QD'’s might be modified in a limited way by the InAs sitions. An essential role is played by the lowering of the QD
deposition amourft;1° the growth procedur® or applying ~Symmetry toC,, due to the piezoelectric effect induced by
an optically inactive seed layer fixing the island densfty? ~ shear strain and due to the atomistic inequivalency1a)
A large variety of different shapes have been reported foand (110) directions?’
InAs/GaAs QD’s by various groups, ranging from a pro- The experimental verification of such calculations re-
nounced pyramidal shape or less pointed dome shape witluires overcoming the inhomogeneous broadening in the op-
side facets oriented alofd01},3 {105, {113,°{114,%® tical spectra and probing the absorption spectrum of empty
or {136,," to rather flat disklike structuré§.Obviously, the QD’s. The inhomogeneity is avoided in single-QD
structural properties of the islands, which are crucial for thespectroscopg®~*which is thus the ultimate tool in studying
electronic properties, depend on the details of the growtlthe rich fine structure in the excited state spectrum of local-
conditions, deposition amount, and procedure. Opticalzed excitons. The comparison with calculations is, however,
datad®?°suggested an increase of the average height-to-widthampered by the practically unknown structural properties of
aspect ratio with increasing island size. Recent atomic forcéhe actually investigated single QD. Alternatively, photolu-
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minescence excitatiofPLE) spectroscopy on a QIn-
sembleprobes the absorption of a subensemblesiofilar
QD'’s defined by the detection energy. Such spectra are stil
inhomogeneously  broadened due to shape anc_
composition variations but allow us to study tsiee depen- &
dence by tuning the detection window across the QD § -

PL peak?®% Attention must, however, be paid to the possi- & [ / [ \ /8 e InAs/GaAs QDs
bility that restricted intradot relaxatidh® might influence & | V300°

the shape of the PLE spectra. Multi-LO-phonon resonance: T=7K
have been reported for samples providing competing recomz
bination processes which efficiently depopulate the excited§
QD states®*°Hence, both an excellent material quality and ,5
a high uniformity of the QD’s are preconditions for a PLE
study of the excited state spectrum.

In this paper we present a comprehensive study of the
near-resonant PLE spectra for self-organized InAs/GaAs .
samples with different average QD sizes. Temperature- 1.0 1.1 1.2 1.3 1.4 1.5 1.6
dependent measurements demonstrate that the observed Pl Energy (eV)
spectra indeed correspond to empty-dot absorption spectra
and are a suitable tool to study the excited state transitions, FiG. 1. PL and PLE spectra of the sample V30The FWHM
giving access to the quantum-size effect. The experimentalf the ground state PL is 18 meV for an excitation density of
data are compared to single-exciton spectra calculated basedm w cm 2
on previously reported eight-band-p single-particle
states’® We find idealized InAs pyramids wit101} side  the average QD size the ensemble uniformity and the aver-
facets to be a good approximation for the large QD¥&h a  age aspect ratio of the islands increase.
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ground state transition energqe=1.1€V), whereas for The optical measurements were performed in a
smaller islands the level separations are systematically ovetontinuous-flow He cryostat at temperatures between 5 and
estimated. 250 K. The PL and PLE spectra were excited by ai Rser

or by a tungsten lamp dispersed by a 0.27 m double-grating
monochromator as tunable light source providing an excita-
Il. SAMPLE GROWTH AND EXPERIMENT tion area of~2 mnt. The emission was spectrally dispersed

The investigated samples were grown by molecular bearhy a 0.3 m double-grating monochromator and detected with
epitaxy on semi-insulating Ga£@01) as described in detail @ cooled Ge diode.
in Refs. 11 and 36. Between 1.74 and 3.00 monolagdts)
InAs were deposited at 500 °C, an Agartial pressure of 6
x 10" ® Torr, and a growth rate of 0.22 ML. Immediately Nl EXPERIMENTAL RESULTS
following the InAs deposition the substrate temperature was The PL of the investigated InAs/GaAs QD samples cov-
reduced to 400 °C for the growth of the GaAs cap layer usingers, at He temperatures and weak nonresonant excitation in
migration enhanced epitaxy. Such growth conditions comthe GaAs barrier, the energy range between 1.0 and 1.3 eV
bine a high barrier quality with an expected minimum of with peak energies between 1.023 and 1.18 eV, as reported
changes in the island shape and composition duringreviously!?%*%4The average QD size in the samples was
overgrowth?®36 In order to vary the structural properties of shown to depend on the growth mode and the InAs deposi-
the QD ensembles two different growth approaches havéon amount: The smallest QD’s were foffid®in the con-
been applied to the active layer. InAs was deposited either itinuously grown sample with 1.74 ML InAs depositidire.,
the conventional continuous fashi8rC) or in the variable C174 having a ground state transition energy-ef.18 eV.
deposition amountV) approach with a 1.74 ML InAs QD Increasing the InAs deposition amount or applying a seed
seed layet! The latter method produces vertical pairs of layer (in the variable deposition amount appropiitreases
differently sized QD’s, in which for the used spacer thick- the average island size, resulting in a redshift of the ground
nesses fast energy transfer processes render only the larggtate PL. The lowest transition energy fL.02 eV is ob-
QD in the second layer optically activé? The samples are served for the V300 samples, for which the controlled reduc-
dubbed C and V, respectively, followed by the amount oftion of the lateral QD density by a medium-density seed
InAs deposited for the active layer given in percent of a MLlayer enables the islands to grow to a base length B nm
(e.g., V300. and a height of~10 nm%*! The room-temperature PL of
AFM measurements on equivalent uncapped samplethe V300 samples is centered at 1,8Mh*? demonstrating
show island densities between 300 and 900 % and aver-  the possibility to reach the technologically important 8
age island heights ranging from 4 to 10 Am! The island  spectral window with nominally binary InAs/GaAs QD’s.
base length is systematically overestimated in AFM meaAdditionally, the growth is highly reproducible: Nominally
surements but cross-sectional transmission electron microgdentical V300 samplesdubbed V300 and V300 grown
copy (TEM) for an uncapped V300 sample indicates an av-~8 months apart show a very similar PL with peak energies
erage island base length of-19 nm* Additionally, only 4 meV apart. Figure 1 depicts the PL of the sample
structurat®** and optical®° studies suggest that along with V300" on a logarithmic scale showing two characteristic fea-
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tures of the investigated samples. First, most samples showemergy in the investigated samples corresponds directly to
weak but extended high-energy shoulder at low excitatiorthe change of the exciton localization energy with respect to
densities, which can be attributed to ground state PL othe WL, ranging from 270 meV for the C174 sample to 430
smaller QD’s. AFM results reveal for such samples a sizgneV for the V300 samples. Below 1.4 eV a series of well-
distribution skewed towards smaller islands as a result of théesolved excitation resonances is observed, which corre-
formation procesd! Second, the weak modulation in the low sponds to localized excitations of the QD’s. The excitation

energy slope of the QD PL peak is due to phonon-assistetfSonances form groups which _roughly corresp_qnd to the in-
exciton recombination. which has been studied in detaiffomogeneously broadened excited state transitions observed

recently?! in high-density PL spectra. However, the interpretation of

For the investigated samples with widely varying averageS”Ch PLE spectra has been the subject of intensive discus-

QD size the PL vield is practically constant at low excitation S'O_rllﬁ recbently. ion of & PLE sianal _ ot
densitiest* suggesting nonradiative recombination to be € observation ora signaf requires a two-step pro-

negligible. Cross-sectional TEM images show that less thaffSs- Fi.rst, an exciton is ggneratfad in an excited QD state k?y
~29% of the islands in the V300 samplésaving the largest absorption and, second, this exciton has to relax to the lumi-

islandg are dislocated, whereas no dislocations are observedfscent grour_ld state to ge_nerate a measgrable SIQn%I.?ﬁConse-
for the other samples. Additionally, AFM investigations duently, restricted relaxation processes in 0D systértis

show a tendency for the island uniformity to improve with Mght prevent PLE spectra to mirror the absorption spec-

decreasing recombination energy, i.e., with increasing avelgum' (Ijntgrlevglfrelaxqtlon t|m?s 3f§|(_)me 1010 100 ps hav?f
age QD sizé! The improving uniformity is reflected in a een deduced from time-resolve measurements on sefi-

decreasing full width at half maximurEWHM) of the organized IlI-V QD's***¢47Sych slow relaxation processes

ground state PL peak, which might also benefit from a de_h_ave_ to compete with radiatiﬁ‘f_éand nonradiati\/g‘ recom-
ination processes, which might modify the shape of the

creasing quantum size dependence with increasing Q .

all ; LE spectra. Indeed, PLE spectra reported for self-organized
-~ C dingly, the V300 I how the PL pea .

S1ze. LOIrespondingy, the Sampies SNoW me F& P INAs/GaAs QD’s are so far mostly dominated by LO-

with the narrowest FWHM, being, e.g., for sample V300 0.48.49 S :
only 18 meV. As demonstrated below, such samples, Conphonon-relateq resonanc¥’ > providing mformqhon
bining a high material quality with a high QD uniformity, °" the relaxation processes rather than on the excited state

provide access to the quantum-size effect of the excited sta ec(;rum_.t_The f"IiCt that 3t I'?Vtv temperatures tz)and low i:xcna-
spectrum of self-organized QD’s. In contrast to the case offon densities only ground state emission is obse¥eg. 1)
colloidal InAs QD's? for which the radius is to a good ap- might be the result of the details of the intradot relaxation

proximation the dominant free parameter, size, shape, an scade. We will ShO\{V n th? next secthn that at 'Ieast for
composition fluctuations provide for an at least three-N€ larger of the QD's studied here this constraint does
dimensional parameter space in the case of self—organizébm apply.
InAs/GaAs QD’'s?° making detailed investigations of the ex-

cited state spectrum difficult.

The excited state spectrum of self-organized QD’s is com- A slowed-down carrier relaxation in QD’s would prevent
monly investigated in high-density PL speétt&?! taking  the formation of a local equilibrium state, i.e., carriers would
advantage of state filling. The high-density PL spectrum ofrecombine from a hot carrier distribution. The carrier distri-
the V300 sample(Fig. 1) shows four additional peaks on bution in the QD’s can be probed at elevated temperatures.
the high-energy side of the ground state transition with arrhe dashed spectrum in Fig(a2 shows the nonresonantly
almost equidistant spacing ef70 meV due to excited state excited PL of the V300 sample at 190 K. The spectrum re-
transitions. However, such experiments prdtighly popu- veals a high-energy shoulder at 1.064 eV attributed to inho-
lated QD’s for which many-particle effects need to be takenmogeneously broadened excited states PL. The thermal
into account®** The relevance of such results for a com- population of these excited states can be directly proven in
parison to calculations of single-exciton states is thereforénti-Stokes PL experiments in which the excitation energy
limited. Furthermore, the high-density PL measurements aris smaller than the detection energy. In this case, excitons are
bound to the inhomogeneous broadening of the QD enexcited, e.g., in the ground state and subsequently have to
semble. absorb phonons to populate the excited states detected in PL.

A powerful tool for the investigation of the excited state The solid lines in Fig. @) show PL and PLE spectra which
absorption spectrum of empty QD’s, circumventing at leashave been, respectively, excited and detected at the maxi-
part of the inhomogeneous broadening, is PLEmum of the inhomogeneously broadened ground state tran-
spectroscopy:?*® The PLE spectrum of the PL maximum sition (E¢=0.990eV). For the PL and PLE spectra the
of the V300 sample(thick line in Fig. 1 provides informa-  roles of excitation and detection are just reversed. Both spec-
tion on the excited state transitions, carrier relaxation protra probe the same subensemble of QD’s and reveal the same
cesses, and the wetting lay&WL). The heavy and light hole resonances, whereby the large discrepancy of the intensities
absorption of the WL lead to excitation resonances at 1.44%esults from the low thermal population of the excited states
and 1.49 eV. These transition energies are typical for thén the anti-Stokes PL case. The intensity ratio between the
employed growth conditions and correspond to~ah-ML- PL and PLE spectrfFig. 2(b)] is well fitted by a Boltzmann
thick InAs quantum welf?® Altering the InAs deposition or distribution yielding an effective temperature of (175
growing the optically active QD’s on a seed layas for the  +=10) K, which is in good agreement with the nominal
V sampleg only marginally affects the WL transition ener- sample temperature of 190 K. Obviously, at this temperature,
gies. Thus, the variation of the QD ground state transitiorinelastic phonon scattering is much faster than recombination

A. Temperature-dependent PLE
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FIG. 3. PLE spectra of the V300 sample at various temperatures
as a function of the excess excitation energy. The PLE spectra have
been recorded on the temperature-dependent PL maximum.

FIG. 2. (a) PL and PLE spectra of the V300 sample at 190 K.
The dashed spectrum shows the nonresonantly excited PL and solid

lines show anti-Stokes PL and PLE spectra excited and detected
respectively, at the maximum of the inhomogeneous PL peak
(0.990 eV. (b) Intensity ratio of the resonant PL and PLE spectra
shown in(a). The dashed line shows a Boltzmann fit yielding an
exciton temperature of (12510) K in the QD’s. The combined
experimental resolution is shown in the lower left cornefaf

establishing an equilibrium distribution of excitons in the
QD'’s, which is the precondition for PLE spectra to mirror
the absorption spectrum. Note that Fig. 2 demonstrates tng
perfect match AE<1 meV) of the ground state absorption

B. Size-dependent PLE

' Figure 4 compares PLE spectra for some of the investi-
gated samples detected near the maximum of the respective
ground state PL peak. The spectra are normalized and the
energy axis refers to the respective detection energy, thus
showing theexcessexcitation energyAE=Eg— Ege. The

PLE spectra of the different samples are qualitatively similar.

and emission energies in self-organized InAs/GaAs QD’s
and, thus, the intrinsic nature of the exciton recombination in

the coherent islands.

Carrier relaxation by inelastic phonon scattering is char-
acterized by a temperature-dependent relaxation Véig
~[ng(T)+1], with ng being the Bose function describing
the thermal population of phonon modes. The probability of
inelastic phonon scattering processes decreases at lower
temperature&® possibly restricting exciton relaxation at lig-
uid He temperatures. Such restricted exciton relaxation
would inevitably alter the shape of the PLE spectra when the
sample temperature changes. This effect is, howexiQb-
served here, as can be seen in Fig. 3 which shows PLE spec-
tra of sample V300 measured at various temperatures for the
respective PL maximum. The shape of the near-resonant ex-
citation is practically unchanged between 5 and 250 K, sug-
gesting exciton scattering between the different localized
states in the QD to be faster than radiative and nonradiative
recombination processes also at low temperatures. The de-

creasing relative excitation efficiency facE>200 meV at

Normalized Intensity (arb. units)

The PLE efficiency is very weak fokE<40 meV. Never-
theless, two weak resonances -a22 and ~34 meV are
clearly resolved in the PLE spectfsee Fig. 1 and Fig. 2 for
garithmic plots. The latter resonance is found in all

InAs/GaAs QDs
T=7K

I ()~5chm'2
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V200
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FIG. 4. Normalized PLE spectra of InAs/GaAs QD'’s for some

the highest sample temperatures is attributed to thermal egf the investigated samples as a function of the excess excitation

cape of carriers from excited QD staf@$? Hence, low-

energy AE=Eq—Ege). The spectra have been detected near the

temperature PLE spectroscopy is indeed an appropriate sizgraximum of the respective ground state PL. The various excitation
selective probe of the excited state absorption spectrum @ésonances have FWHM:s10 meV, which are not limited by the
the QD’s in the investigated samples.

experimental resolutiof<4 meV).
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FIG. 5. Normalized PLE spectra of the V300 sample taken at FIG. 6. Contour plots of the PLE intensity in the samples

T=7K. The detection energy has been varied in 5 nm steps be\'/174 and(b) V300 as a function of the detection energy and the

tween 1.012 and 1.088 eV. The dots mark the excitation resonances o - . LT
. N eéxcess excitation energyE = E.,.— Eg4. The intensity is given on
summarized in Fig. 7.

a logarithmic scale with the contour lines separated by a factor of

1.25.
samples, and attributed to LO-phonon-assisted generation of

excitons in the QD ground staté.At higher energies two . _ . .
pairs of excitation resonances are observed with componenf@iC Scale in a contour plot as a function of the detection
at ~60 and~85 meV as well as~135 and~170 meV, energ_yEdet and the excess excitation em_arg)_E. The re-
respectively, marked by the gray fields in Fig. 4. Additional spective PL_maX|ma for _nonresonant exmtatlon are mark_ed
but less modulated resonances are observed at higher enf). the vertical dotted lines. The quantum-size effect is
gies for the larger QD’§V200 and V300 providing suffi-  clearly observable for sample V3Q8ig. 6(b)] but is negli-
cient exciton localization. The FWHM of the excitation reso- gible for sample V174Fig. 6@]. Note that for the V300
nances increases with increasiag, which is attributed to sample the dominant excitation resonance, observed at ex-
an increasing sensitivity of the higher excited states to shapeess energieAE between 65 and 90 meV, is most intense in
and composition fluctuations of the islarfds. the energy gap between the two- and three-LO-phonon pro-
The PLE spectra of the different samples reveal a trendesses observed earlférsupporting the identification of the
for the excited state resonance energies to decrease with dexcitation resonances with excited state transitions.
creasing detection energy, i.e., increasing average QD size Figure 7 compiles the excess excitation energies observed
(Fig. 4). The average shape and composition of the islandfor the dominant PLE resonancésarked by solid dots in
might, however, vary from sample to sample. PLE experi-Fig. 5 in some of the investigated samples. The most intense
ments allow, on the other hand, investigation of theexcitation resonances appear around excess enek@iesf
guantum-size effect of the excited state spectrunsiimilar ~ ~80, ~160, and~240 meV, roughly corresponding to the
QD’s in one sample by stepping a narrow detection windowexcited state transitions observed in inhomogeneously broad-
across the inhomogeneously broadened PL peak. In this caseed high-density PL(compare with Fig. 1 Additional
the probed QD subensembles might be assumed to vary imeaker resonances are resolved-a2, ~60, ~110, ~130,
average size for similar shape and composition propertieand ~190 meV. Line shape fits to the PLE spectra show
Figure 5 shows for sample V300 a series of normalized PLEadditional substructures for some of the resonances which
spectra &7 K for detection energies varied in 5 nm stepshas been omitted in Fig. 7 for the sake of clarity. The excited
from 1.012 to 1.088 eV. The excess enefyy of the vari-  state transition spectrum of the QD’s is, therefore, denser
ous PLE resonances increases$9 to ~26 meV with in-  than expected from the inhomogeneously broadened PL
creasing detection energy, i.e., decreasing QD size, maintaiispectra. Figure 8 depicts for some resonances in the V300
ing the general shape of the PLE spectra. sample the change &E as a function of the detection en-
Figure 6 compares the results of PLE measurements oargy with respect to that observed for a detection energy of
two samples grown with a 1.74 ML seed layer and different1.029 eV, close to the maximum of the PL peak. The slopes
InAs depositions in the optically active second layef74  are clearly different, demonstrating their different electronic
and V300. The PLE intensity &7 K is given on a logarith-  origin. The size-selective PLE spectra demonstrate unam-
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The evolution of the excited state spectrum shown in Fig. 7

M0 most likely depends on both the quantsmeeffect and on
changes in the average island shape and, perhaps,
210 compositiont® Hence the following discussion is restricted
to the samples with 3.00 ML InAs deposition, providing the
180 | largest QD’s and showing a clear quantum-size effect.
—~ 150 |- a . 443 2 0u,4., ] IV. PREDICTED ABSORPTION SPECTRA
> | /gw‘ 14L0 . _ :
E ol Nxmana i The shape and composition of islands formed in the
presddingt. 1 Stranski-Krastanow growth mode are still a controversial
& 90 [ s _gg::::!fii M topic in literature, especially in the case of overgrown struc-
[ . - ] tures for which In segregation and interdiffusion might occur
S ¥ ccsa ot e s e ) s} during the growth of the cap layer. Such discrepancies reflect
60 - o " TRt on the one hand the different growth conditions modifying
| ] the surface kinetics, and on the other hand the present limi-
30 [ e J1LO tations of commonly available structural characterization
I : ggg ; zggg ] techniques. The lack of detailed information on the structural
N T TR TR T R parameters of the islands and, equally important, on their

1.00 1.05 1.10

1.15 1.20 125

E (V)

‘ground

statistical distribution, is still a severe barrier fiilly justi-
fied comparisons with detailed model calculations.
For the investigated samples, special attention has been

FIG. 7. Peak energies of the excitation resonances observed fgaid to the growth of the GaAs cap layer in order to mini-
the investigated samples. The dotted lines indicate the LO-phonomize the effects of segregation and interdiffusion. The InAs

ladder(Ref.

39.

islands were capped at a low substrate temperature of 400 °C
using migration enhanced epitaxy, providing high-quality

biguously the quantum-size effect for large self-organizedSaAs at such low temperatute The combination of AFM
InAs/GaAs QD’s with ground state transition energies belowand cross-sectional TEM results on an equivalent uncapped

~1.1leV.

For the smaller QD’s E4=1.1eV) the excitation reso-

V300 sample indicates islands with average base lehgth
~19nm and an aspect ratio suggesth@1} side facets. The

nances ardess dependent on the detection energy. Partlyexperimental results might therefore be compared to calcula-
even a reversed size dependence, i.e., an increasing excéofis assuming ideal pyramidal InAs/GaAs QD’s w{tt01;
excitation energy with increasing QD size, is observed. Preside facets available in the literatufie?’

vious results for stacked QD’s suggest that the observation of The following discussion is based on the eight-b&ng

a quantum-size dependence requires highly uniform GP’s. calculations of the single-particle level structure reported by

Stier, Grundmann, and BimbeffCoherently strained InAs/
GaAs pyramids with base lengtlisbetween 10.2 and 20.4

2 A ' nm were treated based on experimental values for the re-
30 -E, quired bulk materiall’-point band structure parameter§ (
B =6.5K). For a comparison with the optical spectra probing
Z correlated electron-holéexciton states in the QD’s these
S ok g E, ~1.029¢V 2y calculations are extended here to include Coulomb effects on
g = PR ‘,-*:‘“' the entire absorption spectrum rather than the ground state
= 0 GOAE (mgj’) 180 ,«fﬂ‘ v Ty transition only. For the sake of clarity we neglect the ex-
& PY = badhf change interaction: The exciton fine structure caused by the
= 10} InAs/GaAs QDs ,’2‘/ oo”® exchange interaction is at least one order of magnitude
o ¥, e
< V300 o 0 smaller than the experimental resolution of the PLE
@ i T=7K e AL experiments? The calculation of the exciton states is based
'l,... p .
< Y on a multiconfiguration interaction scheme using the set of
0 1o all available single-particle eigenstates, as described in Ap-
ehasXA .
L A s pendix A.
a2t v/;’ The calculations predict ten bound conduction b&DB)
10k L ¢ | . \ and at least eight bound valence bdk) states in an InAs

1.00

1.04

1.08

1.12

pyramid withb= 17 nm?>! each of which is only spin degen-
erate. The low confinement symmetigleally C,, due to the

Detection Energy (V) atomistic properties and the piezoelectric effert such

FIG. 8. Change oAE of the excitation resonances as a function QD’S has severe consequences on the electronic eigenstates
of the detection energy for the V300 sample. The values are give@Nd on the observable optical transitions: Aopital degen-
with respect to the energies observed detecting at 1.029 eV. Theracy of bound states is removed and, in principle, transitions
inset shows the PLE spectrum detected at 1.029 eV together withetween all VB and all CB states are allowed, providing for
the symbols used in the main part of the figure. complex absorption spectra. However, only a limited number
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FIG. 9. Abgorptlon spe(_:tra calculated fpr an In_As pyra_ntnd ( 1.00 1.05 110 115 1.20
=17 nm) (a) with and (b) without Coulomb interaction. An inho- E V)
mogeneous broadening of 7 meV FWHM was assumed. Note that gound \©

the energy scales dfa) and (b) are shifted by the ground state

exciton binding energEd" of 17.3 meV. FIG. 10. Peak energies of the excitation resonances of the QD

ground state PL in the 3.00 ML samplé3300 and V300 Lines

of transitions has sufficient oscillator strength to be observefPresent resuits of eight-bakep calculations for pyramidal InAs/
C§‘aAs QD’s with{101} side facets. Thick lines correspond to tran-

in, e.g., PLE experiments, as can be seen in Fig. 9. Figures: : X
9(a) and 9b) depict predicted exciton and single-particle ab'zltl?:?rg:tsri]tiga Ie_l_isi:] ::-i(r):e/os (;fhg\',(: vszzif:?:aitsrﬁirc‘)%g of the ground
sorption spectra assuming an inhomogeneous broadening 0 ' '
7 meV. The Coulomb interaction, being characteristic for . .
each combination of an electron and hole state, leads to 32Nt envelope function’s nodal surfaces tangential to one of
low-energy shift of the whole absorption spectrum by abouthe three basic symmetry planes of the Q10), (110,
one exciton binding energy, slightly modifying the energyand (001)] may, however, be used for labeling purpoées.
separations and the respective transition probabilities. Such labeling works for the lowest QD states but tends to fail
The predicted absorption spectra in Fig. 9 demonstrate th€r highly excited VB states, where the enhanced band mix-
difference between all-numerical calculations for strainednd completely smears out the nodal surfaces in the probabil-
low-symmetry QD’s and the equally spaced transitions exity density.
pected from harmonic oscillator models: A host of absorp-
tion lines is predicted rather than single distinct transition_s to V. DISCUSSION
be labeled by one common quantum number for multiply
degenerate CB and VB states. The transitions form, however, In order to gain more insight into the electronic origin of
groupswhich can be related to the quantum numbers of CBthe transitions observed in PLE spectra we compare in Fig.
state§ compare Fig. 1@a)], owing to the facts that the level 10 the experimental results for the samples grown with 3.00
separations of the electrons are up~t@8 times larger than ML InAs deposition to the eight-bankl- p calculations for
those of the holes and that ti@, splitting of the electron ideal InAs pyramids. Thick solid lines represent calculated
levels is small compared to the quantization energies. In cortransitions having at least 10% of the maximum intensity.
trast, the hole states can no longer be traced back to fictitioukhin dotted lines show the remaining weaker transitions. The
two-dimensional harmonic oscillator states. predictions are in qualitative agreement with the experimen-
The physical reason for the lack of elementary dipole setal observations in case of the larger islanlg(=1.1eV),
lection rules and the nontrivial polarization properties of di-predicting excited state absorption in the energy region for
pole transitions are strongand mixingeffects which are which PLE spectra show excitation resonances. The pre-
caused by the confinement in general and enhanced by itlicted level separations for a given ground state transition
high dimension and low symmetry, and by strain effects. TheenergyE . are, however, systematically larger than experi-
majority of zero-dimensional hole states cannot be properlynentally observed.
classified as “light” or “heavy” which also causes the loss  Indeed for a given pyramid base length the calculations
of parity. For a pyramidal InAs/GaAs QD only the index predict the ground state transition energd0 meV below
of each state, obtained by sorting all states by their energiethe experimental valu¥. Possible origins for this discrep-
remains a good quantum number. The number of the domiancy will be discussed in more detail below. Taking the
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fusion decreases the confinement depth and increases the ef-

(a) , b=17nm, Egr=1'0256V fective QD size, which elevates the exciton ground state en-
n=1 ergy and reduces the excited state separation, respectively.
| =2 s The applicability of the eight-bankl- p calculations to the
n=0’ n=3 interpretation of experimental results for self-organized

INAs/GaAs QD'’s is also supported by recent investigations
of the polar exciton-LO-phonon couplidg. The polar
exciton-LO-phonon coupling depends sensitively on the ac-
tual electron and hole part of the exciton wave function,
making the coupling strength a probe of the three-
dimensional shape of the confinement potential, e.g., of the
C,, contribution. The experimentally observed coupling
InAs/GaAs QDs strength is well described by the eight-bdng calculations
V300 for {101} faceted pyramidal InAs/GaAs QD’s including the
piezoelectric effect, thus indicating that the assumed ideal
island shape and composition are reasonable approximations
for the investigated QD's.

Another equally important test for the material parameters
used in the model calculations is the splitting of the exciton

Intensity (arb. units)
~~
o
N

B ——E, =1.025¢V localization energy between the CB and VB, i.e., the single-

Y [ O — E =1.069eV particle level positions with respect to the barri@aAs
Y T band edges. Such information is only indirectly accessible in
0 50 100 150 200 250 optical spectroscopy of exciton transitions but can be derived
from capacitance spectroscopy. Recent investigations of
AE = Eexc - Edet (meV) electron and hole localization energies in self-organized

INAs/GaAs QD’s by deep level transient spectroscopy were

FIG. 11. Comparison between calculated absorption and experfound in good agreement with predictions, supporting the
mental PLE spectra(@) Calculated transitions are represented by presentk-p model to provide a good approximation to the
bars with a height corresponding to the relative oscillator strengttelectronic structure of such QD®%:>®
for b=17nm. (b) PLE spectra of sample V300 for detection ener-  Figures 10 and 11 allow for a tentative assignment of the
gies of 1.025 eV, corresponding to tbalculatedground state tran- - ghserved excitation resonances to single-exciton transitions
sition energy forbo=17 nm, and of 1.069 eV, for which the esti- phased on their energy and relative intensity. The
mated'base length 6f17 nm corresponds to that of the calculated temperature-dependent resuli&gs. 2 and 3 show that the
pyramid. luminescence detected in the PLE experiments originates

pyramid base length as reference, i.e., addingd meV to from the ground state exciton recombination. As outlined in
the calculated ground state transition energy, would signifit® Appendix, the exciton transitions may still be classified
cantly improve the agreement of the predicted excited statBY the dominating single-particle contributions, which are
transition spectrum to the experimental data in Fig. 10. AC000 and [VO0Q, for the ground state. Corresponding
more detailed comparison is given in Fig. 11. Figuréall |der_1t|f|cat|on of the_ dorr_una_nt contrlbutlor)s_ to the _excned
depicts the calculated single-exciton absorption spectrum fdfXciton states are given in Fig. (Bl for transitions having at
b=17 nm, whereby each transition is represented by a bdpast 10% of the |_nten3|ty of the oscillator strength of the
with a length corresponding to its relative oscillator strength 9round state transition.

The agreement with PLE spectra detected at the predicted A comparison of Figs. 1& and 11b) suggests that the
ground state transition energy of 1.025 eV is only qualitative®XCitation resonance at22 meV, exhibiting a slight blue-
[solid spectrum in Fig. 1(b)]. Better agreement is, however, shift with decreasing QD sizéFig. 10, corresponds to the
found for PLE spectra detected at 1.069 fdashed spec- exciton transition involvingC000 and the second excited

trum in Fig. 11b)] for which the estimated QD base length VB state|V020), which has two “nodes” in thg110] di-
of ~17 nm(Ref. 41 matches thaizeof the calculated pyra- rection. The resonances between 50 and 120 meV are attrib-

mid. uted to transitions from different VB states to the lowest

In view of the uncertainties regarding the actual islandexcited CB statesC100) and [C010), being split by the
shape and composition in the samples, as well as some of ti%eo-POtential contribution. Figure 12 depicts the energy dif-
material parameters entering the calculations, the agreemel§ence between th€100)-|V110 and|C010-[V110 ex-
is fairly remarkable. The discrepancy between the experig'ton transitions as a functlon of the ground state transition
mental and calculated ground state transition energy could B&"€rgy- The splitting increases with increasing QD size in
improved by including the nonlinear strain dependence ofontrast to the expected quantum-size effect. Indeed, such an
the bulk band gap or using bulk bandstructure parameters, inverse” size dependence is expected from the piezoelec-
which rather approximate the relevant ndapoint part of ~ ric contribution to theC,, potential. The eight-band-p
the Brillouin zone than thd point itself. However, doing ~Calculations(open circles predict the correct slope of the
such adjustments based on the experimental results would [$®!itting but underestimate the magnitude. The asymmetry
speculative at the present state. For examiplerdiffusion  due to the atomistic inequivalence of the @)land (110
might contribute to the observed discrepancies too: Interdifdirections as well as the underestimation of the ground state
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[ 2 V300 energy, when the transition energy approaches that qf the
35 ® V174 2 WL (Fig. 7). Coulomb interaction between carriers localized
: V200 £ in the QD’s and their two-dimensional opposite in the WL
o0 2 results in localized exciton states. Pinning of the energy of
30 ¢ V30 . ; X
v Vo & the two-dimensional carrier to the WL would then force an
05 ! AE inverse size dependence of the optical transition energy for a
~ * - . 20 90 100 110 certain detection energy range. Unfortunately, our calcula-
2 [ 5‘0 AE (meV) tions do not account for interactions between localized and
E 20 Py \ x v two-dimensional carriers.
= o, gw"wvx The above discussion of the optical properties of self-
ﬂ 15 o.M 2 %X, Banes 4 , organized InAs/GaAs QD'’s based on the eight-blng (en-
i e s ® velope function method demonstrates a reasonable predict-
o o . A - g .
10 calculation ing capability of the model, concerning both the energy and
- wave function of the localized states for a given lateral QD
5 InAs/GaAs QDs size. The applicability of envelope function theory to such
L T=7K small strained QD’s has, however, been questioned,
0 L L L L ! recently?’ Indeed, significantly different electronic and opti-
100 105 110 115 120 cal properties have been predicted for pyramidal InAs/GaAs
Energy (eV) QD’s based on atomistic empirical pseudopoter(f&®) cal-
- culations. Exciton ground state energies between 1.28 and
FIG. 12. Energy spliting of the[C100-|V110) and 100 eV have been obtained for QD base lengths sh4

|C01Q>_-|V110> exciton tr_ansitions as a function of the ground state <9 nm2’” whereas ourk- p calculations require twice as
transition energy. The inset depicts the corresponding exutatmrparge pyramids (8&b<18nm) 26 Additionally, the EP cal-
resonances for the V300 sample. culations predict for a given ground state transition energy
transition energy might account for the remaining higher excess energieskE for the excited state transitions.
discrepancy®?’ These significant differences can to a large extent be attrib-
The resonances in th&E range between 130 and 210 _uted to the diffelrenbulk band-structure propertiesssumed
meV are attributed to transitions from the000), [V020), i both calculation$®*’ The EP calculations use “close to
and|V300) hole states to the generically degenerate state@b initio” pseudopotentials apd material parameters derived
|C200), |C020), and |C110). Theseline groupsapproxi- fro_m corrected LDA cglculatlon%?, whereas the - p calqu—
mately resemble the quantized levels of the two-dimensiondftions employ experimental parameters for thepoint
harmonic oscillatolabeledn=0,1,2 . . .) being ideally f band-structure propertl.ég.Tge; consequences of '.[h_e funda-
+1)-fold degeneraténeglecting spin In fact, the given as- mer_ltalk- p ap_proxmatlon%ﬁ* are presently neghg.lble. for
signment captures only thmain contributions to the various the mterpretatlon of our experlmental results, con5|der.|ng the
transitions. As is obvious from Fig. 1) a much richer fine relatively large size of the mvestlg_ated QD_’s and the limited
structure is predicted, which for the present samples is, howdccuracy of both the structural information and the bulk
ever, still masked by inhomogeneous broadening. The larg@@nd-structure properties.
FWHM (>10 meV, attributed to shape and/or composition
fluctuation$ of the PLE resonances renders a more detailed
identification meaningless. Finally, Fig. 11 suggests that the
fading fine structure of the PLE spectra with increasixig For a series of high-quality InAs/GaAs QD samples the
is due to the increasing density of exciton transitions, whictexcited state transition spectrum was investigated in PLE
makes it harder to resolve individual transitions. spectroscopy as a function of the ground state transition en-
As already observed, the calculations fail to explain theergy. Temperature-dependent measurements demonstrate for
PLE spectra of the smaller QD'sE(=1.1€eV). The ob- the larger QD’s with a ground state transition energy below
served energy separations are significantly smaller than pre-1.1 eV that the observed excitation resonances represent
dicted and seemingly lack any size dependeffiég. 7). On  the absorption spectrum of a subset of similar QD’s having
the one hand, the limitations & p theory to describe the the same ground state transition energy. The PLE spectra
band structure for largé vectors might cause significant reveal a complex excited state transition spectrum and dem-
overconfinement for highly excited states or small QD’s. Ononstrate the quantum-size effect of the latter. Energy shifts of
the other hand, the excitation resonances at large detecti@xcitation resonances of up to30 meV are observed in a
energies seem to assume a ladder corresponding to multiplegigle sample. A detailed comparison with eight-bdng
of LO-phonon energiegFig. 7). A possible explanation calculations for{101} facetted pyramidal InAs/GaAs QD’s
might be slower relaxation and more efficient interactionshows good qualitative agreement, enabling a tentative as-
with nonradiative recombination centers in the barrier for thesignment of the excitation resonances. An increasing devia-
smaller QD's®® Additionally, less structural information ex- tion between the predicted and observed optical properties
ists for the smaller islands, and shape and compositiofor smaller QD’s is attributed to an increasing discrepancy
changege.g., due to interdiffusionare expected to play a between the assumed and actual structural properties of the
more important role for smaller QD’s. QD’s and the barrier as well as to neglecting localized wet-
Finally, the higher excited resonances show an inverséing layer states in the calculations.
size dependence, i.\E decreases with increasing detection  The experimental investigation of the excited state transi-

VI. CONCLUSIONS
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tion spectrum of self-organized InAs/GaAs QD's demon- p[moﬁ(l.oyo)'pff,(i), p[om]:(O,lyO)'PEf,(i), i=1,2,3,4.
strates the importance of the actual structural properties of (A7)
such overgrown islands. Model calculations based on the

eight-bandk - p method, which take into account the piezo- | is proportional to the intensity forL00] polarized excita-
electric effect, provide a far reaching understanding of thion due to the equivalence of th&00] and[010] directions

electronic properties of such low-symmetry strained QD’s. in [100] oriented pyramidal QD's.
The expansion coefficients,, in Eq. (A1) of all exciton
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diagonalization of the exciton Hamiltoniah™ over the en-
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Sonderforschungsbereich 296. Parts of the band structure HY=H.—H,— drreg €(ToiTy) [To—T,| (A8)
calculation were performed on the Cray T3E-1200LC136/ v ’
900LC272 of Konrad-Zuse-Zentrumrfinformationstechnik HO (&) ni = EX(Eapni (A9)

Berlin.
whereH is the single-particle Hamiltonian from E¢L2) in
APPENDIX: CALCULATION OF EXCITON SPECTRA Ref. 26,e the electron charge, the vacuum permittivitye,
. . . . the dielectric function of the heterostructurethe position
The sm_gle-exut(_)n spectree.g., Fig. Qa)_] are derlved_ operator, ancE™ the excitonic recombination energy. The
from the single-particle spectra calculated in Ref. 26 treatmgsubscriptsc andv denote that the respective operator acts

the electrosta_tlc attractlon ina mult|c_onf|gurat|on mteractlonOnly on the CB or VB part, respectively, of the exciton wave
approach taking correlation effects into account. The Coufunction Eq.(AL). The matrix elements dfi® are

lomb interaction between the electron and hole forming an
exciton is calculated using a nonseparable variation ansatz, (x) —[E©—EW)15,.5
for the exciton wave functionl? ™). The latter is expanded 2Pk~ t—a  =b 17ajbk

into a cartesian product basis built from all available 0D g2 (o) (O (0)
electron @(®)) and hole states¥(*)): T dmeg) Va o e (rat)[fet)] Vi),
A10
VO=3 WPy, (A1) A
a,b

whereE(® (E{") is the eigenvalue oH belonging tow (")
(w()y, i.e., the single electrothole) energy. In the case of
p0=> & pas. (A2)  the pyramid withb=17 nm the dimension dfi®) is 320, so
ab that 51 360 potentially different matrix elements need to be
1 . . .
p™) is the dipole term of the absorption due to generation ofalculated” Although, in our case, since spin degeneracy

¥ andp,, are the dipole matrix elements of the hypotheti- yields a r.edug:tion It Is not re-commendec.i to eyaluate E_q.
cal singlep-apbarticle gen?erations given by Eg8) in Re¥.p26. (A10) as is, since the calculation of the sixfold integrals is

Thus the exchange interaction is neglected, and since _dlous and does not allow for an elegant treatment of the

magnetic field is considered, each excitonic energy lgvel lelectric functione; A better way to caloulatél™® is, of
possesses a four-dimensional  orthogonal  basi§°Urse. o use Green's formula and decompose (Bfj0)

(W1, W, W, 5, W, 109, The oscillator strength of such a into a solution of the Poisson equatiofusing nested

. . 6 . .
degenerate energy level with light having an electric ﬁeldlteranr?) and a subsequent threefold integtal:
vector parallel to the unit vectd is obtained by incoherent 2

averaging over the eigenspace V[ e (r)VUO(ro)]= e ‘I’(aC)T(fc)‘I’,(C)(Fc),
€0

(A11)

1
|&-pO[2=7 (18- pR312+ [&-pgI>+ [&- pigl -+ 2 pal?)
(A3) Hgé?jk:[EfaC)_E(bv)]5aj5bk+<qu)v)|u((:)|q,f<v)> (A12)
analogous to Eq(20) in Ref. 26. In the PLE experiments
unpolarized, vertically incident excitation was used, hencdthe wave function product on the right hand side of Eq.
€1 [001]. The intensityl is given by (A11) is a scalar product of two eight-dimensional vectors
Eqg. (139 in Ref. 26. Hereby the spatial variation of the di-

2m lectri leading to “image charge” effects, is
L electric constang, , leading g g ,
| fo |Pr10g.COSS + Pro1gSin ¢|“d b (A4) fully taken into account® and the possibility to lift the time-
reversal degeneracy by the exchange interaction or magnetic
_ 77(|p[100]|2+|p[010]|2) (A5) fields is left open.

As the approach outlined here is the natural continuation
(A6)  Of the eight-banck-p single-particle calculatior it has
three advantages$a) It is accuratein the sense that it makes
with full use of all available informatiofisee also the discussion

= 2| p10g|?
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of Eq.(18) in Ref. 2. (b) It performs rapidly (c) It requires
no intuition, e.g., to find an appropriate variational ansatz.
SinceH™ in Eq. (A9) is not diagonal most of its eigen-
vectors €,p)ni Mix several different electrofe) and hole
(b) states into each exciton wave functigfy) in Eq. (A1).
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However, in most cases one componénb) dominates the
degenerate exciton stape, i) for all i. Hence, the exciton
states|n) can still be classified by the dominant G& and
VB |b) contributions, thus considering the Coulomb force an
energeticcorrection only, see Fig. 9.
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