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PAPER
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Abstract
High symmetry epitaxial quantumdots (QDs)with three ormore symmetry planes provide a very
promising route for the generation of entangled photons for quantum information applications. The
great challenge to fabricate nanoscopic high symmetryQDs is further complicated by the lack of
structural characterization techniques able to resolve small symmetry breaking. In this work, we
present an approach for identifying and analyzing the signatures of symmetry breaking in the optical
spectra ofQDs. Exciton complexes in InGaAs/AlGaAsQDs grown along the [111]B crystalline axis in
inverted tetrahedral pyramids are studied by polarization resolved photoluminescence spectroscopy
combinedwith lattice temperature dependence, excitation power dependence and temporal photon
correlationmeasurements. By combining such a systematic experimental approachwith a simple
theoretical approach based on a point-group symmetry analysis of the polarized emission patterns of
each exciton complex, we demonstrate that it is possible to achieve a strict and coherent identification
of all the observable spectral patterns of numerous exciton complexes and a quantitative
determination of the fine structure splittings of their quantum states. This analysis is found to be
particularly powerful for selectingQDswith the highest degree of symmetry (C3v and D h3 ) for
potential applications of theseQDs as polarization entangled photon sources.We exhibit the optical
spectrawhen evolving towards asymmetrical QDs, and show the higher sensitivity of certain exciton
complexes to symmetry breaking.

1. Introduction

Epitaxial semiconductor quantumdots (QDs) that trap and confine electrons and holes on a nanoscopic length
scale have been a subject of investigation formore than two decades. Recent research onQDs is focused towards
their application as quantum light emitters in the area of optical quantum communication and information
processing [1]. In particular, QDs have proven to be excellent emitters of single and time-correlated photons
[2, 3]. Currently there is a significant effort to develop reliableQD-based emitters of entangled photons [4–7], to
integrateQDswith photonics cavities andwaveguides [8] and to coherentlymanipulate the quantum states of
QDs [9]. A detailed understanding about the optical properties ofQDs and their electronic structure is of utmost
importance for this development.

Themost widely studiedQDs are so far strained In(Ga)As dots formed in the Stranski–Krastanov (SK)
growthmode on (001)GaAs substrates. Numerous and detailed spectroscopy studies on theseQDs addressing
interband transitions have been published. A particular focus has been devoted to the excitonfine structure
[10, 11], since it can be detrimental to the generation of polarization entangled photons in biexciton–exciton
cascade decay [5, 6]. Due to the prediction of vanishing fine structure splitting for symmetricQDs grown in the
[111] direction [12, 13], due to the effect of three instead of two [14] symmetry planes for suchQDs, there has
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been a growing interest in alternativeQD systems. Some alternativeQD systems are based on nano-wire
heterostructures [15], droplet epitaxy [16] and growth on non-planar substrates [17]. In contrast to SKQDs, for
which the formationmechanism relies on significant latticemismatch between the substrate and the dot
material, other approaches of fabrication can result inQDswith little or no strain. Themain optical and
electronic properties of disc-like and strongly strained SKQDs can be fairly well understood bymodels
neglecting light-holes [10], so that sophisticated valence bandmixingmodels are essentially required only for a
full analysis of their polarization properties [11, 18]. However, light-holes and valence bandmixing strongly
influencemany aspects of the optical properties in alternative quantumdots. Such systems have revealed novel
magneto-optical phenomena, such asmagnetic field induced holemixing [19, 20] and asymmetry sensitive g-
factors [21]. Their high symmetry furthermakes themhighly attractive for implementing optical spin-based
qubit gates [21].

The purpose of this article is to present a complete analysis of the intrinsic spectral features of InGaAsQDs
grown in inverted tetrahedralmicropyramids etched into (111)BGaAs substrates [17]. Unlike typical SKQDs,
these pyramidalQDs exhibit a significant degree of valence bandmixing [12, 22]. TheQDs in this study are of
high technological and scientific interest as they ideally possess highC3v symmetry and currently are the only
systemproviding a high density of emitters of polarization entangled photons [7, 12].Moreover, the pyramidal
QDs are site-controlledwith extreme dot-to-dot uniformity in the spectral features [23–26], enabling rigorous
analysis of very complex optical spectra, including the spectral patterns ofQDswith various degrees of symmetry
breaking. Our general experimental and theoretical approach [12, 27] is here expandedwith full coherence to a
great variety of exciton complexes, without the need to introduce amore complexmodel.

For the analysis presented in this work, first the relevant carrier states are identified, followed by careful
identification of a total of eleven exciton complexes, exhibitingmore than thirty emission lines. A combination
of experimentalmethods is presented to rigorously identify the exciton complexes withminimal theoretical
input andwithout any numericalmodelling.We demonstrate that the approach allows a confident
identification of all emission lines aswell as strict prediction ofmissing emission lines hidden due to spectral
overlapwith other high intensity components. Thereafter, the observed dot-to-dot variation of the direct
Coulomb interactions is qualitatively discussed, followed by a detailed analysis of the polarized fine structure
patterns of all the identified exciton complexes. This analysis is based on symmetry arguments given by group
theory alone and some general knowledge about the electronic structure of theQDs, and it enables extraction of
all the relevant electron–hole and hole–hole exchange interaction energies from the experimental spectroscopic
data. Finally, the effects of symmetry breaking are analyzed in terms of degeneracy lifting and relaxed optical
selection rules.Most importantly, the spectral signatures of high symmetryQDs are identified. Themethods
presented in this work are general and they should be applicable to anyQD system, and, in particular, the group
theory approach for analyzing thefine structure patterns is very effective when dealingwith high symmetryQDs.

2. Experimental details

The experiments were performed on hexagonal arrays ofQDs fabricated by low-pressure organometallic
chemical vapor deposition (OMCVD) in tetrahedral recesses patternedwith 5μmpitch on a ◦2 -off GaAs (111)B
substrate [17]. ThinQDs self-formdue to growth anisotropy and capillarity effects [28, 29] from a nominally 0.5
nm thick In Ga As0.10 0.90 layer at the center of the pyramids, sandwiched between Al0.30Ga As0.70 barriers. The
actual Al concentration in the barriers surrounding theQDbecomes, however, reduced due to alloy segregation;
a vertical quantumwire (VQWR) of nearly pureGaAs is formed along the vertical axis of the pyramid,
intersecting theQD, and three vertical quantumwells with 20%Al concentration are connected to theQD and
VQWR [22, 30]. Individual QDswere excited non-resonantly by a laser spot size of 1μmwith the power in the
range 25–750 nWandwavelength 532 nm. The sample was placed in a cold finger cryostat and kept at a constant
temperature chosen in the range of 10–30 K. The singleQDphotoluminescence (PL)was split 50/50 and
transferred to the entrance slits of twomonochromators and recorded by either a charge-coupled device (CCD)
or by avalanche photo diodes (APD), with the spectral resolution set to 110μeV. The twoAPDs, operating in
single-photon countingmode, terminated the two arms in aHanbury Brown andTwiss setup and generated the
start and stop signals for temporal single photon-correlation spectroscopy. The optical linear polarization of the
luminescencewas analyzed by a rotatable l 2-plate and afixed linear polarizer placed in the signal path in front
of the entrance slit of themonochromator. The contrast in the polarizationmeasurements was about 50:1.

TheQDswere investigated both in the standard top-view geometry, with the luminescence extracted along
the growth axis [111]B (z), enabling polarization analysis in the perpendicular xy-plane, and in a side-view
geometrywith the light extracted along [ ¯110] (x) and the polarization analyzed in the yz-plane. For the
measurements in side-view geometry, the samples were cleaved along [ ¯112] (y) and theQDs in partially cleaved
pyramids were investigated [31]. A smallmisalignment of theQDarray with respect to the y-axis resulted in a
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linear variation of the dot-to-edge distance along the cleaved edge. Thus, some pyramids were cleaved near their
centers, close to the dots, while other pyramids were cleaved about 1 to 2μmoff-center. The exact distance to the
cleaved edgewas notmonitored for the studiedQDs.Note that the often ignored z-polarization, only accessible
from the cleaved edge, is highly relevant for studies onQDswith valence bandmixing.Measurements in the
standard top-view geometrywere performed on other pieces of the samples which first underwent a substrate-
removal procedure called backetchingwhich resulted in freestanding pyramids with significantly improved light
extraction efficiency [32]. In total, nearly 200QDswere carefully analyzed in this study.

3. Carrier states

The side-view interband PL emission of single pyramidalQDs is rich in spectral features [12, 31]. Identification
in the various emission lines in terms of exciton complexes will be presented in the following sections. In this
section the focus is on the fact that the emission lines can be divided into two groups distinguished by their linear
polarization: group 1 corresponds to polarization vectors in the xy-plane and group 2 ismainly polarized in the
perpendicular z-direction. This is revealed in the typical side-view spectrum shown infigure 1, where also the
degree of linear polarization (P) is plotted. Note the abrupt transition in the average degree of polarization from
» +P 1 to » -P 0.6when the photon energy passes from group 1 to group 2.
The valence band eigenstates at the Brillouin zone center for typical zincblende quantumwells (QWs) can

have either of two characters of the Bloch-periodic part of thewave function, refered to as heavy- and light-holes.
In a quantumwell, the optical interband transitions between an electron in the conduction band and a heavy-
hole (hh) exhibit = +P 1,while the corresponding value is = -P 0.6 for a light-hole (lh). It is therefore natural
to refer to theQD emission lines belonging to groups 1 and 2 as well as the corresponding hole states as heavy-
hole-like and light-hole-like, respectively, although the single-particle eigenstates in aQDdonot necessarily have
pure hh or lh characters. In fact, ·k p modelling of the pyramidalQDs yields about 10% lh in the hh-like states
and about 10%hh in the lh-like states [12]. Similar toQWs are the hh-like transitions here being observedwith
lowest energy, while the lh-like transitions appear at higher energies. This indicates that the hole ground level is
hh-like and that the excited energy level is lh-like.

The relative PL intensity of the lh-like emission increases with the crystal temperatureT, as shown in
figure 2(a). AboveT= 25 K, the relative intensity of lh-like emission corresponds to an activation energy
EA=∼7 meV,which is in fair agreementwith the observed energy separation of∼ 9 meVbetween the
dominating pairs of emission lines with lh-like and hh-like polarization (see figure 2(b)). The discrepancy of
nearly 2 meV can partly be understood as different Coulomb interaction energies between the electron and a
hole either in the hh-like or in the lh-like state, as will be discussed in section 5. It can therefore be concluded that
the energy separation between the hh-like and lh-like statesmust be of a similarmagnitude (∼7 to 9 meV), and
that the energetically higher lh-like hole states essentially are thermally populated for T 25K. For <T 25K,
on the other hand, it is clear from theArrhenius plot infigure 2(b) that the intensity of the lh-like emission is
significantly stronger than expected frompurely thermal excitation. This indicates a reduced relaxation
efficiency of the holes from the lh-like state down to the hh-like. This effectmay be the result of the acoustic
phonon relaxation bottleneck, which has been predicted in zero-dimensional systemby Bockelmann and
Bastard [33], and observed subsequently in single GaAs/AlGaAsQDs byBrunner et al [34].

Figure 1.Polarization resolvedμPL spectra of a singleQDacquired from the cleaved edgewith 500 nWexcitation power atT= 27 K.
The solid (dotted) black lines indicate PL intensity Iy (Iz) linearly polarized along y (z), and the solid grey line indicates the degree of
linear polarization = - +( ) ( )P I I I I .y z y z The PL intensity is normalizedwith respect to Iy. The inset illustrates theQD and the
VQWR in a partially cleaved inverted pyramidwith the relevant crystallographic directions indicated.
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There is no spectral evidence of any additional hole level confined to theQD, besides the discussed hh- and
lh-like levels.Moreover, there are no indications of any excited electron levels in the spectra. Consequently, all
the details of the pyramidal QD spectra will in the following be analyzed on the basis of one single electron level,
one hh-like level and one lh-like level. Each level is assumed to accommodate two degenerate single particle
states due toKramers degeneracy.

4. Exciton complexes

Electrons (e) and holes (h) confined in aQDunder the influence ofmutual Coulomb interactions form a large
variety of exciton complexes. Exciton complexes have been identified and investigated for variousQD systems,
and for themostwell-studied complexes, all the electrons and holes occupy the corresponding ground state
levels, such as the single excitonX (1e1h), the biexciton 2X (2e2h), the negative trionX− (2e1h) and the positive
trionX+ (1e2h). For the pyramidalQD system, these complexes dominate the spectrameasured in the standard
top-view geometry, corresponding to the solid black line infigure 1. Their spectral identification (see the labels
infigures 1 and 2) has previously been firmly justified by temporal photon correlationmeasurements [35].

The charge state of the complexes in a pyramidalQD can conveniently be optically controlled by the
excitation power, according to an established photo-depletionmodel [36]. For themajority of the pyramidal
QDs, but not all, the dominating charge state also can be controlled by the crystal temperature [37, 38]. The
coexistence of exciton complexes with different charge states in the same spectrum is an inherent property of a
systempopulated by randomand separate processes of electron and hole captures [35, 39].

4.1. Notation
The abovementioned electron and hole levels in the pyramidalQDs enable the existence of 16 different exciton
complexes. In order to be able to address a specific complex unambiguously, we extend the standard labeling
with two subscript indices, where the first (second) index denotes the number of holes occupying the first
(second)hole level [12]. Schematic diagrams of all the possible exciton complexes together with their labels are
shown infigure 3.

The optical decay of an exciton complexwill produce different spectral outcomes depending onwhether the
recombining hole is hh-like or lh-like. For a complex involving holes in both levels, e.g. +X ,11 two different optical
transitions exists depending onwhether it is the hh-like or lh-like hole that recombines. The two possibilities will
be distinguished by a bar above the index in the label representing the energy level of the recombining hole.
Thus, for the given example, +

¯X11 indicates the recombination of the hole in the hh-like level and +
¯X11 that of the

lh-like level.

Figure 2. (a)μPL spectra of a singleQD acquired in top view at two different temperatures. The lh-like emission is enhanced by a
factor 10. (b)The ratio between the total integrated intensity of the lh-like emission lines (Ih2) and the hh-like emission lines (Ih1) is
shown by circles and the Boltzmann factor corresponding to activation energyEA= 7 meV is shown as a dashed line.
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4.2. Experimental identification
The dominating lh-like emission lines can be identified by correlating their intensities with thewell knownhh-
like emission lines ( ¯X ,10 ¯X2 ,20

-
¯X10 and

+
¯X20), as the charge population of the dot is tuned by a parameter like

excitation power or crystal temperature. Figure 4 shows spectra at different temperatures for a typicalQD,
measured from the cleaved edgewith the polarization analyzer in an intermediate position transmitting both
hh-like and the lh-like emission lines with comparable intensities [38]. It is clear that the left part of the spectrum
for thisQD, corresponding to hh-like transitions, undergoes dramatic changes with the temperature: as the
temperature is increased the average charge state of the dot successively changes frommainly positive, indicated
by the strong intensity of +

¯X ,20 to largely negative with the intensity of -
¯X10 becoming dominant. The full

temperature evolutions of -
¯X10 and

+
¯X20 are plotted infigure 5(a). Emission lineswith temperature dependencies

very similar to -
¯X10 or

+
¯X20 can also be identified in the right lh-like part of the spectrum, as shown by the single

line denoted LH− and by the group of lines denoted LH+ infigures 4 and 5(b). This suggests that LH− originates
from a negatively charged complex, while the group LH+ is related to one or several positively charged
complexes. Note that the unique temperature dependence of the hh-like emission lines ¯X10 and ¯X2 ,20

originating fromneutral complexes, is also reproduced for some of the lh-like emission lines, denoted LH1
0 and

LH2
0 infigures 4 and 5.
According tofigure 3, there is only oneway to form a negative trionwith lh-like emission lines, -

¯X ,01 for the
investigated shallow-potential pyramidal QDs.Hence, the single emission line LH− is identified as -

¯X .01

The intensity of LH+ is the only part of the lh-like emission that correlates well with the intensity of the
positive trion.However, there are twoways inwhich trionswith lh-like emission can be generated, either by +

¯X02

or by +
¯X11 (seefigure 3). The former case requires two excited holes, while only one hole is excited for +

¯X .11 It can
therefore be argued that +

¯X ,11 and not +
¯X ,02 should dominate the spectra, since the temperatures used in these

experiments correspond to a thermal energy of 1–2 meV, which ismuch smaller than than the energy spacing
between the hole levels (∼7 to 9 meV). Thus, it is significantly less likely tofind a complex populatedwith two
excited holes, as compared to a complex populatedwith one excited hole. This does not exclude that someweak
emission from +

¯X02 also could be present in the spectra. The tentative assignment of LH+ to the complex +X11 will
be verified and confirmed later in this section.

The two lh-like emission lines LH1
0 and LH2

0, which correlate with neutral complexes, can be related to either
the single exciton ¯X01 or the biexcitons ¯X2 11 and ¯X2 .02 Again, the temperature argument given above speaks in
favor of ¯X2 11 as the dominating biexciton related emission, instead of ¯X2 02 with two excited holes. Therefore,
LH1

0 and LH are2
0 tentatively attributed to the single exciton ¯X01 and the biexciton ¯X2 ,11 respectively. This

attributionwill be verified in the following.
It is interesting to note that both LH+ and LH2

0 consist of a set of at least three resolved emission lines, all
within a narrow spectral range of∼ 0.4 meV. This implies that themaximal interaction energies involved to
induce this fine structure are of the same order∼ 0.4 meV. As this energy is well below the thermal energy, the
spectralfine structure components of the corresponding complexes should be nearly independent of
temperature. This is confirmed by experiments; while the temperature dependent charging dramatically
redistributes the PL intensities among different exciton complexes, the relative intensities ofmultiple emission
lines belonging to the same complex essentially remain constant. Thus, this approach can be consistently used to
determine exactly which of the emission lines are related to a certain complex, andwhich of them are not.

The identification of the lh-like emission lines ¯X2 11 and +
¯X11 should bemade in comparisonwith the

corresponding hh-like transitions ¯X2 11 and +
¯X .11 Potential candidates for such hh-like emission lines are indeed

Figure 3. Schematic diagrams of the electronic configurations of exciton complexes for shallow-potential pyramidalQDs. The lh-like
hole level is represented by a horizontal dotted line.
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seen asweak featuresmarked by arrows at the bottomoffigure 4. In particular, the set denotedHH0 correlates in
intensity with the neutral complexes, while the setHH+ follows the temperature dependence of the positive
trion. Theseweak features aremore clearly seen in the power dependent spectra of a differentQDpresented in
figure 6, where the dominating peaks cause saturation of the detector. Analogous to the temperature
dependence, the dot progressively changes its charge state frombeing negative at low powers to be become
mainly positive at high powers.

As the power increases, three lh-like emission lines previously attributed to +
¯X11 appear in each polarization

resolved spectrum. Simultaneously, threewell resolved hh-like lines appear on the low-energy side of the single
exciton ¯X .10 These three lines exhibit identical energy spacings to the three y-polarized emission lines of +

¯X .11

Identical energy spacings for +
¯X11 and

+
¯X11 are indeed expected, since the final state of both transitions is a sole

hole, occupying a degenerate ground state (in the absence of externalmagnetic field). Thus, all splittings occur in
the initial states of +X ,11 which are identical for both transitions as illustrated infigure 7(a). Consequently, the set
of lines appearing on the low-energy side of ¯X10 are attributed to +

¯X11 (see figure 6). Unlike theQDpresented in
figure 6, the +

¯X11 transitions are less clearly resolved formost of the studied dots due to partial spectral overlap
with the strong emission line ¯X .10

For theQD shown infigure 6, the biexciton complex ¯X2 11 corresponds to fourwell resolved emission lines. A
corresponding set of lines that can be attributed to ¯X2 11 is observed at low powers on the low-energy side of

¯X2 .20 In this case, the details of the spectral patterns of ¯X2 11 and ¯X2 11 are expected to be different, as a
consequence of unequal splittings of thefinal states characterizing the hh- and lh-like transitions (see
figure 7(b)).

Very strong support for the proposed attributions to ¯X2 11 and ¯X2 11 as well as ¯X01 can be derived from the full
cascade of radiative decay from2X11 to an empty dot, as shown infigure 8(a), relying on the fact that the initial
states 2X11 and thefinal state (emptyQD) are identical for both decay paths [40]. Neglecting anyfine structure

Figure 4.μPL spectra of a singleQD acquired from the cleaved edge at different crystal temperatures. The detected polarizationwas set
to ◦60 with respect to y so that both hh-like and lh-like (shaded area) transitions could be detectedwith comparable intensities. A laser
power of 35 nWwas used for themeasurements.
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splittings of the intermediate single excitons, the global energy separation a¢= -¯ ¯X X210 11must be
approximately equal to the global energy separationα= -¯ ¯X X2 .01 11 Furthermore, with precise knowledge
about the excitonicfine structure, exact energy relations apply to some specific transitions (see section 7).
However, at this stage of the analysis, the identification of the spectral intervals between the appropriate
transitionsα and a¢ given infigure 6 indeed yields a a» ¢ » 3.35 meV for this particularQD. This energy
relation also holds for all studied dots for which the relevant emission lines could be unambiguously identified

Figure 5.Temperature dependence of the PL intensity corresponding to (a) and (b) the positively and negatively charged exciton
complexes and (c) and (d)neutral exciton complexes.

Figure 6.Polarization resolvedμPL spectra of a singleQDacquired atT= 27 K from the cleaved edgewith successively increasing
excitation powers up to 500 nW.The solid (dotted) lines indicate PL intensities linearly polarized along y (z). Dominating emission
lines saturate the detector.
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(i.e. no spectral overlapwith other transitions), andmeasured values ofα and a¢ are reported infigure 8(b) for
168QDs.

As the power is increased (see figure 6), a new set of hh-like emission lines appears on the low-energy side of
¯X2 ,20 superimposed on ¯X2 .11 Concurrently, a new single lh-like emission line appears on the low-energy side of

-
¯X .01 These new transitions can confidently be attributed to a positively charged biexciton, namely +

¯X2 21 and
+
¯X2 ,21

as explained in the following. The full decay scheme of +X2 21 is shown infigure 9(a), and in analogy to the
discussion above about the biexciton X2 ,11 there are two paths in the cascade decaywith identical initial and final
states. However, in this case only one of the two intermediate states is split, and exact energy relations can
therefore be derivedwithout any further detailed knowledge about the fine structure of the intermediate state.
With b = -+ +

¯ ¯X X211 21 and b¢ = -+ +
¯ ¯X X2 ,20 21 onefinds from figure 9(a) the strict relation b b¢ = .This implies

that the spectral pattern of +
¯X2 21 essentially is the energeticallymirrored pattern of +

¯X .11 The spectral position of
themirror is defined infigure 6 at half of the distance between the spectral lines corresponding to +

¯X20 and
+
¯X2 .21

The strict relation b b¢ = is verified for theQD infigure 6, and is clearly illustrated by themirrored y-polarized
lh-like spectrum that is displayed as a grey line at the bottom. This is also verified for all other investigatedQDs
that allowed unambiguous identification as summarized infigure 9(b). Although the spectrumof +

¯X11 for theQD
shown infigure 6 consists of four components, only three of them are present in the spectrumof +

¯X2 .21 The
fourth component at the lowest energy is unresolved because of its weak intensity and spectral overlapwith the
next stronger component at higher energy.

Note that +
¯X2 21 is very different from the other observed lh-like transitions, in the sense that this complex is in

its ground state. +X2 21 can be created at high excitation powers by state filling, while all the other lh-like
transitions discussed here require the excitation of holes.

Figure 7.Decay diagrams of (a) the positive trion +
¯X11 and (b) the biexciton ¯X2 .11 Fine structure splittings caused by e–h and h–h

exchangeCoulomb interactions will be described in detail in section 6.

Figure 8. (a)Diagramof the cascade decay of X2 .11 Thick horizontal lines represent a group of energy levels, while the thin horizontal
line represents a single energy level. (b)Plot of the energy separations a¢ andα (defined infigure 6) extracted from the experimental
spectra of 168QDs.
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As a final confirmation of the peak identification conducted in this section, second order photon correlation
spectroscopywas employed for the cascade decays illustrated infigures 8(a) and 9(a). Spectra of theQDused for
the correlationmeasurements are shown infigure 10(a). A conventional symmetric anti-bunching dip is
observed in themeasured auto-correlation function at zero time delay, obtained from ¯X10 photons as both the
start and the stop signals (seefigure 10(b)), simply reflecting the single photon emission property of theQD. For
a biexciton–exciton cascade decay, photon bunching is revealed in the cross-correlation function forwhich a
photon from the biexciton generates the start signal and the subsequently emitted exciton photon triggers the
stop. Such a typical cross-correlation function exhibiting photon bunching is shown infigure 10(c) for the
conventional biexciton ¯X2 20 and the single exciton ¯X .10 Similar cross-correlation functions are expected for any
biexciton–exciton cascade decay, and the photon bunching revealed infigure 10(d) for ¯X2 11 and ¯X01 aswell as in
figure 10(e) for ¯X2 11 and ¯X10 confirms the previous identification of these transitions.Moreover, the cascade
decay of +X2 21 is confirmed infigure 10(f), for the decay path + +

¯ ¯X X2 .21 20 The intensity of +
¯X2 21 is tooweak to

allow cross-correlationmeasurements with any of the two alternative decay paths + +
¯ ¯X X2 21 11 and + +

¯ ¯X X2 .21 11
Finally,figure 10(g) shows that bunching is also observed for ¯X2 20 and ¯X ,01 indicating that although the
recombination of 2X20 prepares theQDwith a single exciton in the ground state X ,10 this excitonmay
subsequently recombine from its excited state X .01 This result is consistent with thermal population of the
excited lh-like level, whichwas previously demonstrated to occur at T 25K.

In conclusion of this part, the spectral features pertaining to the very same exciton complex, as well as the
charge state of the complex, were identified by unchanged relative intensities of the emission lines upon
controlled charging. Thereafter, strict relations among certain spectral lines and their energies were applied in
order tofirmly attribute a set of emission lines to a specific exciton complex. For transitions with strong enough
intensity, the identificationwas further confirmed by single photon temporal correlation spectroscopy.
Figure 11(a) summarizes all the excitonic emission lines that have so far been rigorously identified for the
investigated shallow-potential pyramidal QDs.

Infigure 11(b)we report additional weaker emission lines appearing in between +
¯X2 21 and ¯X2 11 at high

excitation powers. There is also aweak shoulder on the high energy side of +
¯X .11 The attribution of these features

is not as certain as those given infigure 11(a), but wewill show in section 7 that an identification of these features
as +

¯X2 12 and
+
¯X02 is fully consistent with the experimental data andwith the expected fine structure splitting

patterns of these complexes. Furthermore, this identification implies that +
¯X2 12 spectrally overlapswith

+
¯X2 ,11

which explains the change of the relative intensities of the components of this complex at high excitation powers.

5. Coulomb energies

The spectral position of the single exciton emission varies slightly fromdot to dot due to existing fluctuations in
the confinement potential. The variation is relatively large in the investigated sample, and is characterized by a
standard deviation of∼5meV at an average ¯X10 emission energy of 1537 meV; this should be comparedwith
later generations of pyramidalQDs that exhibit a statistical broadening as small as 1 meV [25]. The energy
separation between the lh-like and hh-like transitions ¯X01 and ¯X10 is found to be 7.1± 1.3 meV, and it is clearly
correlatedwith the emission energy of ¯X ,10 as seen infigure 12(a). This dependence originates from the stronger
localization of the ground hole state h1, which is thusmore sensitive to local potentialfluctuations than the

Figure 9.Diagram of the cascade decay of +X2 .21 Thin horizontal lines represent single energy levels while the thick horizontal line
represents a group of energy levels. (b)Plot of the energy separations b¢ andβ (defined infigure 6) extracted from the experimental
spectra of 189QDs.
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excited state h2, causing the energy spacing between the hole levels to varywith the emission energy. In
particular, the lightmass of h2makes its wave function delocalized in the z-directionwith significant leakage into
theVQWR.

The actual energy spacing between h2 and h1 can be determinedwith the aid of the +
¯X11 and

+
¯X11 transitions.

As illustrated infigure 7(a), the difference between the corresponding lh-like and hh-like transition energies of
this complex gives direct access to the energy spacing between h2 and h1, without any influence of Coulomb
interactions. Themeasured average spacing is in this case 6.78± 1.07 meV: it is slightly smaller than that of the
single excitons; the average difference between the spacings of the single excitons ( ¯X01 and ¯X10) and the actual
spacing of the hole levels (h2 and h1) is 0.56± 0.13 meV. The only distinction between ¯X01 and ¯X10 is the hole
configuration. Thus, the difference of∼0.6 meV simply corresponds to the difference of the exciton binding
energies betweenX10 and X .01 It implies that the attractive e–hCoulomb interaction is weaker for h2 than for h1,
which is not surprising, since h2 ismore delocalized than h1, and therefore its wave function has a smaller overlap

Figure 10. (a)μPL spectra of a single back-etchedQD acquired in the standard top-view geometrywith 75 nW (solid line) and 92 nW
(dashed line) excitation powers atT= 28 K.Dominating emission lines saturate the detector. (b) to (g)Measured second order photon
correlation functions. The start and stop signals as well as the total number of coincidences are indicated in each histogram.
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with that of the electron.Whatmay be unexpected, however, is that the difference in binding energy between the
hh-like and lh-like exciton is only∼0.6 meVdespite the lh-character of the latter exciton state.

The binding energy (Eb) of a complex that involvesmore than a single electron or hole is defined as the
energy required to hypothetically dissociate an exciton from the additional carriers. If both the h1 and h2 levels
are populatedwith holes, like for the trion +X ,11 two such binding energies can be defined for the dissociation of
eitherX10 orX01 from a hole in h2 or h1. In order to distinguish between these two binding energies, the hole of
the dissociated excitonwill bemarkedwith a circumflex. Accordingly, the two binding energies given in this
example will be denoted +( )ˆE Xb 11

and +( )ˆE X .b 11
Spectroscopically, these binding energies are obtained as the

difference between the transition energies of the corresponding exciton and the complex, e.g. +( )ˆE Xb 11
= ¯X10 −

+
¯X11 and

+( )ˆE Xb 11
= ¯X01 − +

¯X .11

Anarrowdistributionwas observed in the relative emission energies of the exciton complexes, as shown in
the histograms of figure 12. The average binding energies for the hh-like complexes in this sample are -( )ˆE Xb 10
= 4.50± 0.17 meV, ( )ˆE X2b 20 = 1.97± 0.21 meV and +( )ˆE Xb 20

=−0.86± 0.27 meV (seefigure 12(a)).
There is a clear dependence of the binding energy on the net charge of the complex [41]. This dependence is

common for variousQD systems, and it is verywell understood as a consequence of the effectivemasses of the

Figure 11.μPL spectra of a singleQDacquired from the cleaved edgewith (a) 500 nW, (b) 650 nWexcitation powers atT= 27 K. Solid
(dotted) black curves represent y-polarized (z-polarized) emission. Experimentally rigorously identified excitonic transitions are
indicated by big labels, while the small labels in the bottom spectrumare tentative attributions consistent with the analysis in section 7.

Figure 12. (a)Energy difference between the lh-like and hh-like single excitons versus the transition energy of the hh-like single
exciton. (b)Histograms of hh-like transition energies relative to that of hh-like single exciton. (c)Histograms of lh-like transition
energies relative to that of the lh-like single exciton.
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holes being larger than the effectivemass of the electron, which implies a stronger spatial localization of the holes
compared to the electron. The repulsive direct h–hCoulomb interaction (Vhh) is therefore stronger than the
attractive e–h interaction (Veh)which, in turn, is stronger than the repulsive e–e interaction (Vee) [42]. The
simplestmodel of an exciton complex accounts for a single configuration of the electrons and holes in theQD
electronic levels, neglectingCoulomb correlation effects, and assumes the strong confinement limit for the
carriers. In such a simplemodel, the binding energies of the complexes are expressed to the first order of
perturbation theory as:

= -

= - -

= -

-

+

( )
( )
( ) ( )

ˆ

ˆ

ˆ

E X V V

E X V V V

E X V V

2 2

. 1

b 10 eh ee

b 20 eh hh ee

b 20 eh hh

It is clear from the energy hierarchy < <V V Vee eh hh that -( )ˆE Xb 10
is positive and +( )ˆE Xb 20

is negative, while the
value of ( )ˆE X2b 20 must appear in between these two trion binding energies. TheCoulomb correlation effects,
which are not accounted for in these expressions, are known to enhance the binding energy of the exciton [43]
andwould also enhance the binding energies of all exciton complexes [44], possibly shifting +( )ˆE Xb 20

to positive
values.

A dot-to-dot variation of theCoulomb interaction energies can be caused by potentialfluctuations related to
slight randomness of dot size and composition. For example, a dotwith a higher In-composition forms a deeper
confinement potential, leading not only to lower emission energy, but also to stronger Coulomb interactions
with largermagnitudes ofVeh,Vhh andVee. A correlation between the absolute emission energy and the binding
energies of the complexesmay therefore be expected. This was investigated by Baier [45] in similar pyramidal
QDs, and, surprisingly, such correlations could not be found. The absence of a correlation is also confirmed for
the samples in our study. The results are displayed infigure 13(a), where the binding energies are plotted versus
the emission energy ¯X .10 Thus, wemust conclude that competingmechanisms are active,mechanisms forwhich
a deeper confinement is associatedwith a higher emission energy. A plausible competingmechanism is
compositionfluctuations in the AlGaAs barriers surrounding the dot. In this case, an increased Al-composition
of the barrier, for example, would also lead to deeper confinement potential and stronger Coulomb interactions,
but instead to a higher emission energy. This competingmechanism is not possible for a binary barrier such a
GaAs. Correlationswith the emission energy ¯X10 have indeed been reported for the biexciton andnegative trion
binding energies in a recent study of pyramidal InGaAsQDs in pureGaAs barriers [46].

The changes of the binding energiesDEb due to variations of theCoulomb interaction energies (DV ,eh DVee

andDVhh) can be formulated analogously to equation (1).

Figure 13. (a)Binding energies of exciton complexes plotted versus the transition energy of the hh-like single exciton. (b) and (c)
Binding energies of exciton complexes plotted versus the binding energy of the hh-like biexciton.
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D =D - D

D = D - D - D

D =D - D
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+

( )
( )
( ) ( )

ˆ

ˆ

ˆ

E X V V

E X V V V

E X V V

2 2
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b 10 eh ee

b 20 eh hh ee
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The signs of these energy variationsDV ,eh DVhh andDVee are all equal since the corresponding interaction
energiesVeh,Vhh andVee are expected to be enhanced (or reduced) together under dot-to-dot potential
variations. If the energy variations also obey the inequalities D < D < D∣ ∣ ∣ ∣ ∣ ∣V V V ,ee eh hh then it follows from
equation (2) that an enhancement (reduction) in all the Coulomb interaction energies corresponds to
D >-( )ˆE X 0b 10

(D <-( )ˆE X 0b 10
) andD <+( )ˆE X 0b 20

D >+( ( ) )ˆE X 0 .b 20
Hence, in this case the variations of the

positive and negative trion binding energies are anticorrelated. Theoretically, such anticorrelationwas predicted
inmodel calculations of these charged exciton complexes in spherical QDs [47]. The anticorrelation between the
energy shifts of the positive and negative trions is observed for all the samples in our study, see figure 13(b), and
in an earlier study on different samples [45].Moreover, analogous correlation patterns can be observed also for
the exciton complexes involving lh-like holes, as shown infigure 13(c), which is consistent with the assignments
of these complexes given in the previous section. Note that the negative slope of -( )ˆE Xb 01

is smaller than for
-( )ˆE Xb 10

infigure 13, indicating that themagnitudes ofDVeh andDVee aremore similar for h2 than for h1. In
addition, wefind a strong correlation between the positive trion +( )ˆE Xb 20

and the biexciton ( )ˆE X2 ,b 20 implying
that D + D > D∣ ∣ ∣ ∣ ∣ ∣V V V2ee hh eh for themodel discussed here. This relation can be reformulated as
D - D < D - D∣ ∣ ∣ ∣V V V Veh ee eh hh and using equation (2) as D < D- +∣ ( )∣ ∣ ( )∣ˆ ˆE X E X .b 10 b 20

Thus, this result
explains the fact that the statistical variation of the binding energies of these complexes exhibits a dependence on
the net charge of the complex, with smallest spread of 0.17 meV for -( )ˆE Xb 10

and the largest spread of 0.27 meV
for +( )ˆE Xb 20

(see figures 12(b) and (c)).

6. Excitonicfine structure

The rigorous and complete spectral identification of the dominating exciton complexes (X ,10
-X ,10

+X ,20 X2 ,20

X ,01
-X ,01

+X ,11 2X11 and
+X2 21) demonstrated in section 4 enables a detailed investigation of thefine structure in

their emission patterns. It is found from experiments that the fine structure of the hybrid complexes, populated
with both hh- and lh-like holes, varies significantly fromdot-to-dot, both in terms of number of emission lines
aswell as their polarization. It is well known that the excitonicfine structure caused byCoulomb exchange
interactions is intimately linkedwith the symmetries of the involved electron and hole states and the occupation
of the single-particle levels. Therefore, any analysis of the fine structure is naturally based on symmetry
arguments provided by group theory using the approach described in [27].

6.1. Group theory
The investigated zincblende pyramidalQDs grown along [111] ideally possess three symmetry planes,
corresponding to point groupC3v [12]. Hence, the pyramidal QDs can possess a symmetry higher than
conventional QDs grown on (001)-planes, for which the zincblende crystal is compatible only with two
symmetry planes (C2v). The quantum states, which in general have symmetries different from that of the actual
QD, are labeled according to the irreducible representations of the point group.On the basis of a few simple
arguments [27], it can be shown that the electrons in the ground state of aC3vQDare restricted to the double
group representation E ,1 2 using theMulliken notation of [48], while two types of holes can exist, labeled either
E1 2 or E3 2 (strictly speaking E1

3 2 + E2
3 2). In the strong confinement regime, the corresponding labels of the

excitonic states are obtained simply by labelmultiplication of the involved electron and hole. Using available
multiplication tables for C ,v3 the quantum states of the two possible types of single exciton are obtained [48]:

´ = + +E E A A E1 2 1 2 1 2 for type 1 and ´ = +E E E E1 2 3 2 for type 2. The polarized optical transition
between the initial excitonic state and the final state of an emptyQD (which is invariant to any symmetry
operations of the point group and therefore labeledA1), can be examined in the dipole-approximation by the
Wigner–Eckart theorem. The dipole operator itself transforms according to conventional vectors (inC3v labeled
E for x- and y-polarization, andA1 for z-polarization) and the resulting optical decay schemes are shown in
figures 14(a) and (c). Eventual energy spacings between the excitonic states are solely caused by the electron–hole
exchange interaction (Deh). Note that the energy order of the states is not determined by symmetry arguments,
but the order in figure 14 is chosen to be consistent with experiments. Infigure 14we also display the group
theoretical prediction corresponding to the higher symmetry group D ,h3 obtained fromC3v by adding the
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symmetry operation of a symmetry plane perpendicular to those of C .v3 In such case, the ground state electrons
are associatedwith E5 2 and the two hole states with E1 2 and E3 2

4.

6.2. Spectral analysis
From theWigner–Eckart theorem,we predict that the spectrumof a type 1 exciton consists of one component
isotropically polarized in the xy-plane (σ-polarized) aswell as another z-polarized component, seefigure 14(a).
This is in perfect agreement with the experimental spectra of the lh-like excitonX01 shown in figure 14(b). The
energy splitting between the two optically active states ofX01 can be determined directly from the spectrumDeh

1

= 155μeV, but the splittingwith the dark state,D ,eh
2 cannot be determined by any directmeasurements of ¯X .01

An exciton of type 2 is predicted to be optically active only withσ-polarization, like the hh-like excitonX10

shown infigure 14(c). However, the theory predicts two optically active states for ¯X10, while the experimental
spectra ofX10 reveal only a single emission line, see figure 14(d). This suggests either that the splittingDeh

0

between the energy levels is too small to be resolved, or that the intensity of one of the components is tooweak to
be detected. The absence of a secondσ-polarized emission line of ¯X10 is further supported by the data of another
dotmeasured in top-view configuration, giving access to both the x- and y-polarization shown infigure 14(e).
The existence of a single emission line is consistent with the predicted polarization isotropywithin the xy-plane.

In order to explain the discrepancy between the theoretically derived decay schemes forC3v and the actual PL
spectrumof X ,10 the concept of symmetry elevationwas introduced in our previous works [12, 27]. It was argued
that an additional horizontal symmetry plane can be assumed, causing an approximate elevation of the
symmetry fromC3v to D .h3 The corresponding decay schemes for D h3 are shown infigures 14(a) and (c). In the
case of type 1 exciton, thefine structure splitting pattern of the exciton is unchanged, but one of the optically
active states of ¯X10 becomes a dark state when the symmetry is elevated to D ;h3 as a result, there is a single optical

Figure 14.Group theory derived decay schemes ofX01 (a) andX10 (c) underC3v and D .h3 Doubly degenerate (non-degenerate) levels
are shown by thick (thin)horizontal lines. Transitionswith isotropic polarization in the xy-plane are represented by thick vertical
lines, and z-polarized transitions are represented by dotted vertical lines. ExperimentalμPL data of ¯X01 (c) and ¯X10 (d) acquired in the
side-view geometry. Solid (dotted) curves correspond to y-polarized (z-polarized)PL. Black thin vertical dotted lines aid the labeling
of individual emission lines. Top-viewμPL data ¯X10 (e) shown as up (down) pointing triangles alongwith gray (black) curvefits for x-
polarized (y-polarized)detection.

4
Note that in [12] and [27], the irreducible representations E1 2 and E5 2 were interchanged. This does not lead to different physical

predictions.
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transition in the emission spectrumof ¯X10 in agreementwith the experimental data reported infigures 14(d)
and (e).

For exciton complexes involvingmore than one electron–hole pair, the irreducible representations of its
quantum states are obtained by the product of all involved electrons and holes. For a completely filled electron
(hole) level, the Pauli exclusion principle restricts the product of electrons (holes) representations to the
invariant irreducible representationA1 ( ¢A1 ) inC3v (D h3 ). Note that the single particle energy levels are always
doubly degenerate because of theKramers theorem.

The biexciton 2X20 consists of onefilled electron level and onefilled hole level. The total product is therefore
also invariant ´ =A A A ,1 1 1 like an emptyQD.Consequently, thefine structure splitting pattern of this
biexcitonmimics the pattern of the exciton, butwith a reversed energy order. The decay scheme derived for 2X20

underC3v is shown infigure 15(a); the experimental spectra, only reveal a single emission line, which is in
contrast to the prediction of two lines in the case of the point group C .v3 Analogous to our previous result for the
exciton X ,10 one of the transitions of ¯X2 20 becomes optically inactive, providing further evidence of elevated
symmetry D h3 for these states. The corresponding lh-like biexciton ¯X2 02 has not been resolved experimentally,
but its spectral pattern is also predicted tomimic the reversed pattern of the single exciton ¯X ,01 which is identical
for bothC3v and D ,h3 see figure 15(b).

Several trions are formed fromonefilled electron or hole level, plus an additional carrier of the opposite
charge. Thefinal state of an optical transition is then a single carrier. In this case, the irreducible representation
of the initial state is determined solely by the additional carrier, while the label of thefinal state is determined
solely by the remaining carrier. As the single particle states are Kramers degenerate (in the absence of external
magnetic fields), single emission lines are predicted for such trions, seefigures 15(c) to (f).Moreover, the hh-like
trions are predicted to emit light only with x- and y-polarization, in agreementwith the experimental data also
shown infigures 15(d) and (e), while the lh-like trions are predicted to emit light polarized both in the xy-plane
and in the z-direction, as confirmed by the spectra of the negative trion -X01 infigure 15(f). The positive lh-like
trion +

¯X02 as a single line is supported by a faint emission line in the spectra offigure 11(b) in full consistencywith
the derived pattern offigure 15(c), but it needs to be discussed inmore detail, whichwill be done below. All the
spectral patterns derived for different trion species infigures 15(c) to (f) are identical for bothC3v and D .h3

Symmetry elevationwas similarly found for the complicated hybrid exciton complexes involving holes of
different characters [27], e.g. the biexciton X2 .11 In this case, the Pauli exclusion applies only to the two electrons,
resulting in the invariant product labeledA1 for point group C .v3 The two holes, on the other hand, occupy
unfilled levels, yielding the product ´ = +E E E E.1 2 3 2 Finally, the biexcitonic states are obtained as the
product of these intermediate factors, ´ + = +( )A E E E E.1 Thus, any energy spacing between the twoE-
states of 2X11 originates from the h–h exchange interaction (Dhh). Thefinal states of the transitions ¯X2 11 and

¯X2 11 are the two single excitonsX10 and X ,01 respectively.

Figure 15.Group theory derived decay schemes underC3v and experimentalμPL data acquired in the side-view geometry of the
indicated exciton complexes. Doubly degenerate (non-degenerate) levels are shown by thick (thin) horizontal lines. Transitionswith
isotropic polarization in the xy-plane are represented by thick vertical lines, and z-polarized transitions are represented by dotted
vertical lines. Solid (dotted) curves correspond to y-polarized (z-polarized)PL.

15

New J. Phys. 17 (2015) 103017 K FKarlsson et al



The full decay schemes of X2 ,11 derived for bothC3v and D ,h3 are shown infigure 16(a). In this case,
symmetry elevation considerably simplifies the optical spectrum. For instance, the sixσ-polarized transitions n1

to n6 predicted for ¯X2 11underC3v reduce to three transitions n1 to n3 under D .h3 The actual y-polarized PL
spectrumof ¯X2 11 can indeed be satisfactorily explained bymerely three emission lines, as shown by a peak fit in
figure 16(b). However, precisemeasurements performed in the top-view geometry evidence also weak features
related to n4 to n6 [27]. Note that z-polarized components n3 and n4 of ¯X2 11 are expected to be veryweak due to
the strong hh-like character of the recombining hole, hence the fact that no appreciable z-polarized intensity is
detected in the experiments for these transitions is well understood. For the lh-like transitions ¯X2 ,11 on the other
hand, the z-polarized components are expected to dominate. A symmetry analysis based onC3v predicts four
transitions n7 to n ,10 optically active with bothσ- and z-polarization, while this pattern simplifies under D h3 ,
where only two (n7 and n8) are active withσ-polarization and the other two (n9 and n10) are active with z-
polarization. The experiments reveal two transitions (n7 and n8) dominatingwith y-polarization (see peak fits in
figure 16(c)), and two other transitions (n9 and n10) dominatingwith z-polarization (see peak fits infigure 16(d)).
However, all four emission lines n7 to n10 of ¯X2 11 are active with both y- and z-polarization. Thus, the transitions
n7 to n10 all probe the actualC3v symmetry of the dot, but their relative intensities can be understood on the basis
of an approximate elevation of symmetry towards D .h3

Having identified all the relevant emission lines of X ,10 X01 and 2X11 in the PL spectra, experimental values of
thefine structure energies can conveniently be extractedwith the aid of the diagrams infigure 16(a). It is found
that for the dot presented infigures 14(b)–(c) and 16(b)–(d), mD = 172 eVeh

0 , mD = 155 eVeh
1 , mD = 62 eVeh

2

and mD = 265 eVhh . The same analysis performed on otherQDs in the same sample gave very similar values. A
splitting between the two energy levels ofX10 is determinedwithin the range of 150–180μeV, which is
sufficiently large to be easily resolvable in the PL spectra.However, no additional spectral feature can be observed
in the range of± 300μeV from the single emission line ofX10, as shown infigure 14(e), thereby confirming the
existence of dark states resulting from a symmetry elevation towards D .h3

In the following, wewill describe the transitions related to the positively charged biexciton +X2 .21 The
electron level and the first hole level are bothfilled for this complex. Hence, the Pauli exclusion principle leads to
invariant e–e and h–h states labeledA1 under C .v3 Thus, the symmetry of the quantum states of +X2 21 ismerely
determined by the additional lh-like hole state labeled E ,1 2 since ´ ´ =A A E E .1 1 1 2 1 2 The charged

biexciton +X2 21 decays radiatively either via the conventional trion
+X20 or the excited trion

+X .11 In the case of +X20

Figure 16. (a)Group theory derived decay schemes of 2X11 underC3v and D .h3 Doubly degenerate (non-degenerate) levels are shown
by thick (thin) horizontal lines. Transitionswith isotropic polarization in the xy-plane are represented by thick vertical lines, and z-
polarized transitions are represented by dotted vertical lines. (b) to (d)ExperimentalμPL data of indicated exciton complexes acquired
in the side-view geometry shown as circles alongwith peakfits shown as thick solid or dotted curves for y and z-polarized data,
respectively. The individual Voigt peaks used in the fitting have identical widths and they are shown by grey solid lines below each
curve. Adaptedwith permission fromDupertuis et al 2011 [27]. Copyright American Physical Society.
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the hole level is alsofilled, resulting in an invariant h–h stateA1. The quantum state of this complex is therefore
entirely determined by the additional electron state labeled E .1 2 For +X ,11 in contrast, the holes form twoE-states
split by h–h exchange interaction, analogous to X2 ,11 which, whenmultipliedwith the single electron, yields the
total product ´ + = + + +( )E E E E E E E .1 2 3 2 1 2 3 2 1 2 Hence, unlike X2 ,11 the states of +X11 are
additionally split by e–h exchange interactions. The trionsfinally decay into single hole states h2 or h1, labeled
E1 2 and E ,3 2 respectively.

The complete decay schemes of +X2 21 for bothC3v and D h3 are depicted infigure 17(a). The optical transition
patterns of +

¯X11 are identical forC3v and D ,h3 featuring two components (nII and nIII) active withσ-polarized
light, and two other transitions (nI and nIV ) active with z-polarized light. Thus, the spectrumof +

¯X11 is unaffected
by symmetry elevation, and the strict polarization selection rules are entirely obeyed by the experimental data
shown infigure 17(b). The corresponding hh-like spectrum +

¯X ,11 on the other hand, is predicted to be different
betweenC3v and D ,h3 with one of the transitions, n ,iii becoming optically inactive under D .h3 The experimental
spectrumof +

¯X11 shown infigure 17(c) overlaps partly with the strong emission (saturated) from the single
exciton n ,X10

and, due to the hh-like character of the recombining hole, none of the predicted vertically polarized
components can be observed. Nevertheless, the niii transition is clearly resolvedwith sufficient intensity in these
experiments.We conclude from this that the niii transition is a very sensitive probe of the actualC3v symmetry.
This conclusion also holds for the transitions related to +

¯X2 ,21 where the corresponding transition n¯¯¯ı ı ı becomes
dark under D .h3 In this case, the n¯¯¯ı ı ı transition is alsowell-resolved in the PL spectrum shown infigure 17(d),
while two of the other transitions, nı̄ and n¯¯ı ı are concealed due to overlapwith the strong emission from the
biexciton n .X20

Note that even though some transitions remain unresolved, their exact energy positions can be
precisely predicted from the energy spacings between the transitions that are observed in the +

¯X11 spectrum.
These predicted but unresolved transitions are indicated by gray labels and lines infigures 17(c)–(d). An
experimental indication of the unresolved components nı̄ and n¯¯ı ı is, however, evidenced by the slight
asymmetry of nX20

infigure 17(d). The sole emission line of +
¯X2 21 is shown infigure 17(e) for completeness.

In the above examples, transitions n7 to n10 and in particular niii aswell as n¯¯¯ı ı ı are found to be sensitive
probes of the actualC3v symmetry, highlighting the importance of considering the true symmetry of theQD in
order to fully understand thefine structure of the spectral patterns.

The e–h exchange interactionsDI
eh andDII

eh cause the energy spacingwithin pairs of y- and z-polarized
components of +

¯X .11 Since the transitions of +
¯X11 consist of two components in each polarization direction, these

e–h exchange energies can only be determined as indicated infigure 17(b) under the ad-hoc assumption that
D < DI

eh hh andD < D .II
eh hh In this case, the resulting values would be n nD = - =I

IV IIIeh 140μeV and
n nD = - =II

II Ieh 60μeV,whileDhh thenmust be in the range from260 to 400μeV, i.e. values comparable
with the exchange interaction energies previously obtained for the single excitons and the excited biexciton (Deh

0

Figure 17. (a)Group theory derived decay schemes of +X2 21 underC3v and D .h3 Doubly degenerate levels are shown by thick horizontal
lines. Transitionswith isotropic polarization in the xy-plane are represented by thick vertical lines, and z-polarized transitions are
represented by dotted vertical lines. (b) to (e)ExperimentalμPL spectra of indicated exciton complexes acquired in side-view
geometry atT= 27 K. Solid (dotted) curves correspond to y-polarized (z-polarized)PL. Black thin vertical dotted lines aid the labeling
of individual emission lines. Gray vertical dotted line labels indicate consistently predicted energy positions. The strong and
overlapping intensities fromX10 and 2X20 in (c) and (d) are cropped vertically.
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= 172μeV,Deh
1 = 155μeV,Deh

2 = 62μeV andDhh = 265μeV ). The assumptionmade here is also fully
consistent with the experimental results that are presented in the next sectionwhen symmetry breaking is taking
place.

The positively charged biexciton +X2 21 is the only complex identifiedwith lh-like emission that is in its
ground state, i.e. without having any holes in higher excited states. It was shown infigure 11(b) that the
appearance of +

¯X2 21 at high powers was accompanied by several weaker spectral features polarized in the z- and
directions and positioned between +

¯X2 21 and ¯X2 .11 Wewill present a series of consistent arguments to justify the

assignment of these features to the excited positively charged biexciton +X2 .12 The derived decay schemes of +X2 12

aswell as close ups of the relevant parts of the spectra are shown infigure 18. The theoreticalfine structure of
+
¯X2 12 shown infigure 18(a) exhibits a pattern identical to

+
¯X ,11 except that it is energetically reversed for +

¯X2 .12
Indeed, the experimental energy difference between the +

¯X2 12 transitions n ¯ ¯IV and n ¯¯¯III is equal to that between
nIV and nIII for +

¯X ,11 but the spectral ordering of the two polarized transitions is reversed.Moreover, the presence
of a third peak n ¯¯II is evidenced by the apparent broadening and slight red shift of n9 of ¯X2 11 at high powers.
Thus, it is concluded that n ¯¯II infigure 18 partially overlaps with the spectral line of n .9 Note that the order of the
pattern is reversed in energy and that also the polarization of n ¯¯II to n ¯ ¯IV perfectlymatches that of the transitions
nII to nIV of +

¯X .11 The fourth transition n ¯,I predicted to be z-polarized, is completely superimposed onto the
strong z-polarization of n ,9 and cannot be resolved, but its accurately predicted energy position is indicated by a
gray label n Ī infigure 18(b).

There is a second recombination path +
¯X2 12 from the complex +X2 12 that leads to the doubly excited trion

+X .02

Due to the low relaxation efficiency between the hole states that is evidenced infigure 2(b), this trionmay
recombine optically before relaxation takes place. A single emission line active with bothσ- and z-polarization is
predicted for this complex (see figures 15(c) and 18(a)). A plausible candidate for +

¯X02 in the spectra is the
shoulder appearing on the high energy side of nIV of +

¯X11 infigure 18(b) at high excitation powers. This spectral
peak ismost clearly resolved in the y-polarization, because its dominating polarization in the z-direction is
overlappingwith a strongly z-polarized component of +

¯X .11
With the aid of the decay diagrams infigure 18(a), it is nowpossible to accurately predict the energy of the

corresponding hh-like transition +
¯X2 .12 For thisQD, the predicted energy nearly coincides with that of the n1

Figure 18. (a)Group theory derived decay schemes of +X2 12 underC3v and D .h3 Doubly degenerate levels are shown by thick horizontal
lines. Transitionswith isotropic polarization in the xy-plane are represented by thick vertical lines, and z-polarized transitions are
represented by dotted vertical lines. (b)ExperimentalμPL spectra acquired in side-view geometrywith exciton power of 650 nWat
T= 27 K. Solid (dotted) curves correspond to y-polarized (z-polarized)PL. Additional and vertically shifted spectra of ¯X2 11 acquired
with the lower excitation power of 500 nWare also shown by thin lines. Black thin vertical dotted lines aid the labeling of individual
emission lines. Gray vertical dotted line labels indicate consistently predicted energy positions. The inset shows spectra of ¯X2 11

acquired at 650 nWand 500 nWby thick and thin lines, respectively.
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transition of ¯X2 ,11 as indicated by the gray label in the inset offigure 18(b). Thus, +
¯X2 12 remains unresolved, but it

provides an explanation for the apparent change in relative intensity between n1 and the two other transitions n2

and n3 of the same complex at increased excitation power (see inset offigure 18(b)), as +X2 12 appears only at
excitation powers sufficiently high for hole statefilling. Itmay also explain the apparent slight energy shift to
lower frequency of the lowest ¯X2 11 transition n1 at high excitation power.

It should be noted that all the discussed effects of symmetry elevation towards D h3 in this sectionwould also
hold for symmetry elevation fromC3v towards C .v6 In this case, the electron aswell as the light-hole like states is
associatedwith E1 2 and the heavy-hole like states with E .3 2 Thus, although the intuitive arguments for
elevation towardsC6v are less obvious than those for D h3 [27], none of the performed experiments can
distinguishwhich type of elevation ismost relevant. Itmay be that both elevations are relevant for certain
complexes, leading to very strong and robust elevation effects, like the dark state of X .10

To summarize this part, symmetry arguments applied to the optical selection rules and to thefine structure
were sufficient to gain essential understanding of the complexity of the emission patterns exhibited by a large
variety of excitonic complexes. It was demonstrated that the pyramidal quantumdots do exhibit highC3v

symmetry, andwhereasmany spectral patterns arewell explained on the basis of an approximate elevation of the
symmetry, some patterns and specific transitions are particularly sensitive indicators of the exactC3v symmetry.
These results strongly highlight the importance of taking the true dot symmetry into considerationwhen
analyzing the spectralfine structure.

Figure 19.ExperimentalμPL spectra of indicated exciton complexes acquired in side-view geometry organized in columns for three
different QDs (QD1,QD2 andQD3). Solid (dotted) curves correspond to y-polarized (z-polarized)PL. Black thin vertical dotted lines
aid the labeling of individual emission lines. QD1 toQD3 exhibit a successively stronger breaking of the idealC3v symmetry.
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7. Signatures of symmetry breaking

Thefine structure of about 15%of the investigatedQDs is well explained by the symmetry analysis of the
previous section assuming aC3v point group.OtherQDs in the same sample exhibit, however,more complex
fine structure patterns. This is illustrated infigure 19 for three differentQDs (QD1–QD3) and the three
transition patterns corresponding to ¯X2 ,11 ¯X2 11 and +

¯X .11 These transitionswere previously shown to exhibit the
effects of symmetry elevation towards D .h3 Here, the spectra of the dot labeledQD1 feature all the transitions
derived in the previous section, while the spectra ofQD2 andQD3 exhibit additional emission lines and deviate
from the strict polarization selection rules established for C .v3

In order to analyze the effects of symmetry breaking on thefine structure patterns, it is for simplicity
assumed that breaking occurs from the elevated symmetry D h3 towards the elevated symmetryC2v (fromCs).
Here, one symmetry plane ofC2v is perpendicular to the xy-plane, which is in contrast to the standard geometry
of SKQDswhere both symmetry planes ofC2v are perpendicular to the xy-plane. Infigure 20we show the decay

Figure 20.Group theory derived decay schemes of indicated complexes under D h3 and C .v2 Doubly degenerate (non-degenerate)
levels are shown by thick (thin) horizontal lines. Transitionswith isotropic polarization in the xy-plane are represented by thick
vertical lines, x-polarized (y-polarized) and z-polarized transitions are represented by gray (black) solid and black dotted vertical lines,
respectively.
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schemes of the three patterns under discussion, which are derived using an analysis assuming theC2v point
group. For convenience, the corresponding schemes for D h3 are repeated in the figure. The symmetry breaking
towardsC2v has threemain effects on the spectra: i)Degenerate levels split into two energy levels. ii)The
isotropic polarization associatedwith degenerate levels splits into x- and y-polarized components, i.e. the
polarization isotropy is lost. iii)New transitions become optically activated, in particular new z-polarized
transitions appear for ¯X ,10 ¯X2 11 and ¯X2 ,11 while all the +

¯X11 transitions are allowed for all the polarization
directions. Note that any further symmetry breaking, e.g. towardsCs, would not cause any additional energy
splitting, butmore emission lineswould become optically activated in other polarization directions.

Inspection of the top ¯X2 11 spectra infigure 19 suggests that themain difference betweenQD1 andQD2
(QD3) is a splitting of about∼120μeV (∼280μeV) for transition n .3 Any energy splitting of the spectral line n3

in an asymmetric dot could originate either from a splitting of its initial state, i.e. the upper E′ state of X2 ,11

caused by h–h exchange interactions (DA
hh), or from a splitting of itsfinal state, theE′ state of X ,01 caused by e–h

interactions (dA
eh

0) (see figure 20(b)). Note that the h–h exchange interaction energyDA
hh would also cause

splittings of transitions of n10 and n7 of ¯X2 ,11 which originate from the same initial state. Splittingswith
comparable values for these two transitions are indeed observed for the pattern of ¯X2 11 in the experimental
spectra ofQD2 andQD3 that are reported infigure 19 (middle row). Since no splittings are resolved for the other
transitions (n ,1 n ,2 n8 and n9) originating from the lowerE″ state of X2 ,11 itmust be concluded that h–h exchange
splitting of that state under asymmetry (dA

hh) is too small to be resolved for theseQDs. It can also be concluded
that any further splitting caused by e–h exchange interactions in the final single exciton states under asymmetry
(d ,A

eh
0 dA

eh
1 and dA

eh
2) remains unresolved in the spectra offigure 19.

Based on the arguments given above, the interpretation of the spectra ofQD2 andQD3 is that these dots
exhibit successively stronger breaking of the idealC3v symmetry (with D h3 elevation). One dominating signature
of symmetry breaking for biexciton 2X11 was identified as the h–h exchange induced splittingDA

hh of its excited
E′ state. h–h interactions of the same origin exist also for the trion +X ,11 but the e–h interactions of this complex
even result in split excitonic states for a symmetricQD.However, for asymmetricQDs, the additional splitting
DA

hh due to h–h interactions will be superimposed onto existing splittings caused by e–h–interactions,modifying
the energy spacing between the nIV and the nIII transitions originating from the split hole levels. It can be seen in
the +

¯X11 spectra offigure 19 (last row), when going fromQD1 toQD3, that the energy spacing successively
increases for the two transitions identified as nIV and n ,III with an amount comparable to the observed energy
splittings of X2 .11 This trend ismore clearly represented infigure 21(a), where all the values of the discussed
energy splittings are plotted.

It should also be noted that the set of hh-like transitions ¯X2 11 gains stronger z-polarizationwith increased
symmetry breaking (see figure 19 (top row)). This is consistent with opening of new z-polarized decay channels,
but it also indicates that the relatively small lh-character associatedwith the hh-like level h1 is responsible for an
increased overlapwith the electronwave function for asymmetric quantumdots. Similar relaxation of the

Figure 21.Measured energy splittings of n ,3 n7 and n ,10 aswell as the energy separation between nIV − nIV for the threeQDs of
figure 19 exhibiting successively stronger breaking of the idealC3v symmetry. ForQD1, the splittings of n ,3 n7 and n10 are unresolved,
with the corresponding values set to zero.
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polarization selection rules is also observed for the set of lh-like transitions +
¯X11 (see figure 19 (bottom row)). For

a symmetric dot, underC3v aswell as D ,h3 strict polarization rules were predicted with nI and nIV as z-polarized
while nII and nIII areσ-polarized transitions. For aQDwithC2v symmetry (or lower), all transitions are active in
all polarization directions. It can clearly be seen forQD3 that nIV has gained in intensity in the y-polarized
direction and that nIII appears alsowith z-polarized light. Interestingly, the strict polarization rules ofC3v still
hold for nI and n ,II which are the transitions originating from the lower +X11 levels that were found previously to
be nearly unaffected by the symmetry breaking.

Figure 22. (a)Group theory derived decay schemes of the conventional biexciton 2X20 under D .h3 Doubly degenerate (non-
degenerate) levels are shown by thick (thin)horizontal lines. Transitionswith isotropic polarization in the xy-plane are represented by
thick vertical lines. (b)μPL spectra of the conventional excitonX10 and biexciton 2X20 of a symmetric QD acquired in side-view
geometry. The solid (dotted) black lines indicate the PL intensity Iy (Iz) linearly polarized along y (z). (c)The degree of linear
polarization = - +( ) ( )P I I I I .y z y z (d)Analogous to (a) but for C .v2 x-polarized (y-polarized) and z-polarized transitions are
represented by gray (black) solid and black dotted vertical lines, respectively. (e) and (f)Analogous to (b) and (c) but for an asymmetric
QD.
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An additional consequence of symmetry breaking towardsC2v is the activation of a z-polarized transition for
the hh-like single excitonX10 (see figure 20(a)). As this exciton is thefinal state in the decay of the biexciton X2 ,20

any corresponding z-polarized component should be observed for ¯X2 .20 Decay schemes of 2X20 for both D h3

andC3v are shown infigures 22(a) and (d), respectively. As alreadymentioned, the corresponding PL-spectra of

¯X2 20 and ¯X10 of the symmetricQD1 reported infigure 22(b) do not reveal any z-polarized components. On the
other hand, the spectrumof the asymmetricQD3 shown infigure 22(e) evidences weak z-polarized components
about 200μeV below (above) themain y-polarized transition of ¯X10 ( ¯X20). These z-polarized components yield
significant dips in the corresponding degree of polarization plotted infigure 22(f). The energy spacing between
the y- and z-polarized components of∼ 200μeV is nearly the same as the previously estimated splittingDeh

0

= 172μeV between the bright and the approximately dark state ofX10 for a symmetricQD. Small differences in
the splittings are expected between symmetric andweakly asymmetricQDs due to the symmetry dependencies
of the interactions energies, e.g. due to the symmetry induced splittings dA

eh
1 and dA

eh
2 (see figure 22(d)). These

results demonstrate thatC2vQDs do not exhibit two dark states, butmerely a single one.Note that z-polarized
components are normally not accessible in conventional top-view light collection, where the x- and y-polarized
components are probed.

The side-view light collection implemented in this analysis of symmetry breakingmay be inconvenient for
the characterization of a large numbers ofQDs, since only a one-dimensional array of dots can be accessed in this
geometry. Instead, the conventional top-view geometrymay bemore suitable for fast and efficient symmetry
characterization, with access to two-dimensional arrays ofQDs. Two of the strong signatures of symmetry
breaking described so far are, however, clearly observed in the standard top view geometry, evenwithout the
need for polarization resolved spectroscopy in the xy-plane: (1) the detection of a splitting of the n3 transition of

¯X2 ,11 i.e. the observation of four instead of three peaks in the spectral pattern of ¯X2 ,11 and (2) the detection of a
third peak corresponding to nIV of +

¯X ,11 i.e. the observation ofmore than two peaks in the spectral pattern of +
¯X .11

Thefirst case should be considered themost robust, since it is insensitive to polarization cross-talkwhichmay
occur for certain sample structures for which a small amount of z-polarized light can be also detected from the
top-view due to light scattering.

The signatures of symmetry breaking described in this section aremuch less demanding to resolve than the
standardmeasurements of e–h exchange induced fine structure splitting d ,A

eh
1 which has typical values in the

range of 0–50μeV in these pyramidalQDs [21]. The sensitivity of the h–h exchange interaction toweak
symmetry breakingwas clearly evidenced in the optical spectra of the biexciton X2 ,11 yielding splittingsDA

hh up
to 250μeV. This higher sensitivity suggests that simplemeasurements ofDA

hh can be performed, instead of the
directmeasurement of d ,A

eh
1 in order to assess the symmetry and efficiently selectQDswithC3v symmetry that are

suitable for applications requiring polarization entangled photon sources.

8.Discussion

Wewill highlight some direct consequences of the analysismade in this work and discuss them in relation to
experimental and theoretical studies,mainly performed on conventional SKQDs In(Ga)As/GaAsQDs. Parts of
the points discussed here have briefly beenmentioned in our previous publications, inwhichwe did not present
a complete analysis of exciton complexes [12, 27].

The direct access to the energy separation between h2 and h1 was originally reported by Siebert et al from the
optical spectra of the excited positive trion in InAs/GaAs SKQDs [49]. In that case, the relevant transitionswere,
however, determined by resonant excitation and PL-excitation spectroscopy. In ourwork, we performnon-
resonantμPL spectroscopy of +X11 andwe could find that therewas only a small reduction of the exciton binding
energy of∼0.6 meV for the excited lh-like exciton in comparison to its hh-like counterpart. The corresponding
binding energy difference reported for InAs/GaAs SKQDs covers awider range, however, from0.5 to 2.7 meV
[49]. For these SKQDs, the ground and excited hole levels have a dominant hh-character. In both cases, the
reduction of binding energy is understood as a reduction of the attractive e–h interaction, which takes place
because the excited hole state has a smaller overlapwith the electron state than the ground hole state.

It is widely accepted that the single exciton of aQD exhibits two bright states and two dark states [10]. This
description of the fine structure of an exciton underlines that the dark states are characterized by a total angular
momentum J of± 2 arising from the electron (±1/2) and hole spins (±3/2) in a zinc-blende semiconductor
heterostructure [50]. Our group theoretical analysis of the optical selection rules reveals, however, that aQD
withC2v symmetry exhibits a single dark state (see figure 22(d)), while the three other exciton states are optically
active with x-, y- and z-polarization, respectively [12, 27]. This prediction of a z-polarized component is indeed
confirmed by the experimental results displayed in figures 22(e) and (f), where this z-polarized spectral line is
positioned 200μeV from the single exciton transition ¯X .10 Wenote that the existence of a z-polarized
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component in the emission spectrumof an excitonwas also experimentally observed for asymmetric self-
assembledCdTe/ZnTeQDs [51] and theoretically confirmed using a tight-bindingmodel [52].

On the basis of a simple single bandmodel, it was predicted that the fine structure of excited trions has a
universal structure for both positively and negatively charged excitons; themain structure originates from the
singlet–triplet states caused by the exchange interaction between pairs of holes or electrons [53]. However,
experiments as well as atomistic theory on doubly charged exitons inC2v InAs/GaAsQDdemonstrated a clear
distinction between electron–electron and hole–hole exchange interactions.While two electrons form singlet–
triplet states, two holes instead formone doublet and two singlets [54]. The explanation for this difference is that
holes follow the summation rules of spin-3/2, which are different from the rules of spin-1/2 particles valid for
electrons. For heavy-holes, this would lead to a twofold degenerate state with J= 3 and two singlets with J= 0
and J= 2 [54]. On the basis of the group theory approach used in ourwork, we could predict that forQDswith
C3v symmetry, the twoholes only belong to two doubly-degenerate states. This prediction is the origin of the two
E states of X2 .11 Furthermore, it was found that underC2v any pair of holes (or electrons) under exchange
interaction corresponds to a set of four singlet quantum states with labelsA1,A2,B1,B2 (see top part offigure 20).
These results hold independently of the heavy or light hole character of the single-particle states and disagree
with the predictions of previous work [54].

Themaximal h–h exchange interaction energiesDhh determined for the pyramidalQDs in this work are
typically below 300μeV. This small value should be compared to the e–e exchange interactionDee ofmore than
7 meV that was experimentally determined from the emission lines of a double negatively charged exciton for
similarQDswith excited electron states [36]. The tiny value ofDhh reported here can appear surprising atfirst
glance, especially when considering that the holes are heavier and thusmore localized than the electrons, which
would lead to larger Coulomb interaction energies for holes than for electrons. However, exchange interactions
only occur between identical particles. For pure hh- and lh-states, no long-range h–h exchange splitting exists at
all due to the orthogonality between the two states. The fact that holes in h1 are to a large extent hh (∼90%)while
holes in h2 are only∼10%hh indeed leads to very small values ofDhh in the investigatedQDs. Thus,much
larger values would be expected if the character of the holes in h1 and h2 was similar, or if bothwere to be strongly
hh–lhmixed. Corresponding values ofDhh for conventional SKQDs,where both hole levels involved have
mainly hh-character, have been determined to be in the range of 2 to 5 meV [54, 55]. In otherQDswith hole
states of similar hole character orwith a higher degree of hh–lhmixing, the h–h exchange induced splittingDA

hh

upon symmetry breaking can bemuch larger than in the present work, with values in themeV range [56].

9. Conclusions

A sequence of experimentalmethodswas implemented in order to reach a complete understanding of the
various intrinsic spectral features of exciton complexes in pyramidal QDs.Our approach enables a solid
experimental identification of all relevant exciton complexes, including complexes withweak emission lines and
overlapping spectral features without relying on any quantitative estimation of their fine structure splittings. A
general group theoretical analysis of the excitonicfine structure was presented for all observed exciton
complexes, which enabled the identification and determination of the e–h and h–h exchange interaction
energies contributing to the experimentally observed splittings. The observed dot-to-dot variation of the fine
structure splittings could be consistently explained by the effects of various degrees of breaking of the idealC3v

symmetry. This work emphasizes the importance of the actualQD symmetry aswell as approximate elevated
symmetries in order to derive the optical selection rules for exciton complexes and to reach a comprehensive
description of their emission patterns. Our approach to spectral analysis is directly applicable also to otherQD
systems, in particular to dotswith little strain and closely spaced hole levels, and it should be particularly effective
for characterizing and selectingQDswith a high degree of symmetry for quantum information applications.
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