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G. J. Beirne,1,b) and P. Michler1

1Institut für Halbleiteroptik und Funktionelle Grenzflächen, Universität Stuttgart, Allmandring 3,
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(Received 28 November 2011; accepted 21 February 2012; published online 29 March 2012)

We investigate the photoluminescence polarization anisotropy of self-assembled individual lateral

InGaAs/GaAs quantum dot molecules. In contrast to similarly grown single quantum dots, the dot

molecules exhibit a remarkable degree of linear polarization, which remains almost unchanged

when a lateral electric field is applied to tune the exciton wave function and, thus, the

luminescence spectral properties. We discuss the nature of this polarization anisotropy and suggest

possible causes based on the system’s symmetry and heterostructure alloy composition. VC 2012
American Institute of Physics. [http://dx.doi.org/10.1063/1.3697982]

I. INTRODUCTION

In quantum information technology, solid state nano-

structures have become key components to generate “flying”

messenger photon qubits and to realize reliable photon sour-

ces for entanglement-based quantum cryptography. Self-

assembled semiconductor quantum dots (QDs) stand out as

promising basic units for such applications, e.g., as sources

for triggered single photons as well as entangled photon

pairs.1–5 Based on these individual QDs, larger and more

functional units can be designed and realized by vertically

stacking them along the growth direction6–10 and/or laterally

arranging them.11–14 These more complex units can be used

not only as single photon and entangled photon pair sources

for the aforementioned applications, but also to act as basic

quantum gates on charges and spins that are confined within

them.15,16

The polarization properties of QDs that are used as

entangled photon pair sources, such as the exciton fine struc-

ture (FS) and its tuning, are very important and have been

widely discussed, both for single InGaAs/GaAs QDs17–20 and

QD molecules (QDMs).21,22 Tuning the FS splitting (FSS) of

the neutral exciton state to values on the order of its natural

linewidth is a promising approach to use the respective radia-

tive biexciton-exciton cascaded emission process to produce

polarization entangled photon pairs.3–5 Strain-induced aniso-

tropic exchange interaction (AEI) and valence-band mixing

(VBM) might have an impact on the exciton FS, even for

highly symmetric single QDs and QDMs, and are recently

also discussed as possible sources for polarization anisot-

ropy.23,24 Especially the symmetry of QD structures and their

confinement potentials, as well as their impact on the polariza-

tion of the related excitonic recombination, are important

topics in current theoretical and experimental studies.25,26

In this report, we investigate the polarization properties

of single photons emitted from lateral InGaAs/GaAs QDMs

manipulated by an electric field. In particular, we analyze

and discuss the high degree of linear polarization (DLP) of

these molecules in comparison to similar single dots, which

were grown in a comparable way and which exhibit similar

recombination energies. We suggest possible reasons for the

observed polarization anisotropy of the investigated QDMs

and discuss their consequences and impact on the theoretical

description and their future application in quantum informa-

tion processing.

II. THE DOT MOLECULE SAMPLES

The low density (1� 108 cm�2) QDMs were grown on

GaAs(001) substrates by molecular beam epitaxy and are

consistently aligned along the ½1�10� crystal direction. A

“basin”, which was formed in the GaAs barrier by in situ
etching, was subsequently filled with InyGa1�yAs and

followed by the growth of the two InxGa1�xAs QDs at the

edges of the basin. The QDs have heights of approximately

2.8 nm, widths of 40-48 nm, and an edge-to-edge distance of

4-11 nm.12–14 The gradients in the In content of dots and ba-

sin, x and y, are most significant along the growth direction

(Fig. 1(a)). A more detailed discussion of the structural data

and a theoretical model are presented in Refs. 14 and 17,

respectively. The total QDM active layer is embedded inside

a planar lambda-cavity with 20 bottom pairs and one top pair

of AlAs/AlGaAs distributed Bragg reflectors in order to

obtain a higher photoluminescence (PL) extraction at the typi-

cal emission energy of around 1.35 eV.22 The reliable and

repeatable alignment of all QDMs along the ½1�10� direction

allows for the application of electric fields along a controlled

direction with respect to the QDM coupling axis. The static

electric fields are created by voltage control of parallel metal

electrodes that are deposited on top of the sample with spac-

ings of 5 to 20 lm between them.

Detailed atomistic empirical pseudopotential calcula-

tions of the same kind of lateral QDMs over a basin were

a)Electronic mail: claus@es.hokudai.ac.jp.
b)Present address: Huygens Laboratory, Leiden University, P.O. Box 9504,

Leiden 2300 RA, Netherlands.
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carried out and are reported in Refs. 27 and 28. Therein,

the calculated electronic level structure of single particles,

neutral and charged excitons, as well as multi-excitons are

presented. Furthermore, the calculated wave function de-

pendence on a static lateral electric field is discussed and is

in line with the observed changes to the QDM PL spectra.

In that theoretical description, as well as in previous experi-

mental studies, we have highlighted that electron tunnel

coupling is possible, even at the rather large center-to-cen-

ter distance between the two dots. As a consequence, the

ground state electron single particle wave function or state

density, hejei, in the QDM can spread over both dots, as

schematically sketched in Fig. 1(a), and can furthermore be

tuned using the lateral electric field along the coupling axis.

By tuning this electric field, the electron state density can

be shifted from one dot via an equal distribution over both

dots (at F¼Fe) to the other dot. The hole, on the other

hand, due to its larger effective mass, experiences the QDM

confinement potential as two rather separated dots. Its

ground state density, hhjhi, thus remains almost completely

localized in either of the dots (Fig. 1(a)) and shows no sig-

nificant tunnel coupling.13,27

III. OPTICAL SPECTROSCOPY

A. Low-temperature micro-photoluminescence

Low-temperature micro-PL measurements were carried

out in a helium flow cryostat at 5 K by using an objective

lens with NA¼ 0.45, which results in a focus diameter of

about 1.5 lm. The low spatial QDM density directly allows

for the examination of one QDM at a time without any fur-

ther sample structuring, such as mesa etching or shadow

mask fabrication. The optical excitation was performed using

either a cw or a 3-ps pulsed Ti:sapphire laser at 800 nm

(1.55 eV), which photo-generates carriers in the bulk GaAs

barrier and thus non-resonantly creates excitons of no dis-

tinct spin-configuration (polarization) in the QDM. The exci-

tation power was kept below or close to the neutral exciton

saturation level, such that a high PL signal and reasonably

low background could be obtained. The QDM PL was col-

lected with the same objective lens, dispersed by a 75-cm

spectrometer with a 1200 l/mm grating and detected using a

silicon charge coupled device camera.

The electrical tuning of the QDM charge distribution and,

consequently, of the optical emission properties was per-

formed via a lateral electric field. The field was applied along

the QDM coupling axis, ½1�10�, through parallel titanium-gold

electrodes, as described above. The PL spectra for electric

fields between �600 and þ600 V/cm are displayed in Fig.

1(b). The field-dependence clearly reveals the switching of

the relative intensities of the two peaks, X1 and X2, which is

highlighted by the dashed ellipse. We attribute the origin of

these recombination lines to neutral exciton recombination,

with the hole in either of the two dots that make up the QDM.

For example, the low-energy peak X1 corresponds to the

recombination in QD 1 according to the configuration illus-

trated in Fig. 1(a). A weak (close to) quadratic Stark shift can

be seen featuring the maximum exciton recombination ener-

gies for F � 100 V/cm. This type of Stark shift is characteris-

tic of lateral QDM excitons and is indicative of a negligible

intrinsic electric dipole moment and a rather small polarizabil-

ity. In other words, the wave function overlap integral, hejhi,
tends to be rather stable and unaffected by lateral electric

fields up to a few kV/cm, which is furthermore supported by

almost unchanged exciton radiative lifetimes on the order of

0.7-1 ns.29,30

The corresponding second-order (intensity) autocorre-

lation measurements under ps-pulsed excitation (Fig. 2)

highlight the triggered single-photon nature of the electric

field tunable neutral exciton recombination, X1 and X2. For

all three tuning situations, with X1 dominant, X1 and X2

equally intense at Fe, and X2 dominant, the antibunching

value, g2(s¼ 0), is below 0.3, which confirms the single

photon nature of the QDM emission. The related cross-

correlations between different QDM PL lines are presented

elsewhere.13,22,29

B. Polarization analysis of the dot molecule
luminescence

One major interest when studying the polarization prop-

erties of QDs is their FS. This FS is believed to be a key

FIG. 1. (a) Schematic top view of a lateral QDM with the two QDs over the basin and a possible combination of single-particle electron (e�) and heavy hole (hh)

wave functions; cross-sectional view of the QDM illustrating its alignment, dimensions, and the In gradient. (b) Electric field tuning of the excitonic emission from

lateral QDM A under non-resonant cw excitation below saturation power (200 Wcm�2). The spectra are obtained for F¼�600 to þ600 V/cm with an increment

of 100 V/cm and are displayed with artificial vertical offsets for clarity. The dashed ellipse highlights the change in the relative intensities of the two neutral exciton

transitions, X1 and X2. The spectral features at lower energies are due to biexcitonic recombination and are not further discussed here.
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aspect for the possibility of generating polarization entangled

photon pairs from QDs by using a cascaded emission pro-

cess. While the first comprehensive studies on radiative cas-

cades in vertical QDMs were reported in Ref. 21, we

previously reported on the biexciton-exciton cascades in lat-

eral QDMs.22 In that work, a FSS on the order of 10 leV

was measured and two uncharged radiative cascades could

be identified. However, the polarization anisotropy, i.e., the

polarization degree of the QDM PL has not been investigated

until now and is discussed below.

The polarization isotropy or anisotropy of the emitted

luminescence is of particular interest when coupled QD sys-

tems, such as lateral QDMs, are investigated. Obviously, the

symmetry of the lateral QDM, treated as one entity, is not

only lower than the ideal assumption of a single QD or verti-

cal QDM of perfectly cylindrical (D2d) symmetry, but is also

lower than the more realistic C2v or C3v symmetry that

appears in these systems as a result of the substrate orienta-

tion, e.g., (001) or (111).26

We investigate the PL polarization as a function of

applied lateral electric field. Therefore, the QDMs were non-

resonantly excited without any modulation of the excitation

laser polarization. The PL signal, in turn, was analyzed with

respect to its polarization properties by rotating a half-wave

plate (HWP) placed in front of a fixed linear polarizer (LP).

The PL intensities, which are displayed in Figs. 3(d)–3(g),

were obtained by fitting peaks X1 and X2 in PL spectra that

were recorded at various HWP angles. The results obtained at

three distinct QDM neutral exciton tuning situations are fea-

tured, namely, the case of a dominant X1 exciton peak, two

equally intense excitons, X1 and X2, at Fe, and the X2 exciton

as the dominant peak. The PL intensity maxima, Imax, are con-

sistently found at polarization angles close to zero and 6180�,
which corresponds to the direction along the QDM coupling

axis ½1�10�. The PL intensity minima, Imin, are found perpen-

dicular to that axis at polarization angles of around 6 90�. We

defined the polarization angle as twice the HWP rotation

angle with respect to the LP axis and set the zero point by

using the linear polarization of the laser together with the

sample orientation. The linear polarization degree is

DLP ¼ Imax � Imin

Imax þ Imin
: (1)

At this point, we would like to recall and stress the single

photon nature of the individual PL peaks, X1 and X2, as

demonstrated in Fig. 2, in order to rule out the possibility

that two uncorrelated features of different polarization over-

lap accidentally in the PL spectra. We also want to highlight

that the FSS of the presented QDM was below the resolution

limit of our detection system, including line-shape fitting,

i.e., the FSS� 10 leV.

The projections of the PL of the neutral excitons of

about a dozen of other QDMs have been investigated in the

same way; the intensity maxima were consistently found at

directions parallel to the QDM coupling axis with deviations

smaller than 610� and with comparably small FSS. Aniso-

tropic linear polarization could be observed for every investi-

gated neutral exciton in lateral QDMs with DLPs on the

FIG. 2. The curves on the left display the PL spectra of

QDM A obtained under ps-pulsed non-resonant excita-

tion close to saturation power (500 Wcm�2) for three

different tuning situations: (a) X1 dominant at

F¼�400 V/cm, (b) X1 and X2 tuned to similar inten-

sities at F¼Fe¼�200 V/cm, and (c) X2 dominant at

F¼ 0 V/cm. The graphs on the right (d)-(g) display the

corresponding second-order autocorrelation histograms

for these tuning situations. All evaluated antibunching

values are obtained directly from the histograms with-

out background subtraction, post-measurement modifi-

cation, or deconvolution of the instrument response

function.
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order of 5-30% and an average of around 12.5%; however,

no significant and clear influence of the applied electric field

on the DLP could be found. The change in DLP when vary-

ing the electric field is either zero or within/close to the

uncertainty of the measurement results (typically �2%).

This means that the case of both excitons appearing equally

intense at Fe, which might be associated with a slightly

smaller wave function overlap, hejhi, shows no significant

difference in polarization to the case where both the electron

and the hole are localized within the same dot (larger hejhi).
Nevertheless, we want to point out that, within the measure-

ment uncertainty, the DLP at Fe shows a tendency to be

slightly larger (up to 2-3%).

A comparison between single InGaAs/GaAs dots and

lateral QDMs can be done based on the results shown in

Figs. 3(d)–3(g) and 3(i). The QDMs exihibit a mean DLP of

approximately 12.5%, whereas the typical single dot DLP is,

on average, 3.6%. From several dozens of measured dots, we

selected data from a single QD exciton that exhibits a detect-

able polarization degree, which is clearly not perfectly

aligned along one of the crystal (symmetry) axes. The major-

ity of QDs do not show any significant polarization

FIG. 3. QDM B PL spectra (non-resonant excitation at 300 Wcm�2) are displayed on the left for the three different tuning situations and at a polarization angle of

zero degrees: (a) X1 dominant at F¼�800 V/cm, (b) X1 and X2 tuned to similar intensity at F¼Fe¼�410 V/cm, and (c) X2 dominant at F¼�220 V/cm. The

corresponding linear polarization plots are displayed on the right, where the linear polarization axis of 0 and 6180� correspond to the ½1�10� crystal axis. The fitted

polarization degrees are (d) DLP(X1)¼ 186 1%, (e) DLP(X1)¼ 19 6 2%, (f) DLP(X2)¼ 18 6 2%, and (g) DLP(X2)¼ 166 1%. The single QD data are dis-

played for comparison: (h) the PL spectrum and (i) the linear polarization plot, showing a comparatively low DLPQD(X) � 3% of the neutral exciton X.
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anisotropy; a value of 7.6% is the maximum DLP found for

all investigated dots so far. More importantly, even in the

case where there exists an observable polarization anisot-

ropy, no distinct and reproducible directionality is observed,

and the angle between the polarization components can dif-

fer from 90�, which is in good agreement with recent theoret-

ical considerations and experimental reports.24,31,32

AEI and VBM could well explain the observed small

polarization of the single QD PL under the assumption of a

much weaker electron-light hole transition compared to the

electron-heavy hole transition. However, these contributions

alone cannot explain the generally higher polarization of the

lateral QDM PL. If the latter processes were the only con-

tributing effects or mechanisms, the wave function tuning

and, thus, the change in VBM should influence the DLP

much more significantly.

In the following paragraph, we want to take a look at

our QD structures from a more detailed microscopic view-

point. In ternary materials, such as in (In,Ga)As, the cations

(In and Ga atoms) are usually assumed to be distributed at

random positions in the crystal. In the idealized case of a

D2d-symmetric QD, neglecting AEI and VBM, this random
alloy should lead to unpolarized PL, i.e., to a crystal with-

out microscopic local optical dipoles. In a more realistic

approach, however, as theoretically discussed by Mlinar

and Zunger in Ref. 32, it might instead lead to an observ-

able “effect of atomic-scale randomness on the optical
polarization”. The described randomness in the simulated

problem is attributed to the limited number of atoms in a

QD (�105), which can result in a random and significant FS

and polarization of different orientation and magnitude

(�5%). Their theoretical results are in good agreement with

our single dot experimental results and may be the reason

for the small and randomly oriented polarization. In the lat-

eral QDMs, in stark contrast, a fixed and reproducible

polarization axis is observed. This observation can there-

fore be most likely attributed to the appearance of aligned

microscopic optical dipoles due to (partial) local ordering

of In and Ga atoms within the QDMs and/or due to a spe-

cific intrinsic geometry and alignment of the strain and pie-

zoelectric field.

Our observation and description of significantly different

DLPs for single QDs and lateral QDMs of similar growth,

dimensions, and overall composition leads to the necessity of

a modified and extended theoretical description of QDMs

when optical polarization effects are to be considered. Very

recently, this effect of local ordering of In and Ga atoms was

also theoretically found to lead to a DLP of up to 25% for sin-

gle InGaAs QDs.33 This corresponds well to the findings dis-

cussed in this article. The aforementioned considerations of

microscopic optical dipoles and alloy ordering, however, do

not completely apply to the discussion related to the FS and

FS tuning. This is because the FS is mainly determined by the

system’s symmetry, the extension of the confinement poten-

tial, and the wave function overlap and tuning, i.e., by the

macroscopic electric dipole and the respective electron-hole

exchange interactions. That means, even if the lateral QDM

PL appears to be polarized with a DLP of around 20%, its

polarization FSS can still be very small (FSS� 10 leV) and

remain the subject of efforts to tune it to sufficiently small

values to use the QDM as a source of entangled photon pairs.

IV. SUMMARY

In summary, we investigated the linear polarization ani-

sotropy of single photons emitted from tunable lateral

InGaAs/GaAs QDMs. The QDM excitons consistently show

an anisotropy in linear polarization of 12.5% on average,

which is attributed to microscopic optical dipoles that may

be the result of local ordering of In and Ga atoms in the ter-

nary alloy. In contrast to similarly grown single QDs, which

show only small polarization anisotropy of 3.6% on average

with no preferred orientation, the lateral QDMs exhibit a sig-

nificantly higher DLP and a reproducible polarization orien-

tation along the QDM coupling axis. Nevertheless, their

intrinsic exciton FSS is smaller than 10 leV. We believe this

experimental report highlights the future importance of a

more detailed understanding of the microscopic atomic-scale

structure of non-binary alloy QD systems when polarization

phenomena are described, both from the experimental and

theoretical point of view.
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