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Conditions for entangled photon emission from (111)B site-controlled
pyramidal quantum dots

G. Juska,a) E. Murray, V. Dimastrodonato, T. H. Chung, S. T. Moroni, A. Gocalinska,
and E. Pelucchi
Tyndall National Institute, University College Cork, Lee Maltings, Cork, Ireland

(Received 27 January 2015; accepted 21 March 2015; published online 1 April 2015)

A study of highly symmetric site-controlled pyramidal In0.25Ga0.75As quantum dots (QDs) is

presented. It is discussed that polarization-entangled photons can be also obtained from pyramidal

QDs of different designs from the one already reported in Juska et al. [Nat. Photonics 7, 527

(2013)]. Moreover, some of the limitations for a higher density of entangled photon emitters are

addressed. Among these issues are (1) a remaining small fine-structure splitting and (2) an effective

QD charging under non-resonant excitation conditions, which strongly reduce the number of useful

biexciton-exciton recombination events. A possible solution of the charging problem is investigated

exploiting a dual-wavelength excitation technique, which allows a gradual QD charge tuning from

strongly negative to positive and, eventually, efficient detection of entangled photons from QDs,

which would be otherwise ineffective under a single-wavelength (non-resonant) excitation. VC 2015
AIP Publishing LLC. [http://dx.doi.org/10.1063/1.4916705]

I. INTRODUCTION

A number of possible routes are currently under investi-

gation with the aim to find a practical, technological imple-

mentation of quantum processing. One of the promising

options is that of building a quantum processor based on

photonic technologies. Nevertheless, options and alternatives

branch readily even when the photon source problem

endures, and there is no general agreement in the community

on what alternatives will finally win this race.

In the field of entangled photon sources, two main

options exist at the moment. One of them relies on non-

linear optical processes,1 with the advantage of being gener-

ally highly efficient in photon entanglement (and photon

throughput) while allowing operation at room temperature.

However, the technology does not deterministically guaran-

tee a single pair of entangled photons on-demand. Moreover,

it is reasonably difficult to integrate in a photonic chip with

current non-linear crystals or equivalent implementations, as

it remains a relatively bulky technology. However, there are

relevant results in this direction.2,3

On the other hand, quantum dots (QDs) are compatible

with semiconductor foundry technologies, allow true photon

on-demand operation, but operate at cryogenic temperatures

and have not shown, until now, the same, reproducible, high

entanglement quality as non-linear sources.4–9 Some impor-

tant milestones have been met,10,11 and the progress is

proceeding lively. Nevertheless, despite the significant

advancement of the QD technologies, some important issues

need to be addressed: e.g., a truly integrable (and scalable)

system should enable site-control at the epitaxial stage, as it

would allow pre-aligning the QD with a semiconductor

photonic circuit. Site-control is a necessary feature, as the

photonic circuit architecture is likely to be composed of bil-

lions of gates.

As proposed originally in the manuscript of Benson

et al., in analogy to an atomic system singlet state recombi-

nation,12,13 the entangled photon emission from QDs relies

on the formation of an entangled atomic state between two

identical particles (excitons in this case) occupying two

nearly degenerate levels (and forming a biexciton).

We have recently shown14 that matching site-control

and entanglement preservation is indeed a possibility with

specially grown pyramidal QDs. They are grown on (111)B

patterned substrates by metalorganic vapour phase epitaxy

(MOVPE) due to anisotropies in the metalorganic precursors

decomposition process and what have been reported as capil-

larity effects.15–17 The intrinsic lattice symmetry18,19 associ-

ated with the growth direction is the basis of the creation of

highly symmetric dots, as pointed out in a number of manu-

scripts.20,21 Yet, until our report,14 no group could actually

obtain entangled photons from (111) site-controlled dots,

questioning the very possibility of attaining such result. Our

recent results were obtained only due to a specific growth

procedure, exposing the QD to unsymmetrical dimethylhy-

drazine (U-DMHy) (a nitrogen precursor) allowing the,

reportedly, capillarity-induced, formation process.22 The sur-

factant effect23 of U-DMHy allowed, to get relatively high

density of symmetric dots, with regions where around 15%

of the orderly positioned dots emitted entangled photons.14

Despite the striking impact of this outcome on the tech-

nological improvement for quantum processing, it would be

important to achieve such a result without necessarily relying

upon a “special” trick, and in a much general manner.

Moreover, an improvement of the basic understanding on the

growth process would clarify the unexpected sources of

asymmetry, and make entangled photon emission from thea)E-mail: gediminas.juska@tyndall.ie
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full family of QDs on (111) substrates a feasible achieve-

ment. This would hopefully allow tuning emission energies

in a broad range of wavelengths and obtaining tailored emis-

sion properties, and not “constrained” ones.

We show here that it is also possible to obtain entangled

photon emission from pyramidal dots (even if with a lower

density of good emitters) without the exploitation of surfac-

tant effects. We experimentally analyse some of the factors

that limit the density of entangled photon emitters and their

impact on our system. One of them is the usually small devi-

ation of carrier confinement potential symmetry from the

theoretically predicted three fold rotational one. The conse-

quence of this deviation is a small exciton level splitting,

also known as a fine-structure splitting (FSS): a usual issue

of the most QD systems, however, far less significant in py-

ramidal QDs. Another, more important limiting phenomenon

occurs when the system is non-resonantly excited—pyrami-

dal QDs tend to charge efficiently with negative charge car-

riers from surrounding material. This, as will be discussed,

dramatically reduces the amount of useful biexciton-exciton

recombination cascade events. This issue is addressed in the

paper and a possible solution, achieved by a dual-

wavelength excitation, is presented.

Our manuscript is organised as follows. We start with a

brief background on the physics of entangled photon emis-

sion from QDs (providing the general reader with a proper

background on the current status). After the experimental

summary, we discuss how it is possible to obtain photon

entanglement by a variety of epitaxial growth recipes, and

discuss the limits for the performances in samples which

were grown without surfactants effects. We explain one of

the underlying phenomenology of the found performance

limits, negative charging of QDs, which prevents entangled

photon emission cascades. Finally, we show a practical solu-

tion to the problem: dual-wavelength excitation.

II. THEORETICAL BACKGROUND NOTES

The original proposal to obtain entangled photon emis-

sion from QDs13 is based on an analogy to atomic systems,

where, in the early 1970s, entangled photon emission was

demonstrated, for example, by exploiting an atomic cascade

from a specific atomic singlet (in a p state) in a calcium

atom.12 Shortly, in atoms, in a singlet state, entanglement

of the electronic wavefunction is the result of textbook par-

ticle indistinguishability, which forces the atomic system

description to be antisymmetric (two fermions) in respect

to particle exchange. Symbolically, without normalization,

jwatomi / ðj "; #i � j #; "iÞ, where the arrows convention-

ally indicate the spin degree of freedom. The subsequent

electronic jumps to ground state produce entangled photon

emission, as the two photon emission simply directly maps

the entangled electronic state. Should the electronic states

occupied by the two electrons be non-degenerate, the entan-

glement would persist, i.e., the two photons would be con-

stantly entangled over time, but in an entangled state that

evolves in time due to the time-dependent phase induced by

the non-degeneracy. This has been observed historically,

for example, in what have been referred to as quantum

beats (see, for example, Ref. 24), namely, the energy differ-

ences between the atomic levels lead to a different time

evolution of the (two) single electronic states, resulting in

phase terms appearing in the entanglement probability

amplitudes after emission (see also, for example, Ref. 25).

The physics formalism involved is in its essence similar,

for example, to the beating in the ammonia molecule often

treated in introductory textbooks to quantum physics (the

vibrational “inversion” states for the first maser), and has

strong similarities to Rabi oscillations.

In the case of QDs, the picture is slightly more compli-

cated. The decaying state would be a biexciton, i.e., a QD

filled by 4 particles (fermions), two electrons and two holes,

confined by the barriers and interacting through coulomb

interactions. This does not impede particle indistinguishabil-

ity and the need for a correct state description of appropriate

parity under particle exchange in order to fulfil Fermi statis-

tics (separately for the two electrons and the two holes).

Obviously, the description could also be that of a “singlet”

state of two excitons, instead that of a state of four fermions,

and both equivalent descriptions can be found in the

literature.

The fundamentals of entanglement (particle indistin-

guishability and symmetry exchange requirements) cannot

obviously be lifted, and the nonseparability of the biexciton

state is not questionable (we indeed realised that, in the

broad semiconductor community, the idea that the biexciton

is separable, i.e., can be written as a direct product of the sin-

gle particle states, is often appearing: it comes without say-

ing that this should only be considered as a practical

approximation if appropriate, and not as a complete physical

description). We refer the interested reader to the extensive

literature in the field, giving some examples in

references.26–33

As a result, the biexciton in a QD behaves like in an

atom, an artificial atom in this case: the biexciton photon cas-

cade, through the electron-hole recombinations, produces

entangled photons by merely maintaining/mapping the entan-

glement nature of the original (singlet like) electronic state. If

the dot is perfectly symmetric the excitonic states are degener-

ate in energy and the emitted state is jwi ¼ 1ffiffi
2
p jRLi þ jLRið Þ,

with L and R indicating left and right circular polarization. If

the dot is not symmetric the level degeneracy is lifted and

“beating” appears, as in the atomic case. The final photon

state will be jwi ¼ 1ffiffi
2
p jHHi þ ei2pFSSs=hjVVi
� �

, with H and V

standing for horizontal and vertical linear polarization, FSS is

the difference between the two excitonic energy states we dis-

cussed in our introduction, and s is the time between the first

and the second exciton emission. This was pointed out in

QDs, for the first time, in Ref. 34.

For QDs since the phase term is dependent on the emis-

sion time (typically in the nanosecond region), which is ran-

domly distributed, the experimental state identification

becomes complicated. When a FSS splitting is present the

state tomography procedure35 averages over several randomly

distributed/emitted different entangled states, practically

resulting in an apparent classical state. Effectively, only very

small FSS (less than a few leV) allow detection of

134302-2 Juska et al. J. Appl. Phys. 117, 134302 (2015)



entanglement without the need for post selective time

resolved/windowing measurements.

We would like to caution the general reader on a specific

terminology aspect. In the early history of QD entanglement

development, it could not be demonstrated because the FSS

was too substantial. This has somehow generated a distinct

jargon in some authors: since the asymmetry of the dot

breaks the degeneracy of an intermediate exciton level, this

potentially enables the two paths to be distinguished by fre-

quency,36 i.e., a “which path” information is introduced

which pre-empts entanglement. While this has been used as

a jargon by specialised researchers with a specific contextual

meaning we caution that this can be misleading. As it is clear

from our discussion, entanglement is preserved in each sin-

gle realization of the experiment (i.e., in each single cas-

caded emission). The non-degeneracy introduces a specific

time-evolution of the two-photon state, which however

remains strictly non-separable at all times. The non-

degeneracy simply hinders the detection of such entangle-

ment only in a statistical sense. Indeed, as already hinted

above, to detect entanglement one needs to perform a full

quantum tomography of the density matrix of the two pho-

tons, which implies several repetitions of the cascaded emis-

sion, both because several correlations must be measured

and in order to have sufficient signal-to-noise ratio. If how-

ever the time-dependent phase induced by the non-

degeneracy varies randomly from repetition to repetition, the

result will be that of averaging out all phase terms in the den-

sity matrix and one will be left with a statistical mixture (i.e.,

classical correlations, non-entanglement). Rigorously, and

outside specialised scientific jargon, in each specific repeti-

tion of the experiment there is no “which path” information

in the cascade process, as only after the first photon is meas-

ured the superposition entangled state is projected onto a

specific polarization and energetic state. During the cascade

and the “flying” period, it stays as an entangled state. The

process has, for this reason, no real similarity with a “double

slit” experiment where the slit the photon has gone through

is known (or the alike process in a Mach-Zehnder type set-

up and equivalents) where a “which path” information

obtained by some extra/external measurement can be effec-

tively collected. It would, on the other hand, have resemblan-

ces, if any, with the phenomenon of coherence loss caused

by random phases.37

III. EXPERIMENTAL TECHNIQUES

The results presented in this work are obtained from a

batch of eight In0.25Ga0.75As samples grown without and two

samples with surfactant effects and of different epitaxial QD

design, namely, QD thickness and growth temperature, as pre-

sented in Table I. First, all the samples were characterised by

measuring the fine-structure splitting dependence on a QD

thickness (QD emission energy) and the surfactant effects.

Second, five samples with the smallest FSS values were

selected and shown as sources of entangled photon emitters.

It should be said that finding good emitters did not require a

particularly extended amount of time (given the difficulty of

the task in “normal” conditions), and a few good dots per

sample could be found during a one day search. In these sam-

ples the density of good dots does not match what we reported

in Ref. 14, an indication that more work is needed to realize

extended arrays of emitters. We underline that all the samples

are representative of different growth conditions for the QD/

barriers structure only: the alloy composition of cladding

(Al0.55Ga0.45As)/confining (GaAs) and QD (In0.25Ga0.75As)

layer was kept the same (we refer the reader to Ref. 38 for

more details). The dot thickness and/or dot/barriers growth

temperature were changed as reported in Table I. For temper-

ature values different than the reference sample (730 �C nom-

inal), slow ramping steps were performed during the

deposition of the cladding layers such to start the epitaxial

growth of the barriers (and therefore of the QD) with a stable

temperature condition. Growing the barrier/QD structure at a

constant temperature is an important aspect for pyramidal

QDs as different temperatures will deliver different dot

shape/size, due to the different equilibrium between

diffusion-induced capillarity and growth rate anisotropy, as

we have recently reported.15 For example, the dot base

dimension will change from �30 nm to 50 nm, when the tem-

perature is changed by 60 degrees, resulting in significantly

different confinement and, in general, dot properties.

All samples were measured in apex-up geometry, which

requires a substrate removal procedure.38,39 Photoluminescence

data were taken in the conventional micro-photoluminescence

set-up (see Fig. 1), which enabled access to individual QDs.

The samples were cooled down to 8 K by a closed-cycle he-

lium cryostat. QDs were excited non-resonantly with a semi-

conductor laser diode emitting at 635 nm. Exciton and

biexciton transitions were filtered for correlation measure-

ments by two monochromators equipped with 950 grooves/

mm diffraction gratings non-polarizing at 880 nm. Each fil-

tered transition was divided by a polarizing beamsplitter

(PBS) and sent to silicon avalanche photodiodes (APD). By

placing half- (k\2) and quarter- (k\4) wave-plates in the opti-

cal path of an exciton (X) and biexciton (XX) photons,

appropriate polarization projections could be selected during

polarization-entanglement measurements. Four synchronized

sequences of APD signals were fed to the photon counting

module and analysed to build four the second-order correla-

tion curves gð2ÞðsÞ. Excitation wavelength dependent studies

were carried out using a supercontinuum fiber laser equipped

with an acusto-optical filter, which enabled a simultaneous

selection of up to eight different laser emission wavelength

values in the range between 600 and 1100 nm.

To describe a two-photon (namely, a biexciton and an

exciton) polarization state, we used a quantum state

TABLE I. Growth conditions and parameters for the discussed pyramidal

In0.25Ga0.75As QD samples. The temperature values are the thermocouple

readings.

#1 #2 #3 #4 #5 #6 #7 #8 #9 #10

h (nm) 0.5 0.5 0.5 0.57 0.8 1 1.5 1.75 0.85 2

T (�C) 640 700 730 730 730 730 730 730 730 730

U-DMHy No No No No No No No No Yes Yes

134302-3 Juska et al. J. Appl. Phys. 117, 134302 (2015)



tomography procedure35 to measure the density matrix q. As

the expected maximally entangled state of photons emitted

from a QD is jwi ¼ 1ffiffi
2
p jHXXHXi þ jVXXVXið Þ, the fidelity

F ¼ hwjqjwi to this state can be calculated without perform-

ing a full tomography procedure—only five out of sixteen

two-photon Stokes parameters are required and they can be

obtained from the correlation measurements in linear (L), di-

agonal (D) and circular bases (C).40 If there is no in-plane

polarization anisotropy, the fidelity can be expressed by only

three two-photon Stokes parameters—degrees of correlations

(Cbasis): F ¼ ð1þ CL þ CD � CCÞ=4, where Cbasis ¼
ðgð2Þxx;x � g

ð2Þ
xx;�xÞ=ðgð2Þxx;x þ g

ð2Þ
xx;�xÞ with gð2Þxx;x (g

ð2Þ
xx;�x ) being the

second-order correlation function taken between the biexci-

ton and exciton photons of the same (orthogonal) polariza-

tion.41 For simplicity, in most of the cases, we used the

fidelity marker (>0.5 for non-classical light) to show polar-

ization-entanglement.

IV. EXPERIMENTAL RESULTS AND DISCUSSION

A. Entangled photon emitters from quantum dots of
different epitaxial designs

As we discussed, in the contest of a search of improved

development of site-controlled QD sources of entangled pho-

tons, it is important as the first step to investigate the condi-

tions over which a certain epitaxial recipe is capable of

delivering symmetric dots.

In Fig. 2, we show the fine-structure splitting values

measured from the samples grown at 730 �C. The values are

plotted as a function of an exciton emission energy which

reflects the real QD thickness. We avoid using nominal val-

ues, as QDs exposed to U-DMHy emit at higher energy than

the regular counterpart QDs of the same nominal thickness.

In this case, we assume that U-DMHy acts as a surfactant

and one of its effects is a small reduction of QD thickness

and thus increased confinement effects. The measured FSS

dependence on the emission energy shows that the FSS val-

ues strongly depend on the QD emission energy. FSS and the

spread of its values non-monotonously increase as the QDs

get thicker—from 3.5 6 1.6 leV to 15.4 6 10.0 leV for

0.5 nm and 1.75 nm thickness of regular QDs, respectively

(the inset of Fig. 2). While vanishing FSS of QDs grown

along (111) direction is predicted theoretically20,42,43 and

typically small values were obtained experimentally,21,44,45

there are a number of effects that can cause deviation from

theory. QD alloy disorder is a potential cause of reduced

symmetry.46 Moreover, QD environment is an important fac-

tor, especially as pyramidal QDs are a part of a complex

interconnecting ensemble of nanonstructures, and the con-

finement potential profile is non-trivial. For example, we find

that QDs similar to the ones from sample #3 but confined by

Al0.3Ga0.7As, have FSS of 58.7 6 25.4 leV compared to

3.5 6 1.6 leV of their counterparts confined by GaAs.

However, we stress that different barrier material not only

changes the confinement potential height and profile, but it

has strong effect on QD size, aspect ratio,47 thus the change

of FSS cannot be solely attributed to the barrier material. For

comparison reasons, the FSS distribution of samples grown

by exposing a QD layer to U-DMHy (#9 and #10) is shown

in Fig. 2, as well.

In Fig. 3(a), we show representative spectra of five sam-

ples, where QD entangled photon emitters were found. The

fidelity values of the expected maximally entangled state are

presented next to the corresponding spectra, with the highest

measured value of 0.622 6 0.017 in pulsed excitation mode.

Two main parameters were varied. The nominal QD layer

thickness was varied for samples #3, #4, and #5, which were

grown with the same conditions concerning anything else in

the structures. On the other hand, samples #1, #2, and #3

were grown with the same dot thickness, but different QD

FIG. 1. Micro-photoluminescence set-

up arranged for polarization entangle-

ment measurements.

FIG. 2. The fine-structure splitting as a function of exciton transition energy

of the samples grown at 730 �C. The numbers at the top of the graph indicate

the samples presented in Table I, each contining a high number of site-

controlled dots. (Inset) Average FSS values for the dots in the samples.

Sample #4 was omitted from the statistical calculations due to a small num-

ber (10) of measured QDs. Error bars are standard deviations.
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nominal temperatures, namely, 640, 700, and 730 �C, keep-

ing again all the other structural parameters the same.

We stress that growth temperature affects the width of

the self-limiting profile which is the base for the QD forma-

tion.16,17 In this case, the self-limiting profile width (other-

wise the QD base) of the lower GaAs confining barrier is

changing from �30 to �70 nm (the temperature range is

from 640 to 730 �C, respectively). As discussed in Ref. 47,

the overall effect is reduction of the QD volume when the

sample is grown at lower temperatures. In this particular

case, the QD emission energy could be tuned in an average

range of 40 meV.

Figs. 3(b) and 3(c) present polarization resolved second

order correlation curves taken in linear, diagonal and

circular bases from representative dots of the samples #5

and #2. The selection of the bases is a conventional way to

demonstrate polarization entanglement based on the

fact that the two-photon polarization state jwi ¼ 1ffiffi
2
p jHHið

þjVViÞ can be expressed in diagonal and circular bases as

jwi ¼ 1ffiffi
2
p jDDi þ jAAið Þ ¼ 1ffiffi

2
p jRLi þ jLRið Þ. In the pre-

sented cases, biexciton and exciton polarization state corre-

lations were observed in linear and diagonal bases, while

anti-correlation of the two photon states emitted in the

recombination cascade was detected in circular basis. The

fidelity of the expected maximally entangled state of the

photons emitted from one of the QDs of sample #5 was

calculated to be 0.622 6 0.017. This particular dot had a

FSS of 1.3 6 0.5 leV. After applying a simple time-gating

technique34 (not shown), the fidelity value increased to

0.738 6 0.020 at the price of reduced two-photon intensity

by �20% (the gate width was 3 ns). The curves from the

samples #1 and #2 were taken in a continuous-wave (cw)

excitation mode, which was selected over a pulsed one, as a

biexponential decay of all types of transitions was observed

with a strong contribution of a slow component. We attrib-

ute the origin of this component to an extra slow feeding

mechanism, which resembles a continuous-wave excitation

from the interconnecting nanostructures to a QD. Since

samples #1 and #2 were grown at lower temperature than

the others (more details are discussed in Ref. 47), some par-

ticular changes in the overall structure (e.g., tapered lateral

quantum-wires) might be responsible for the feeding

phenomenon. In such conditions, the experiment in a pulsed

excitation mode, which in general should be used to gener-

ate entangled or single photons on demand, was strongly

hindered. Thus, the measurements were taken only in a cw

mode, where the additional slow QD feeding appeared to be

irrelevant and the maximum fidelity value of 0.65 6 0.04

was obtained in the window of 0.65 ns from the sample #2.

Since we observed this feature systematically, we are not

concentrating on these samples in the further discussion due

to the lack of practical interest, as no entangled photon pairs

can be generated on demand.

The potential for entangled photon emitters can be dis-

cussed showing the distribution of FSS values (Fig. 3). The

fidelity to the expected maximally entangled state measure-

ments showed that the bottom limit of a non-classical light

source (0.5) typically was obtained with QDs with FSS equal

to �2–3 leV. This particular limit depends on the exciton

state lifetime, which was found to be 1.8 6 0.6 ns. Upon the

emission of a biexciton photon, the exciton state starts evolv-

ing due to the non-degenerate states (FSS). When the state

recombines, the acquired phase term is transferred to the

polarization state of the “exciton” photon. If the exciton state

precession period (� ¼ h=FSS) is comparable to or shorter

than the exciton lifetime, detection of polarization entangle-

ment is hindered—entangled photon pairs with different

pure states are collected during the quantum state tomogra-

phy procedure or its equivalent, resulting in a density matrix

which represents a mixed state. To recover or improve entan-

glement detection, photons can be selected from a time win-

dow where the exciton phase evolves only by a small

amount (a time-gating technique).

FIG. 3. (a) Representative spectra of five different design samples with QDs

emitting polarization-entangled photons. Entangled state fidelity values are

next to the corresponding spectrum. The samples #1 and #2 were measured

in a continuous-wave excitation mode. (b) Polarization-resolved second-

order correlation curves taken in linear, diagonal and circular bases; sample

#5. (c) Polarization-resolved second-order correlation curves taken under

continuous wave excitation; sample #2. (d) The real and imaginary parts of

the two-photon polarization state density matrix obtained from a QD with a

FSS of 2.9 6 0.2 leV from sample #5.
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Our measured exciton lifetimes are 2–3 times longer

than the typical ones obtained from Stranski–Krastanov

QDs. This characteristics increases requirements for the

reduction of the FSS from the usually reported value below 3

leV. However, we stress that, fundamentally, this limit can

also be bigger, as shown in Fig. 3(d), where a full density

matrix of the two-photon polarization state of a QD with a

FSS of 2.9 6 0.2 leV is presented (sample #5). Because of

the FSS, a maximally entangled state tends to be different (in

this case jwi ¼ 1ffiffi
2
p jHHi þ e0:41pijVVi
� �

) from the expected

one, as it is proven by non-vanishing off-diagonal elements

in the imaginary part.

The only sample, in the discussed ensemble, which has

an average FSS (2.1 6 1.2 leV) very close to the FSS limit

to prove entanglement without time-gating technique is #9,

grown with U-DMHy, and previously reported in Ref. 14,

where the fidelity to the expected maximally entangled state

was measured to be as high as 0.721þ 0.043. The next

smallest value (3.5 6 1.6 leV) is of sample #3, which emits

at nearly the same energy as #9. While the FSS difference is

very modest, experimentally we interestingly observed far

smaller density of entangled photon sources from sample #3

compared to sample #9. While exposure of thicker QD layers

to U-DMHy does not have a major positive impact (sample

#10), we argue that for thin QDs it can play a significant

role. The surfactant effects can reduce the FSS by a few

leV—an amount sufficient to reach the limit when

polarization-entanglement can be observed without external

FSS tuning or time-gating procedures. On one hand, this ob-

servation confirms that the surfactant effects caused by the

exposure to unsymmetrical dimethylhydrazine are favour-

able. On the other hand, it is clear that the effects are not

essential in order to observe entangled photon emission from

pyramidal QDs and a simplified growth procedure can be

used. In either case, in the future, a local FSS tuning strategy,

such as an applied strain and/or electric field,48 will be

required to increase the density of bright sources of

entangled photon emitters.

B. Excitonic pattern dispersion and characteristics

As discussed above, the fine-structure splitting, even

though small, is one of the limiting factors of this QD sys-

tem. In the further discussion, we would like to show an

additional, but not fundamentally limiting, factor—negative

charging of QDs—and a possible solution to it.

A mutual feature of all QDs found as entangled photon

sources in this work, and the ones reported in Ref. 14, is the

same charging configuration which reflected in the excitonic

pattern. As we will discuss, it appears from our data that the

population of these QDs is dominated by positively charged

carriers. A QD spectrum featuring a positive trion transition

was a reliable indicator of potential entangled photon emit-

ters. The total density of such positively charged QDs in our

any sample (irrespective of other variables such as QD alloy

composition, thickness, and growth temperature) varies from

25% to vanishing values. We anticipate that this pattern is

not in itself a unique signature of highly symmetric dots, as

obviously expected. As it will be discussed later, it is simply

a consequence of a specific QD charging mechanism, which

causes, on the other hand, the majority of non-resonantly

excited QDs to be negatively charged.

In most of the cases, the efficiency of negative charging

is such that the two-photon intensity of the biexciton-exciton

recombination cascade becomes practically useless for

entangled photon emission, even though the QD itself is

highly symmetric. Only the dots which had nearly balanced

capture rate of electrons and holes, or dominant charging

by holes, were practically suitable for entanglement

measurements.

We emphasize that an unambiguous indication of the

charging type could in principle be made by charging a QD

integrated in a light-emitting diode type structure.49

Unfortunately, this is not available at this stage. It still needs

developing in the pyramidal QD system, as the non–planarity

of the system complicates sample processing and design. In

this work, the attribution of charging type is solely based on

“equivalent” experimental observations and theoretical

insights reported in literature. While in theory there are no

limitations to very different combinations of the excitonic

transitions energetic ordering, in practice, a positive trion

has been usually reported/observed at a higher energy than

the exciton (a review can be found in Ref. 50). Moreover, we

found a good agreement with positive charge configurations,

and specifically, the fine structure of a hot trion,51–53 which

we as well used to identify the observed transitions by

photon-correlation measurements.

1. Negatively charged QDs

As discussed, non-resonantly excited QDs with a posi-

tive (or balanced) charging appeared to be of great impor-

tance for the pre-selection of potential emitters of entangled

photons. Depending on the sample preparation and the QD

design, when the pre-selection of positively charged dots

was performed, the percentage of good emitters could be as

high as 75% (sample #9), or sometimes lower, 10%–15% as

in sample #5. In itself a very high density of good dots if

compared to any other QD system reported to date.

However, we would like to discuss that there is space

for improvement. In fact, the overall density of good dots

(when one includes all patterned dots in the count) was never

higher than 25%, implying that there is a relatively big limi-

tation in the system, as the remaining dots appeared to be

practically useless for photon-correlation measurements.

This issue is addressed in this section.

A colour map in Fig. 4(a) presents an excitation power

dependence of excitonic transitions and their intensity taken

at low power for long (10 s) integration of a representative

dot from sample #5. Similarly to the dots used for entangle-

ment tests, the first transitions to appear are positively

charged (Xþ) and neutral excitons (X). However, the posi-

tive trion is very quickly suppressed by the appearance of a

new transition on a lower energy side of X. The spectrum at

the stage when a XX appears is shown in Fig. 4(c), as indi-

cated by the arrows. At this excitation level, the exciton satu-

rates and only the intensity of X- and XX are increasing (the

validity of the attribution of X and XX was confirmed by a
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well-pronounced bunching in the second-order correlation

function, Fig. 4(b), and by a measured fine-structure splitting

of 11 leV, Fig. 4(d): the FSS is reflected in both the exciton

and the biexciton peaks, but not in charged peaks). The

spectrum of the specific QD, presented by a red curve in

Fig. 4(c), was taken at relatively high excitation power. Its

intensity is at comparable levels to the ones typically used in

entanglement tests with positively charged QDs. This

implies that the overall photon-correlation measurement

procedure is very inefficient, as the most favourable condi-

tion for a high visibility of the bunching in the second-order

correlation function is a high exciton/biexciton intensity

ratio, or otherwise a low excitation power mode, similar to

the one in Fig. 4(c) described by a black curve (that these are

the most favourable conditions for our QDs is confirmed by

our systematic observations, similar to what reported, both

experimentally and theoretically, in Ref. 54). In this chosen

representative case, very low X and XX intensity would

increase the entanglement measurement collection time by a

significant factor, making it nearly impossible to perform

practically.

We emphasize that this reported example is actually a

rather favourable one, and it was selected here only because

of the exciton intensity when pumped at low excitation

power (i.e., with a still “dominant” exciton) which allowed

carrying out cross-correlation and the FSS measurements to

prove the type of transitions. Unfortunately, the exciton in-

tensity in the majority of the other negatively charged QDs

was weaker in most samples, making these dots practically

useless under non-resonant excitation for entangled photon

emission.

At this stage, it seems that the observed exciton intensity

suppression is the consequence of an efficient QD feeding by

electrons from the barrier material for some of the dots. Fast

capture of an additional electron causes a negative exciton to

be dominant over the neutral one. Further increase of the ex-

citation power causes, as expected, the appearance of a neu-

tral biexciton (a similar combination of these two dominant

transitions, namely, trion and neutral biexciton, could be eas-

ily obtained, reportedly, from QDs placed in a diode struc-

ture55). Nevertheless, the neutral biexciton decay seems to

result in a neutral exciton, which is efficiently charged by an

electron before actually decaying and emitting a photon,

depleting the neutral exciton spectral signatures.

To complete our discussion, we stress that the no-

observation of a negatively charged biexciton is not a trivial

outcome. It probably can be explained either because of a

reduced/increased electron/hole capture rate due to Coulomb

interactions or because of the absence of excited states in the

QD conduction band. In either case, it should be said that a

negatively charged exciton somehow closely resembles in

our spectra a neutral exciton which is emitted in a biexciton-

exciton recombination cascade and, actually, rather well-

pronounced bunchings were obtained in cross-correlation

curves between XX and X-, making the correct identification

a non-trivial task.

The origin of this charging which prevents proper entan-

glement detection is not obvious, as all heteroepitaxial layers

are nominally semi-insulating. A possible QD population

scenario proposed in Ref. 56 states that negative charging

occurs when the structure is excited non-resonantly with

photon energy capable to transfer electrons from GaAs

acceptor levels to the conduction band. For example,

MOVPE grown GaAs is known to have a residual carbon

acceptor level57 which is reflected as an intense photolumi-

nescence feature at �1493 meV. In this way, an excess con-

centration of free electrons that can charge QDs can be

created during laser excitation. It should be also said that we

observed that higher concentrations of negatively charged

QDs tend to be found in the areas where the GaAs substrate

is completely etched away from the pyramids. Processing

induced defects could possibly act as hole trap states and in-

tensify negative charging.

2. Tuning QD charging

We stress that negative charging does not necessarily

mean at all that a single QD is damaged or useless. The fine-

FIG. 4. Representative QD, see text. (a) Color map of excitation dependent

photoluminescence at low power excitation conditions (b) Second-order cor-

relation function between XX and X. (c) The bottom (black) spectrum is

taken at excitation conditions used for the cross-correlation measurement

shown in (b). The top (red) spectrum is taken at higher excitation power.

The intensity level of X- and XX transitions is comparable to the level of

transitions used for entanglement tests with QDs without dominant negative

charging. (d) The fine-structure splitting of 11 leV measured in XX and X

recombinations confirming the type of transitions in the specific case.
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structure splitting measurements showed that many of these

dots are symmetric, as no clear FSS was resolved from the

only clearly visible biexciton transition. In the further discus-

sion, we show that a different QD population methodology

allows overcoming charging related issues nearly com-

pletely, and allows increasing significantly the number of

good emitters.

Indeed, one of the efficient ways of modifying the QD

charge state in a controlled manner is based on a dual-

wavelength excitation.56 The method takes advantage of

deep levels present in the bandgap of GaAs. According to

the excitation scenario discussed at the end of Sec. IV B 1,

excitation photons with energy higher than the acceptor-

conduction band edge energetic separation create electron-

hole pairs in a way that holes tend to remain trapped in

acceptor levels, while electrons can be freed. By introducing

a second excitation source with photons of the energy in-

between the forbidden gap (in our case �1180 meV), transi-

tions from the valence band to the deep GaAs levels can take

place. This excitation creates an excess concentration of

holes which can eventually populate the QD and neutralise,

or even, positively charge it. Thus ideally, the secondary ex-

citation emission can be used as a sensitive QD charge tun-

ing knob which does not affect (or has a minimal effect on)

other QD properties, such as the fine-structure and the fine-

structure splitting.

To test/demonstrate this charge tuning mechanism, a

different, highly symmetric QD sample, the same reported in

Ref. 14, was selected. Fig. 5(a) shows spectra of a represen-

tative dot excited by a fixed above-bandgap excitation of

1590 meV and variable 1180 meV excitation. The bottom

(blue) spectrum is taken when the secondary excitation was

switched off. It is the typical spectrum observed from the

majority of QDs. Fig. 5(c) shows 1590 meV excitation power

dependence where the neutral exciton intensity remains very

small in the whole range, meaning that biexciton-exciton

correlations cannot be analysed efficiently. When the sec-

ondary 1180 meV excitation is switched on, the charging of

a QD changes gradually so that at a certain intensity the neg-

ative exciton is completely suppressed and the QD becomes

nearly neutral with exciton and biexciton transitions domi-

nant (the red curve). Further increase of 1180 meV pump

charges the QD positively and a positive trion becomes dom-

inant. At this stage, the linewidth of the transitions became

significantly narrower (50 leV for the Xþ) comparing to a

few hundred leV width when a QD was negatively charged.

This is probably the consequence of the neutralized electric

field in the vicinity of a QD and reduced spectral wander-

ing.58 This claim is supported by the fact that we systemati-

cally observed emission energy redshift in the range of a few

hundred leV, depending on the type of excitonic transition.

It was shown experimentally59 and theoretically60,61 that a

single charged point defect in the vicinity or within a QD,

can significantly perturb its energetic structure and excitonic

spectrum, and the perturbation effect (emission energy, the

fine structure-splitting, polarization anisotropy) depends on

different defect configurations—the charge type and

position.

By tuning a QD to a nearly neutral configuration, entan-

glement tests were carried out. Fig. 5(b) shows the second-

order correlation curves taken in linear, diagonal and circular

bases. The calculated fidelity of the expected maximally

entangled state was found to be 0.600 6 0.025 for this spe-

cific dot.

The broad effectiveness of the charge tuning mechanism

was tested by measuring the field of QDs presented in

Fig. 6(b) where none of the 22 studied dots had a positive

charge configuration (we did not perform entanglement mea-

surement on this QDs field, as it would have required a time

scale incompatible with the scope of this work). The crosses

indicate QDs which did not have well pronounced excitonic

features due to processing damage or (maybe) intrinsic

defects, while the other shown and numbered dots had a neg-

ative charge configuration.

The corresponding spectra of nine representative QDs

are presented by red (top) curves in Fig. 6(a). The black (bot-

tom) curves show the spectra when the secondary 1180 meV

excitation is switched on. The power of both excitation sour-

ces was kept the same. In the studied region, the secondary

excitation had a strong effect on most of the QDs by neutral-

ising them to a level which could be successfully used for

correlation measurements (even if we did not perform the

full entanglement analysis). Considering the already high

density of entangled photon emitters reported from this sam-

ple (see Ref. 14), this simple tuning method will be likely to

enable much higher availability of potentially good

entangled photon sources on this specific sample, as well as

in other similar ones.

FIG. 5. (a) The set of spectra taken from a representative QD with variable

dual wavelength excitation conditions. The above-bandgap excitation

(1590 meV) was constant and only the 1180 meV excitation was increased.

The increasing power of 1180 meV excitation is shown as a QD charge tun-

ing mechanism. (b) Polarization-resolved second-order correlation curves

measured from a QD with nearly neutral charge configuration. Polarization-

entanglement is attested by the measured fidelity value of 0.600 6 0.025. (c)

A single wavelength excitation power dependent spectra showing that the

negative charge configuration is dominant at all conditions and no correla-

tions between X and XX can be efficiently measured.
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We should underline that, while this tuning method

appeared to be highly efficient in some regions (and on dif-

ferent samples), in particular, regions it had an insignificant

effect possibly due to higher negative charging or different

states in the band-gap involved, meaning that other quality

improvements (e.g., sample processing, growth steps) are

required. Our observations suggest that poor optical proper-

ties (negative charging, relatively broad linewidth) mainly

arise due to configurations in the vicinity of a QD. A differ-

ent QD population method, such as two-photon resonant ex-

citation,62 would then allow overcoming these issues.

V. CONCLUSIONS AND SUMMARY

We showed that entangled photon emission can be

detected from site-controlled In0.25Ga0.75As QDs designed in

different ways, such as different QD thickness or shape.

Different QD design allowed a coarse tuning of entangled

photon emission in an overall range of �80 meV. We con-

clude that the surfactant effects used in entangled photon

emitter fabrication reported in Ref. 14 are helpful, however,

not necessary. We presented two main factors that are cur-

rently limiting the purity of the polarization-entangled state

and practical application of the pyramidal QDs. First, a

small, however, non-vanishing FSS was found in most of the

dots. Second, a strong negative charging of non-resonantly

excited QDs was shown as the main, however, not funda-

mental limitation of the current QD system. An efficient so-

lution of this problem was demonstrated by the use of dual

wavelength excitation, potentially improving the effective-

ness of obtaining a high density of good entangled photon

emitters on chip.
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