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We investigate charged and neutral exciton complexes confined in a single self-assembled InAs/

InGaAlAs/InP quantum dash emitting at 1.55 lm. The emission characteristics have been probed by

measuring high-spatial-resolution polarization-resolved photoluminescence and cross-correlations

of photon emission statistics at T¼ 5 K. The photon auto-correlation histogram of the emission from

both the neutral and charged exciton indicates a clear antibunching dip with as-measured g(2)(0) val-

ues of 0.18 and 0.31, respectively. It proves that these exciton complexes confined in single quantum

dashes of InP-based material system can act as true single photon emitters being compatible with

standard long-distance fiber communication technology. VC 2014 AIP Publishing LLC.

[http://dx.doi.org/10.1063/1.4890603]

Single self-assembled quantum dots (QDs) and other

quantum dot-like nanostructures emitting near the 1.3 lm

and 1.55 lm1–4 have attracted much attention lately. This

interest originates in the important role that true single pho-

ton sources (SPS) play in quantum communication,5 i.e.,

they enable one to establish low-loss quantum links in the

optical fiber-based short and long-haul communication. The

attractiveness of a self-assembled QD with respect to other

quantum emitters is mainly related to its relatively easy

integration with today’s semiconductor-based optoelec-

tronic technologies. Incorporation of a QD into a high qual-

ity microcavity6 can result in a bright and optically or

electrically driven single photon source7,8 with impressive

photon extraction efficiency,9,10 photon indistinguishabil-

ity,11 variable photon generation rate, and coherent control

of the emission process.12,13 Despite that, experimental

attempts to obtain such systems in the telecommunication

spectral range are very rare,1–4 especially, near the 1.55 lm

photon wavelength, which defines the telecom C-band.2–4

Single quantum dot emission in that range has been demon-

strated for a few kinds of nanostructures: colloidal PbS

nanocrystals,14 InN nanopyramids,15 metamorphic InAs/

(In,Ga)As QDs,16 InAs/InP QDs,2–4 and InAs/GaAs QDs

utilizing frequency down-conversion scheme.17 Among the

listed solutions, single photon emission has only been dem-

onstrated for the last two. Nevertheless, further efforts are

still necessary to find the most suitable SPS operating at

1.55 lm photon wavelength. We show that the InAs/InP

quantum dash (QDash) can also be considered as a key ele-

ment of an SPS.

Most of the implemented SPSs are based on the QD

ground state neutral exciton (X) emission, which exhibits

fine structure, engineering of which is a framework for creat-

ing entangled photons by a biexciton-exciton cascade recom-

bination.18 Such a quantum system is desired for some of the

quantum cryptography applications.7 On the other hand, the

lack of the fine structure splitting of the charged exciton

(CX) results in higher single-photon emission repetition rates

compared to the neutral exciton ones.9 Up to date, almost no

reports exist concerning single QD emission from the

charged exciton state at the telecommunication wavelengths,

except for an example at 1.3 lm,19 and despite its additional

importance for long-lived spin quantum memories.20 In this

Letter, we report the demonstration of single photon emis-

sion from an InAs/InGaAlAs/InP QDash by both charged

and neutral exciton complexes recombining radiatively near

1.55 lm.

The investigated sample was grown in an EIKO gas

source molecular-beam epitaxy system on an S-doped

InP(001) substrate. The layered sequence starts from a 200

nm-thick In0.53Ga0.23Al0.24As layer lattice matched to InP,

which was grown on the substrate at 500 �C. In order to form

QDashes in a self-assembled way, an InAs layer with a nomi-

nal thickness of 1.3 nm was deposited at 470 �C, out of which

quantum dash structures on a wetting layer were formed. The

QDashes were covered by a 100 nm-thick In0.53Ga0.23Al0.24As

layer and subsequently capped with a 10 nm-thick layer of

InP. The lateral dimensions of QDashes are about 20 nm in

width and between 50 and hundreds of nanometers in length,

whereas their height is 3.5 nm.21 Since the planar density of

QDashes is rather high, 1011cm�2, a combination of electron

beam lithography and reactive ion etching techniques has

been used to produce mesa structures with different sizes
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down to 0.2 lm2 (600� 300 nm2) in order to resolve emission

from single dashes of an inhomogeneous ensemble.

For all the experiments, the sample was kept in a liquid-

helium continues-flow cryostat at T¼ 5 K. Spatially resolved

photoluminescence spectroscopy and photon cross-correlation

statistic measurements have been performed using a micro-

photoluminescence (lPL) setup providing a spatial resolution

on the order of a single lm, and a spectral resolution of

approximately 100 leV. The sample was excited with a

787 nm line of a continuous-wave semiconductor diode laser.

The emission intensity of the isolated spectral lines has been

detected by a liquid nitrogen-cooled InGaAs-based linear

array detector combined with a 0.3 m focal length single gra-

ting monochromator. The modified setup with a 1 m-long

monochromator has been used to determine the polarization

properties of the selected individual emission lines. This setup

allows obtaining the spectral resolution of approximately

30 leV. The degree of linear polarization has been measured

by rotating a half-wave plate inserted in front of a linear po-

larizer placed at the monochromator entrance slit. Photon

cross-correlation experiment was conducted with a Hanbury

Brown and Twiss interferometer.22 In this case, two short

focal length monochromators were used as spectral filters for

the selected wavelengths corresponding to the X and CX

emission. Each of the monochromator outputs was equipped

with a fiber-coupled NbN superconducting single-photon de-

tector with 15% quantum efficiency and 10 dark counts/s at

1.55 lm. The photon correlation statistics was acquired by a

multichannel picosecond event timer. Distinction between the

charged and neutral excitons has mainly been made based on

linear-polarization-resolved measurements and the lack of

fine structure splitting for the CX in contrast to the X emission

line,23,24 additionally supported by cross-correlation of the

photon emission from both X and CX complexes exhibiting a

characteristic line shape of the second order correlation

function.24,25

Figure 1(a) presents a low-temperature (T¼ 5 K) lPL

spectrum consisting of a neutral (at 0.7988 eV) and charged

exciton (at 0.7948 eV) emission features from a single InAs/

InGaAlAs/InP QDash. The energy distance between both

spectral lines is about 4 meV, which defines the charged

exciton binding energy in this QDash. The intensities of both

lines do not deviate significantly from the linear dependence

with excitation power in the low excitation regime (not pre-

sented here). Details about other excitonic complexes, like

biexcitons and the biexciton-exciton cascade emission pro-

cess in such InAs/InGaAlAs/InP QDashes have been

reported previously.26

Under the most typical excitation scheme, a QD/QDash

is driven non-resonantly by the laser pulse (our case) or elec-

trical carrier injection. Accordingly, electrons and holes are

created in the high energy continuum of states and subse-

quently follow the energy relaxation towards the QD/QDash

ground state, where an exact excitonic complex is finally set-

tled. Due to the neutral exciton fine structure governed by

the lack of full rotational symmetry in the QDash plane, the

X state is built from the states described by the total angular

momentum projection of Jz¼61 or Jz¼62, as presented in

Fig. 1(c). In the former case, the exciton couples to the pho-

ton field (“bright” states) in contrast to the latter, where the

X emission is dipole forbidden (“dark” states). Therefore, in

the case of a random carrier capture, a neutral exciton can be

loaded into a QDash either in a “bright” or a “dark” state.

The “bright” exciton can additionally be formed directly

from a biexciton recombination process, or by spin-flip acts

from a “dark” exciton state. This leads to existence of some

uncertainty in the on demand generation of a “bright” exci-

ton, and therefore, it results in a restriction of the maximal

achievable QD/QDash emission rate.13 In order to avoid the

“dark” state impact on a single photon generation process, a

QDash can be directly loaded with a charged exciton. An

additional residual carrier in the QD/QDash confining poten-

tial can be supplied either through electrical gates9,27 or

intentional doping of a dot/dash.15,20,28 Existence of residual

dopants or defect states can also lead to the presence of an

additional charge in the nano-object. Since the CX state rep-

resents a spin singlet state, the exchange interaction is effec-

tively cancelled. Consequently, the CX has no fine structure

(see Fig. 1(c)). In such a case, recombination is always

expected to be “bright” and CX-based SPS can continuously

generate single photons with rates approaching the inverse of

the CX lifetime. The CX-based SPS has already been dem-

onstrated in the GaAs material system, where an increase in

the photon emission efficiency by a factor of three has been

obtained when compared to neutral exciton based SPS.9

Polarization resolved-lPL experiment can give impor-

tant insight into the nature of the observed emission states.

Figure 1(b) shows spectral evolution of the X and CX emis-

sion lines as a function of the linear polarizer angle. The X

emission exhibits clearly the oscillatory-like character of the

linear polarization, which is governed by the existence of the

fine structure splitting (approximately 60 leV, in this case).

What is more important, the CX emission shows no polariza-

tion dependence, which confirms the lack of the fine struc-

ture as expected for the charged exciton state. These

experimental results do not evidence whether the discussed

FIG. 1. (a) Low temperature microphotoluminescence spectra for X and CX

confined in InAs/InP quantum dash; pump power density, 6 W/cm2 (meas-

ured outside the cryostat). (b) Polarization resolved microphotolumines-

cence spectra map for X and CX. Exciton fine structure splitting is on the

level of 60 leV. (c) Single quantum dash recombination scheme including

exciton fine structure.
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CX and X states are formed in the same QDash. Therefore,

the measurement of the second order cross-correlation func-

tion has been performed for the X-CX emission, which acts

in the continuous-wave excitation mode, see Figure 2. The

photon cross-correlation histogram indicates a slightly asym-

metric antibunching dip with the as-measured g(2)(0)¼ 0.3.

The experimental trace can be accurately fitted (see red solid

line in Fig. 2) using a five level rate equation model detailed

in Ref. 29, while the characteristic lifetimes are taken from

our previous experiments.26 These findings unambiguously

indicate that both lines originate from the same confined

space, and confirm the charged exciton character of the line

assigned previously as CX. We expect CX to be rather a neg-

atively charged complex since InP shows typically n-doping

background in the order of 1015 cm�3. Such interpretation is

also consistent with binding energy calculations performed

for symmetric InAs/InP QDs.30

The photon number distribution for the CX and X state

can be directly probed by measuring the second order auto-

correlation function g(2). Figures 3(a) and 3(b) show low tem-

perature (T¼ 5 K) auto-correlation histograms for neutral and

charged exciton emission processes, respectively. Both the

g(2) functions show a clear photon antibunching dip at the

zero time delay (s¼ 0). The as-measured g(2)
CX-CX(s¼ 0)

value for the CX state reaches 0.31, whereas for the neutral

exciton g(2)
X-X(s¼ 0)¼ 0.18. Both these values of g(2)(s¼ 0)

are already significantly below the 0.5 limit, proving that a

QDash prepared in the charge or neutral exciton state can be

considered as a single photon emitter. The non-zero value of

g(2)(s¼ 0) for both the investigated species is probably due

the combination of the system background counts, large time

bin (512 ps) and limited time resolution of the HBT setup

(approximately 100 ps). In order to take those into account

and correct the g(2)(s¼ 0) accordingly, the histograms have

been expressed by a standard g
ð2Þ
R tð Þ ¼ 1� ð1� g

ð2Þ
R s ¼ 0ð ÞÞ

exp ð� jtjsf
Þ fitting function, plus a deconvolution with the sys-

tem instrumental response function (IRF) in the form of

exp ð� jtj
sIRF
Þ, where sIRF is the setup time resolution (100 ps).

The resulting g(2)
R(s¼ 0) for both histograms reaches almost

zero value, see dotted lines in Fig. 3.

In conclusion, we have performed microphotolumines-

cence and photon correlation experiments on a single self-

assembled InAs/InGaAlAs/InP QDash emitting at 1.55 lm.

Polarization-resolved PL combined with photon cross-

correlation measurements allowed us to identify spectral fea-

tures attributed to a neutral and charged exciton emission

originating from the same dash. Ultimately, we have shown

that the emission process from neutral and charged exciton

exhibits a clear photon antibunching in the photon number

statistics with the as-measured values of the second order

correlation function at the zero time delay significantly

below 0.5. Those observations prove that the investigated

InAs/InGaAlAs/InP QDash prepared in the neutral or

charged exciton state can be considered as a true single pho-

ton emitter. Moreover, this kind of a quantum emitter can

potentially be easily integrated with other components of the

existing fiber-based communication technology, which is its

additional advantage when compared to other proposed

solutions.
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