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We demonstrate a non-classical photon emitter at near infrared wavelength based on a single

(In,Ga)As/GaAs epitaxially grown columnar quantum dot. Charged exciton complexes have been

identified in magneto-photoluminescence. Photon auto-correlation histograms from the recombina-

tion of a trion confined in a columnar dot exhibit sub-Poissonian statistics with an antibunching dip

yielding g(2)(0) values of 0.28 and 0.46 at temperature of 10 and 80 K, respectively. Our experimen-

tal findings allow considering the GaAs-based columnar quantum dot structure as an efficient single

photon source operating at above liquid nitrogen temperatures, which in some characteristics can

outperform the existing solutions of any material system. VC 2015 AIP Publishing LLC.

[http://dx.doi.org/10.1063/1.4922455]

The rapidly evolving field of secure quantum communi-

cation, data transmission, and processing on the single pho-

ton level requires utilization of the single photon source

(SPS).1–3 It has been proven that a semiconductor quantum

dot (QD) can constitute a key element of an SPS since it pro-

vides generation of single photons with high internal quan-

tum efficiency and long-term stability, narrow spectral

linewidths, and high generation rates in comparison to other

solutions such as cold atom or ion in a trap, single molecules,

color centers in diamond, or nanocrystals.4 In case of appli-

cations where coherence between single photons is required,

the emitter has to be very well protected from fluctuations in

its environment. This condition is fulfilled only by two

classes of emitters, i.e., isolated atoms or ions in traps in

ultra-vacuum and molecules or self-assembled quantum dots

in solid matrices at cryogenic temperatures.4 In case of the

latter, III–V semiconductor nanostructures are especially ad-

vantageous due to the well-established micro-fabrication

technology and ability to be integrated with today’s complex

photonic systems.1–3,5 However, sensitivity of the emission

efficiency to temperature prevents their practical implemen-

tation. Generation of single photons at elevated temperatures

has been achieved by utilizing QDs made of wide-bandgap

II–VI materials (up to T¼ 220 K with (Cd,Zn)Se/ZnSe QD,6

and 300 K for CdSe/(Zn,S)Se/MgS QD7), group-III nitrides

(up to 300 K for GaN/AlN QD8), and some of other III–V

material systems (InP/(In,Al)GaP at 80 K (Ref. 9) and GaAs/

(Al,Ga)As QD at 80 K (Ref. 10)). However, these solutions

offer predominantly operation in the visible spectral range.

In contrast, a proof of a single photon emission at liquid

nitrogen temperature for the In(Ga)As/GaAs QD system,

which could allow to construct devices for longer wave-

lengths, has been shown in a very few cases only11,12 and

based on a neutral exciton emission. Nevertheless, the

(In,Ga)As/GaAs QD is still considered as a competitive solu-

tion. By exploiting such material system, the SPS emission

wavelength can be pushed towards the near-infrared spectral

region, up to even 1.3–1.55 lm.13,14 In addition, the mature

GaAs-based technology permits producing more sophisti-

cated and multifunctional quantum systems, including pho-

tonic waveguides, microcavities with exceptional

parameters, or photonic integrated circuits.15–18 All these

can compensate for the disadvantage of the temperature

impact.

In this letter, we investigate the potential of a characteris-

tic nanostructure, an (In,Ga)As/GaAs columnar QD (CQD), as

single-photon emitter at elevated temperatures. We report

single-photon emission at T¼ 80 K from a charged exciton

confined in an optically pumped CQD, where the character of

a charged complex has been confirmed in magneto-

photoluminescence (PL) experiments. The charged exciton is

potentially more interesting as its maximum achievable emis-

sion rate is not limited by dark states, in contrast to an exci-

ton.19 Yet, single photon emission from charged exciton

complexes (free of dark states) in GaAs system has only been

reported below liquid nitrogen temperatures.19–22

By performing systematic studies of PL and measuring

the photon emission statistics as a function of temperature,

we demonstrate that such kind of nanostructures can be
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considered as efficient near-infrared single photon emitters

able to operate at liquid nitrogen temperature. The unique

structure of CQDs makes it possible to tailor the built-in

strain field and the quantum confinement.23,24 This in turn

can allow manipulating the emitter properties via intention-

ally forming the light-hole exciton, for instance, enabling the

control of the polarization properties,25,26 engineer the exci-

ton dipole moment25 crucial for optical Stark effect tuning,27

or it could lead to the reduction of the exciton fine structure

splitting.28 Consequently, it may be possible to consider a

CQD structure not only as a well-controlled single photon

emitter with broad range of tunable parameters but also as a

potential source of polarization-entangled photon pairs.

The CQDs were fabricated by molecular beam epitaxy

through a periodic overgrowth of InAs and GaAs ultrathin

layers (a kind of superlattice—SL) on a (001)-oriented GaAs

substrate.29 This kind of growth technique permits for a very

precise control of the nanostructure’s height, indium compo-

sition profile along the growth direction, and built-in strain

field by varying the SL period.29,30 In consequence, it

allowed forming epitaxially rod-like or post-like quantum

nanostructures varying in height to base width aspect ratio

from 0.5 up to 4, and beyond.29,30 The structure under study

is made by initially depositing the seeding layer of InAs QDs

on a GaAs buffer in a self-assembled manner upon the

Stranski-Krastanow growth conditions. Next, a short period

SL is deposited in three times repeated sequence of 0.62 ML

of InAs and 3 ML of GaAs. The in-plane strain distribution

created by the first QD layer favors the In incorporation on

top of QDs, resulting in In-rich column-shaped nanostruc-

tures with height to base width ratio in the range of 0.5–1.0.

Based on the transmission electron microscope images, the

In content along the CQD is around 40% and in the sur-

rounding two-dimensional “immersion” layer is �15%.29,30

The structure is nominally undoped. More details of the

growth process have already been reported elsewhere.30 For

single dot spectroscopy, a set of mesas with sizes varying

from 0.1 to 2 lm have been created on the sample surface by

combining electron beam lithography and reactive ion

etching.

For all experiments, the CQD structure was kept in a

liquid-helium continuous-flow optical cryostat equipped

with a superconducting magnetic coil. The system capabil-

ities allow changing sample temperature in the range of

5–300 K, and magnetic field up to B¼ 5 T. Single emission

lines from CQD structures have been measured upon non-

resonant excitation with a 787 nm line of a continuous wave

(CW) semiconductor laser. For this purpose, spatially

resolved PL (lPL) signal was collected by a microscope

objective with numerical aperture (NA)¼ 0.4 and then spec-

trally dispersed in a 0.3 m-focal-length monochromator com-

bined with a nitrogen-cooled InGaAs linear array detector.

The radius of the diffraction limited excitation spot and the

spectral resolution are �2 lm and �100 leV, respectively.

The photon auto- and cross-correlation experiments were

conducted with a Hanbury Brown and Twiss interferome-

ter.31 In this case, a second 0.3 m-focal-length monochroma-

tor was used as an additional spectral filter for selected

emission lines. Each of the monochromators’ was equipped

with the Si-based avalanche photodiode (APD) with �15%

quantum efficiency and �25 dark counts per second in the

considered spectral range. A multichannel picosecond event

timer acquired the photon correlation statistics. The influence

of the magnetic field on single emission lines for CQD struc-

tures has been examined in a slightly modified configuration

of the described lPL setup, equipped with a 1 m-focal-length

monochromator providing spectral resolution on the level of

25 leV. The magnetic field vector was oriented perpendicu-

lar to the structure growth axis (z-axis): B ? z (the Voigt

configuration). The polarization state of emitted photons was

analyzed by using quarter wave-plate and linear polarizer

placed in the front of the monochromator entrance. All

experiments have been performed on several emission lines

indicating high emission intensities at elevated temperatures.

Since measurements were performed on the sample with a

well-defined mesa structure, it was possible to run experi-

ments repeatedly on the same CQD within a chosen mesa

even within several days or weeks interval. Multiple micro-

photoluminescence and photon correlation experiments were

performed for the same dots and emission lines with a good

reproducibility.

Figure 1 shows lPL spectra consisting of a few well-

isolated emission lines from several CQDs enclosed in the

mesa structure of 200 � 200 nm2 size. Low temperature

(T¼ 5 K) emission presented in Fig. 1(a) is recorded under

the excitation pumping power of about 20 lW (measured

outside the cryostat). It presents only few spectral features

appearing in the energy range of 1.270–1.282 eV.

Nevertheless, the overall lPL spectrum is dominated by a

FIG. 1. Emission spectra from single mesa structure with InGaAs/GaAs

CQDs measured at (a) 5 K, and (b) 80 K with excitation powers equal to 20

lW and 100 lW, respectively. Inset: PL intensity dependence on excitation

power in log scale for a selected emission line assigned as X*.
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single and intense emission line (labeled as X*) with a full

width at half maximum of 0.35 meV centered at 1.279 eV.

The spectrum in Fig. 1(a) on the left hand side of the X* line

consists of several less intensive emission lines. In order to

check if those lines originate from the same dot as the X*

line, we measured the respective photon cross-correlations,

but no clear dependencies were obtained, suggesting emis-

sion from individual CQDs enclosed within the same mesa.

The intensity of the X* line as a function of the excitation

power exhibits a nearly linear dependence at low excita-

tion—see inset in Fig. 1. This is characteristic for neutral or

charged exciton emission, but not for a biexciton where it

should be rather super-linear. No energy splitting of the X*

line in the cross-linearly polarized photoluminescence signal

(Fig. 2(a)) within the spectral resolution of about 25 leV

may indicate a lack of the fine structure splitting and thus

suggests the charged exciton (a trion) character of this line.

In order to unambiguously clarify the origin of the X*

spectral feature, we performed lPL studies under the mag-

netic field applied in the Voigt configuration (B ? z, where z
is the growth direction). Figure 2(b) presents lPL spectra of

the X* line at B¼ 5.0 T. The spectra are recorded under two

cross-linear polarizations of the detected photons:

“horizontal”—H (red circles in Fig. 2), and “vertical”—V

(blue squares in Fig. 2). The “center-of-mass” of the emis-

sion peak position is shifted by �80 leV with respect to

B¼ 0.0 T due to the diamagnetic effect. In the H polariza-

tion, a doublet of lines is clearly observed with the energy

splitting of �200 leV. In the V polarization, the X* line is

significantly broadened when compared to the one observed

at the zero magnetic field, which may indicate its fine struc-

ture. Indeed, the X* line can be very well decomposed into

two Gaussian profiles (see dashed lines under the V polar-

ized emission in Fig. 2(b)). The fitting procedure gave the

splitting on the level of 100 leV. The registered set of optical

transitions corresponds perfectly to the spin-dependent opti-

cal selection rules for the charged exciton state under the

magnetic field in the Voigt geometry (see the sketch in Fig.

2(b)). Therefore, the observation of the cross-linearly polar-

ized pairs of doublets evidences that the X* emission line

originates from the charged exciton recombination pro-

cess.21,32 It is worth mentioning that in case of emission

from a neutral exciton at non-zero B (B ? z), one would

expect to observe split pairs of opposite-circularly polarized

lines and possibly additional pair of lines from the so-called

dark exciton states,21,32 which is not the case here.

Increasing the temperature of the CQD structure up to

80 K transforms the lPL spectrum from Fig. 1(a) to that

shown in Fig. 1(b). In this case, the excitation pumping

power was slightly elevated up to 100 lW in order to keep

reasonable emission intensity, i.e., to partially compensate

the temperature-driven carrier losses in CQDs. The X* emis-

sion feature still dominates the lPL spectrum—the peak is

shifted to the red by �5.2 meV and the line is broadened up

to 0.6 meV. While the energy shift is mainly driven by the

change in the energy gap of the CQD material, the broaden-

ing of the emission line is related to the increase of the pho-

non reservoir and therefore enhanced the exciton–acoustic

phonon coupling in the system.33

The full picture of the temperature evolution of the X*

emission line in the range of 5–80 K is presented in Fig. 3.

These spectra have been recorded each at the same experi-

mental conditions, in particularly the same CW laser excita-

tion power of 40 lW. For clarity, each spectrum is

normalized to maximum intensity. With increasing the tem-

perature, the main emission peak shows clearly a redshift

and the thermally activated intensity quenching (inset in Fig.

3).

Once the X* line can be tracked in the lPL spectrum at

elevated temperatures, it is possible to measure the auto-

correlation statistics of the emission process in the entire

temperature range in order to evaluate the non-classicality of

the emitter. Figure 4 shows examples of auto-correlation his-

togram recorded at T¼ 10 K (Fig. 4(a)), 50 K (Fig. 4(b)), and

80 K (Fig. 4(c)). In the case of photon correlation measure-

ments in order to improve the counts number reduced due to

thermal quenching of the radiative efficiency, the excitation

power has been increased accordingly. In general, the impact

of raising the lattice temperature and excitation power is

reflected in the shape of the collected histograms that resem-

ble the g(2)(s) function. The built-up rate of the g(2)(s) func-

tion in the case of the CW excitation represents occupation

changes of a certain state of an emitter considered as a two-

level system. The changes are driven by the carrier

FIG. 2. Emission spectra from single charged exciton line (X*) recorded at

two linear polarizations: horizontal (H) and vertical (V) in case of (a) no

magnetic field applied and (b) magnetic field B¼ 5.0 T applied perpendicu-

larly to growth axis z (Voigt configuration). Inset: Diagram of allowed

charged exciton transitions in the basis perpendicular to z axis in case of

B ? z, where jX�þi6jX��i and jzþi6jz�i are mixed trion and single particle

(electron or heavy hole) spin states, consequently, polarized along the

growth axis.
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generation via photoexcitation, radiative recombination of a

certain state, and non-radiative carrier losses induced by the

temperature. Those effects contribute to observed narrowing

of the g(2)(s) dip; however, they should not strongly affect

the g(2)(0) value in the considered range of parameters. One

can see in Fig. 4 that all the three graphs present a clear anti-

bunching dip in the auto-correlation function at zero delay

times with the as-measured g(2)(0) value equal to 0.32

(T¼ 10 K), 0.35 (T¼ 50 K), and 0.46 (T¼ 80 K). After

including the PL background counts correction,34 these val-

ues can further be reduced down to 0.26, 0.28, and 0.29,

respectively. The non-zero value of g(2)(0) is most likely due

to the combination of setup limited time-resolution (�700

ps) and large time bin between the points (256 ps). Taking

into account the abovementioned via performing the decon-

volution procedure as in Ref. 35, the g(2)(0) turns out to be

close to zero for all the cases (blue dashed line on Fig. 4).

The used continues-flow liquid helium cryostat allowed the

observation of single photons generated from CQDs at tem-

peratures up to 80 K even after many heat-up and cool-down

cycles. In this sense, the optically driven CQD single photon

emitter remains a system isolated from the external condi-

tions including temperature. Therefore, it could also allow

integration of such nanostructures with a more compact low-

vibrational cryocooler36 or even a simple liquid nitrogen

cooled cryostat in order to create a robust and environment

insensitive, efficient, and fully operational single photon

source device.

In conclusion, we have investigated the temperature de-

pendence of emission processes from a single (In,Ga)As/

GaAs columnar quantum dot by means of high spatial reso-

lution photoluminescence, magneto-photoluminescence, and

photon correlation spectroscopy. We have demonstrated a

single photon emitter based on a charged exciton state

confined in a columnar quantum dot. The emitter, driven

non-resonantly by the CW laser source, preserves its quan-

tum nature of the emission process up to at least T¼ 80 K.

The g(2)(0) value significantly below the 0.5 limit indicates

that the charge exciton state confined in the CQD can be con-

sidered as a true single photon generator able to operate

above the liquid nitrogen temperature. This observation is a

promising result in the context of further research on trig-

gered single photon sources made within the GaAs-

technology, especially when regarding the integration with

silicon,37 silicon-on-insulator,38 or germanium-on-insula-

tor39 substrates in order to create hybrid platforms for the de-

velopment of future high-performance CMOS-based

photonic systems40 or photonic MEMS.41 Utilization of con-

sidered in this letter CQD nanostructures with compact cool-

ing system could allow to create a robust, handy, and fully

operational single photon source device for quantum cryp-

tography protocols like, for example, free-space quantum

key distribution.4,42 Moreover, thanks to the well-established

III-V semiconductor technology, CQD single photon emit-

ters could be also applied in more complex and multifunc-

tional quantum systems such as photonic waveguides,

microcavities, or photonic integrated circuits.15–18

FIG. 3. Normalized to maximum intensity temperature dependence of the

PL spectra from single mesa structure with InGaAs/GaAs CQDs in the range

of 5–80 K recorded at excitation power equal to 40 lW. Inset: Evolution of

the X* line integrated intensity with temperature.

FIG. 4. Auto-correlation coincidence counts histogram measured at (a)

10 K, (b) 50 K, and (c) 80 K from the same charged exciton line X*. Dashed

red line is exponential g(2) fit to experimental data; dashed blue line is g(2)(s)

function found upon the deconvolution procedure. g(2)(0) values in parenthe-

sis are corrected for background dark counts.
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