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We report on the experimental demonstration of a single-photon source based on an InAs quantum

dot (QD) on InP grown by molecular-beam epitaxy emitting in the telecommunication band. We

develop a method to reduce the QD density to prevent inter-dot coupling via tunneling through

coupled excited states. A single InAs QD embedded in an as-etched pillar structure exhibits intense

and narrow emission lines. Photon antibunching is clearly observed using superconducting single-

photon detectors with high sensitivity, and further improvement of the generated single-photon

purity is demonstrated with below-barrier-bandgap excitation. VC 2013 AIP Publishing LLC.

[http://dx.doi.org/10.1063/1.4817940]

Single-photon emitters (SPEs) such as molecules,1

atoms,2 color centers in diamond,3 and semiconductor quan-

tum dots (QDs)4–10 have attracted much attention owing to

their potential applications such as quantum communications,

quantum cryptography, and optical quantum information

processing. In particular, applications for a high bit rate and

long-distance quantum key distribution (QKD) require the ef-

ficient generation of single photons in the telecommunication

wavelength range (1.3–1.55 lm) for an optical-fiber link.

Among these systems, single QDs utilizing their discrete

energy levels are very promising candidates, which offer high

emission rates, narrow spectral line width, and wide tunabil-

ity of emission wavelengths. There have been extensive stud-

ies on single-photon emissions from InAs QDs grown on

GaAs substrates.6,7 However from the viewpoint of extending

the emission wavelengths to the telecommunication band,

InAs QDs grown on InP substrates have the advantage due to

the smaller lattice mismatch of 3.2% than that of 7.2% for

InAs QDs on GaAs, where excess strain is crucial to satisfy

both conditions of high optical quality and the extension of

the emission wavelength.

Previously, the growth of InAs QDs on InP has been

directed to QD laser applications for long-wavelength tele-

communication, and high-density QDs have been studied for

realizing high enough optical gain. For SPE applications, on

the other hand, growth of low-density QDs is necessary but

it was very much limited. There have been reports of single-

photon emission from InAs QDs grown on InP from two

groups.5,8,9 Both groups employed metalorganic vapor-phase

epitaxy (MOVPE) for the growth of InAs QDs. Historically,

single-photon emission from QDs has been extensively stud-

ied with InAs QDs grown by molecular-beam epitaxy

(MBE) on GaAs substrates.4 The main reasons employing

MBE will be summarized into the following two points. One

reason is the capability of controlling the QD size and uni-

formity by monitoring the growth process with reflection

high-energy electron diffraction (RHEED). InAs QDs with

macroscopic photoluminescence (PL) linewidth as narrow as

�10 meV have been prepared with MBE.10 This highly uni-

form growth capability of QDs is important to reproducibly

control the QD emission into a target wavelength as single-

photon sources. Another reason is the high-purity growth

capability of MBE. Charge state control of grown QDs is im-

portant to generate single photons at definite photon ener-

gies. Fluctuation of residual charges in a QD results in

single-photon emissions of neutral or charged excitons and

this reduces the single-photon generation rate at the desired

photon energy. The absence of carrier gases as well as the

ultra-high vacuum environment has the potential to prepare

the highest achievable purity of the grown QDs and neigh-

boring barrier layers. It is well known that the highest 2-

dimensional electron gas mobility of �1 � 107 cm2�V�1�s�1

has been achieved with the MBE grown layers.11 Full exten-

sion of these MBE potentialities to the telecommunication-

band SPEs is the important step to realize practical

optical-fiber-based quantum communications.

For this purpose of studying SPEs in the telecommunica-

tion band (1.3–1.55 lm) with MBE-grown QDs, it is neces-

sary to develop a method to grow low-density InAs QDs on

InP substrates. However, MBE growth of InAs on InP (001)

substrates generally results in high-density (�1� 1011 cm�2)

InAs quantum dashes elongated in the [1–10] direction.12–15

MBE growth on InP (311)B substrates results in circular InAs

QDs, but this also leads to the high QD density on the order

of 1� 1011 cm�2.16,17 High QD density induces inter-dot cou-

pling via tunneling through coupled excited states,18,19 and

the resultant re-filling of the QD ground states with carriers

from the neighboring QDs can prevent measuring photon anti-

bunching from single QD for a limited time-resolution of an

experimental setup. There have been reports of preparing

lower-density InAs QDs on InP (001) substrates with a post-

growth annealing process20 and periodic alternated deposition

of In and As21 using MBE, but single-photon emission has

not been confirmed.

In this paper, we report the MBE growth of lower-

density (�3�1010 cm�2) InAs QDs on InP (311)B substratesa)Electronic mail: liuxm@es.hokudai.ac.jp
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by simply increasing the QD growth temperature and the ob-

servation of sharp emission lines at �1.37 lm from single

QDs. We work on the Hanbury Brown and Twiss (HBT)

measurements22 on the generated photons employing low-

noise and high-sensitivity superconducting single-photon

detectors (SSPDs) and demonstrate that the emission line in

the telecommunication band exhibits a clear antibunching

dip in the second-order correlation measurements, indicating

single-photon emission. Further improvement under below-

barrier-bandgap excitation is also demonstrated.

The samples were grown by MBE (Veeco GEN II) on

InP (311)B substrates. After thermal cleaning of the substrate,

a 150-nm-thick lattice-matched In1�x�yGaxAlyAs buffer (bar-

rier) layer was grown at 470 �C. Then, 5-monolayer (ML)

InAs QDs in one sample are grown at 470 �C as usual, which

results in the high QD density.17 In the other sample, InAs

QDs are grown at 530 �C. After the QD growth, the substrate

temperature was decreased to 470 �C to prevent the changes

of QDs by annealing effect. Then a second barrier layer of

150-nm-thick In1�x�yGaxAlyAs was grown at the common

temperature of 470 �C. Finally, 5-ML InAs QD layer was

grown again at the same temperature as the first QD layer for

the purpose of analyzing QD surface morphology. To mimic

the growth temperature condition for the first QD layer before

capping, the substrate temperature was set to 470 �C after the

QD growth using same ramp rate and waiting time for 1 min

before decreasing the substrate temperature to room tempera-

ture. Figures 1(a) and 1(b) show the AFM images of InAs

QDs grown on InP (311)B substrates at 470 and 530 �C,

respectively. The scan size of the images is 500� 500 nm2.

Obviously, the density of the QDs decreased with increasing

the substrate temperature during the QD growth process. The

averaged lateral size along the [�233] direction, averaged

height, and QD density of the samples shown in Figs. 1(a) and

1(b) are given as follows: 40 nm, 3.1 nm, and 9.06� 1010/cm2

for Fig. 1(a); 57 nm, 5.6 nm, and 3.40� 1010/cm2 for Fig.

1(b), respectively. The QD lateral size and height increased

with increasing the substrate temperature. This is related to

the enhancement of surface diffusion of In adatoms that

occurs in this temperature range, and the enhanced surface

diffusion generally increases the lateral size and height of

grown QDs.23

We have extensively studied the high-density sample

shown in Fig. 1(a) grown at 470 �C and observed strong inter-

dot coupling via tunneling through the coupled QD excited

states.18,19 This can prevent measuring photon antibunching

from single QDs due to the re-filling effect from neighboring

QDs. Although the QD density reduction is by a factor of 3

between Figs. 1(a) and 1(b), the increased spacing of the

neighboring QDs shown in Fig. 1(b) is effective to make it

possible to measure photon antibunching from single QDs. In

what follows, we focus on the optical properties of the low-

density sample grown at 530 �C. PL spectrum measured on

the as-grown, unprocessed sample surface with the diameter

of several-lm area is shown in Fig. 2(a). A continuous-wave

(CW) He-Ne laser at the wavelength of 633 nm was used for

the excitation. It can be seen that the sample exhibits the QD

emission peaked at around 1550 nm. Except for the PL peaks

from the InGaAlAs barriers and the InP substrate (broadened

due to n-type doping), the emission of a wetting layer is

absent in the case of InAs QDs grown on InP (311)B sub-

strate.19 For the fabrication of well-controlled pillar structure

with high yield and the isolation of a single QD, electron-

beam lithography and sequential etching with inductively

coupled plasma (ICP) reactive ion etching (RIE) were per-

formed employing Cl2 as an etching gas.24 Figure 2(b) shows

the secondary-electron microscope (SEM) image of one of the

fabricated InP-based pillar structures with the typical height

of �800 nm.

The pillar sample placed inside a cryostat was also

excited using the CW He-Ne laser. A near-infrared micro-

scope objective lens with the numerical aperture of 0.42 was

employed for the excitation of one selected pillar and for the

collection of photons emitted from InAs QDs. The PL

spectrum was measured by directing the emission into a

50-cm-long double grating spectrometer equipped with a liq-

uid-nitrogen-cooled InGaAs photodiode array detector.

Figure 3(a) shows the PL spectrum observed from an InAs

QD embedded in a pillar structure in the 1358–1376 nm

wavelength range at 4 K. The height and diameter of the

measured pillar structure are 820 nm and 800 nm, respec-

tively. It can be seen that the PL spectrum shows the neutral

exciton line (X0), neutral biexciton line (XX0), and nega-

tively charged exciton line (X�) that peak at 1362.8 nm,

1365.6 nm, and 1370.8 nm, respectively. The identification

of these emission lines from the single QD was supported by

the power and polarization dependent PL measurements. As

expected, the X0 and XX0 lines exhibit the identical fine

structure splitting (FSS) energy of 30 leV and the reciprocal

FIG. 1. AFM images of InAs QDs grown on InP (311)B substrates at QD

growth temperature of (a) 470 �C and (b) 530 �C. The horizontal axis corre-

sponds to the [�233] direction.

FIG. 2. (a) PL spectrum of 5-ML InAs QD sample at 4 K. The QD emission

is centered at around 1550 nm. The peak around 1100 nm is the InGaAlAs

barrier emission. The substrate emission around 900 nm is broadened due to

n-type doping. (b) Side-view SEM image of an as-etched InP (311)B pillar

structure. The pillar height is �800 nm and the top 300-nm region consists of

the 150-nm-thick InGaAlAs barrier/5ML InAs QD/150-nm-thick InGaAlAs

barrier.

061114-2 Liu et al. Appl. Phys. Lett. 103, 061114 (2013)
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polarizations with each other.25 The integrated PL intensities

of the X0 and XX0 lines show almost the respective linear

and quadratic dependences on the excitation power as shown

in Fig. 3(b). The assignment of the X� line has been corrobo-

rated by measuring the energy difference between this line

and the X0 line. We find that the energy difference between

the X� and X0 lines is 5.3 meV, which is consistent with the

calculated shifts26 and experimental results.27 The FWHM of

the X� line is narrower than that of other emission lines due

to the absence of the FSS of the exciton state28 and is esti-

mated to be 46 leV, while the X0 and XX0 lines showed the

apparent FWHM of 77 and 75 leV due to the FSS, respec-

tively. The major PL peak around 1550 nm observed with

the macroscopic-area measurements could not be well

resolved into individual QD emission peaks even for small

pillar diameters. Although the single QD emission around

1370 nm was insensitive to the pillar diameter, the PL spec-

trum around 1550 nm was reduced well below the single QD

emission peak intensities for the smaller pillar diameter. This

is explained by the carrier transport among larger QDs via

inter-dot coupling18 toward the pillar surface and the related

surface nonradiative recombination.

For the second-order photon correlation measurements,

the exciton emission was coupled into a single-mode fiber

with the microscope objective lens. To spectrally select a

single QD emission, a tunable band-pass filter (BPF) with

the FWHM of 0.5 nm was used. The spectrally selected pho-

tons were divided by a fiber beam splitter with the coupling

ratio of 50:50 and then directed into the two SSPDs (Single

Quantum BV). The detection events at the SSPDs were sent

to a time-to-amplitude converter (TAC) as the start and stop

signals. In order to compensate the electric delay of the

detection system and obtain the information at the negative

time delay, an optical delay of �125 ns was inserted into one

of the optical paths after the beam splitter. Single-photon

emission of the dominant emission X� is demonstrated by

measuring the second-order correlation function g(2)(s) with

the HBT setup, where s is the delay time between the two

optical path after the beam splitter.

Figure 4(a) shows the measured coincidence counts and

the corresponding g(2)(s) without background subtraction

under the excitation at the wavelength of 633 nm. The excita-

tion power was 0.95 lW, which was close to the saturation

power of the QD. The measured data exhibit a clear anti-

bunching dip at the zero time delay. The data could be fitted

with the following expression:

gð2ÞðsÞ ¼ 1� ½1� gð2Þð0Þ�expð�jsj=TÞ; (1)

where T is a time constant representing the combination of

the emission lifetime and the inverse pumping rate,29 and

g(2)(0)¼ 0 is an indication of perfect single-photon emission.

To take into account the temporal resolution of the experi-

mental setup, the measured second-order correlation function

is fitted by the convolution of a real g(2)(s) and the instru-

ment response function h(s)29

g
ð2Þ
measuredðsÞ ¼

ð1
�1

hðs� tÞgð2ÞðtÞdt; (2)

where h(s) is measured to be the Gaussian distribution func-

tion given by A0 expð� s2

Ds2Þ with Ds of 96 ps. The fitting in

Fig. 4(a) shown by the solid line results in T¼ 0.95 ns and

g(2)(0)¼ 0.39. g(2)(0) below 0.5 shows the non-classical nature

of the X� photon emission and indicates that the InAs QD in

the pillar structure acts as a SPE. Contribution of uncorrelated

FIG. 3. (a) PL spectrum of an InAs QD in a pillar structure. The emission

lines X0, XX0, and X� correspond to the neutral exciton, neutral biexciton,

and negatively charged exciton emissions, respectively. (b) Integrated PL in-

tensity as a function of the CW excitation power. The solid lines are guides

to the eyes.

FIG. 4. Measured coincidence counts as well as the corresponding g(2)(s) of

the second-order correlation measurements under (a) the 633 nm excitation

at 0.95 lW and (b) the 1310 nm excitation at 20 lW. The solid curves are

the fits of Eq. (1) convoluted with the instrument response function. The

red-dashed curves represent the fits without the convolution.

061114-3 Liu et al. Appl. Phys. Lett. 103, 061114 (2013)
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accidental coincidence counts to the estimated g(2)(0) is

expressed as B¼ (2SDþD2)/(SþD)2, in which S and D are

the measured signal and dark count rates, respectively.30,31 In

this measurement, S (D) was �3500 (60) counts per second

(cps) at the SSPDs. This leads to B� 0.033, and the g(2)(0) is

recalculated to be 0.36. The deviation from the ideal value of

zero is related to the recapture processes and the associated

multiphoton emission. In order to reduce g(2)(0), the excitation

below the barrier bandgap at the wavelength of 1310 nm was

performed and the result on the same emission line is shown

in Fig. 4(b). The excitation power was increased to 20 lW

due to the lower absorption efficiency, but the clearer anti-

bunching behavior with g(2)(0)¼ 0.036 was observed with

T¼ 0.9 ns. In this case, B is calculated to be 0.027 with S (D)

of �1500 (21) and the g(2)(0) as low as 0.009 can be deduced.

The improvement in the antibunching can be explained by the

reduction in the recapture contribution from the barriers and

the associated multiphoton emission. These measurements

directly show that we achieved single-photon emission with

narrow line width and low g(2)(0) in the telecommunication

wavelength band without performing quantum frequency

down-conversion.32

In conclusion, we have demonstrated the single-photon

emission at the wavelength of �1.37 lm employing an as-

etched pillar structure incorporating an InAs/InP QD. The

g(2)(0) as low as 0.009 is obtained. This became possible due

to the reduction of the QD density by optimizing the MBE

growth, which inhibited the re-filling of the QD ground state

via tunneling through coupled excited states.18,19 In the pres-

ent work, we collected photons from the as-etched pillar

structure. Higher photon collection efficiency is expected by

embedding the etched pillar into highly reflective metals

such as silver.24 The study in this direction as well as the fur-

ther MBE growth optimization is under way.

This work was partially supported by the Grand-in-Aid

for Scientific Research (S), No. 24226007, Nanotechnology
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