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We report on the fabrication by low-pressure metalorganic vapor phase epitaxy of InAs/ InP�001�

quantum dots �QDs� emitting around 1.5 �m, and on the observation of microphotoluminescence

��PL� from a single QD in this wavelength range. The QDs are diamond shaped, with a density of

6.3·109 cm−2. �PL experiments were carried out on a QD sample covered with a gold mask

containing apertures �diameter of 200 nm�. Well defined peaks corresponding to the emission of

single QDs were recorded between 1.24 and 1.6 �m. The analysis of the pump power dependence

of their intensity allows us to discriminate between exciton and biexciton emission lines. © 2006

American Institute of Physics. �DOI: 10.1063/1.2185008�

The development of fiber-based quantum cryptography

communication systems requires the realization of efficient

single photon sources emitting around 1.5 �m. Recent

progresses in the Stranski–Krastanov growth of self-

assembled quantum dots �QDs� have given rise to a wide

range of studies concerning the optical properties of single

QDs.
1–3

It has been demonstrated that due to their discrete

density of electronic states, these nanostructures could be

efficiently used to produce single photon emission. Anti-

bunching experiments carried out on In�Ga�As/GaAs QDs

emitting around 1 �m have evidenced the promising proper-

ties of the QDs for the realization of single photon

sources.
4–6

More recently, microphotoluminescence ��PL�

experiments have been carried out on CdSe/ZnSe �around

540 nm�,
7

GaN/AlN �around 500 nm�,
8

or CdTe/ZnTe

�around 485 nm�
9

QDs. However, only a few works have

been reported concerning �PL studies of QDs emitting at 1.3

and 1.5 �m. This is partly due to the difficulty in realizing

sensitive and low-noise detection systems in this spectral re-

gion, and to fabricate low-density QD arrays emitting in this

wavelength range. Alloing et al.
10

have developed an original

growth sequence that allows the molecular beam epitaxy

�MBE� of low density In�Ga�As/GaAs QDs emitting at

1.3 �m, and they have recently observed �PL from a single

QD at this wavelength. The fabrication of single photon

sources at longer wavelength requires the use of InAs/ InP

QDs, whose emission can be tuned around 1.5 �m. How-

ever, various studies involving MBE
11

and chemical beam

epitaxy
12

growth of InAs QDs on exactly �001�-oriented InP

substrates demonstrate the difficulty in obtaining real three-

dimensional QDs using these high-vacuum growth tech-

niques. On the other hand, a few works
13

indicate that met-

alorganic vapor phase epitaxy �MOVPE� allows the

fabrication of well defined QDs. Very recently, Takemoto et

al.
14

have observed a �PL signal around 1.5 �m from a

single InAs/ InP QD grown by MOVPE corresponding to the

exciton emission line.

In this letter, we report the fabrication of high optical

efficiency InAs/ InP�001� QDs grown by low-pressure

MOVPE and the observation by power-dependent �PL of

well defined exciton and biexciton lines around 1.5 �m from

a single QD.

The sample studied in the following was grown in a

vertical low-pressure MOVPE system using hydrogen as a

carrier gas and standard precursors �arsine, phosphine, and

trimethylindium �TMI��, at a work pressure of 60 Torr. The

growth sequence is as follows: after a 150 nm thick InP

buffer layer deposited at 625 °C on an exactly �001�-oriented

InP substrate, the growth temperature is lowered to 530 °C

for the QD deposition. The QDs are formed by depositing 4

monolayers �ML� of InAs, at a growth rate of 0.3 ML s−1

�TMI flow rate of 0.23 �mol s−1�. Finally, a 40 nm thick InP

capping layer is grown over the QDs at 530 °C.

For the �PL experiments, the sample was masked with a

gold layer containing apertures �diameter �200 nm�. �PL

was excited using the 632.8 nm emission line of a He–Ne

laser, focused onto a 3 �m diam spot by a microscope ob-

jective. The �PL signal was collected through the same ob-

jective, and detected by a nitrogen cooled InGaAs array de-

tector after dispersion in a grating monochromator.

A transmission electron microscopy �TEM� plane view

of the sample taken under 001 zone-axis bright field condi-

tion is shown in Fig. 1. It contains well-defined three-

dimensional dislocation-free QDs, with a density of

6.3·109 cm−2. This density is approximately three timesa�
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lower than the density reported in Ref. 14. In our growth

conditions, the QD density is mainly driven by the growth

rate, and can be precisely controlled between a few 108 and

a few 1010 cm−2 by varying the incident TMI flow rate. De-

tailed views of a typical QD are shown in Fig. 2. It is dia-

mond shaped, slightly elongated along the �1–10� direction,

with edges along the �1–30� and �3–10� directions. The same

type of geometry, which origin remains unclear, has recently

been observed
15

in the case of uncapped InAs/ InP QDs. The

average largest dimension of the QDs �along �1–10��, calcu-

lated over approximately 110 QDs, is 43 nm, and their aver-

age smallest dimension �along �110�� is 23 nm. The QDs

present a flat shape �TEM cross view of Fig. 2�b��, and ex-

hibit an average height of 2.1 nm �including the wetting

layer, whose thickness is close to 0.8 nm�, with a height

dispersion of ±0.8 nm.

A standard photoluminescence �PL� spectrum of the

sample, recorded at 9 K under low excitation power

�0.3 W cm−2�, is shown in Fig. 3. The PL of the QDs covers

a wide energy range between 0.78 eV �1.6 �m� and 1 eV

�1.24 �m�. Above 1 eV, the spectrum exhibits well defined

peaks that we attribute to the emission of the wetting layer

presenting monolayer height fluctuations. The PL intensity of

the wetting layer is between 1 and 2 orders of magnitude

larger than the one of the QDs. This is related to the rela-

tively low QD density and to a reduced carrier diffusion

length at low temperature that reduce the charge carrier cap-

ture efficiency of the QDs at 9 K. PL spectra of the same

sample recorded at higher temperature �77 and 300 K, not

shown here� exhibit well resolved peaks corresponding to the

emission of QDs with heights varying by discrete steps of 1

monolayer, as already observed in 14 and in several other

studies. �PL spectra were recorded at 9 K through one of the

apertures of the gold mask. This mask spatially isolates ap-

proximately three QDs. The spectral filtering performed by

the monochromator allows selecting the �PL signal of each

single QD. The �PL spectra shown in Fig. 4 were recorded

under various excitation powers �P�. Note that similar �PL

spectra were observed in the entire emission range of the

QDs, which is between 1.24 and 1.6 �m. For P=60 �W, the

spectrum exhibits a single emission line at 821.5 meV �la-

beled X�, with a full width at half maximum �FWHM� of

150 �eV, limited by the resolution of our setup. For P larger

than 0.2 mW, a second emission line �labeled 2X� arises at

820.9 meV. The evolution of the integrated intensity of these

two lines while increasing the pump power P is plotted in

Fig. 5. For P�200 �W, the intensity of the X line �circle in

the figure� increases as P, while the intensity of the 2X line

increases as P2. The behavior of the X line is typical for the

radiative recombination of a single exciton trapped in the

QD, while the 2X line corresponds to the radiative recombi-

nation of an exciton when the QD contains two excitons

�biexciton line�. For P�200 �W �respectively, 580 �W�,
the intensity of the X �respectively 2X line� saturates, and

FIG. 1. TEM plane view of the sample taken under 001 zone-axis bright-

field condition. The QDs are diamond shaped, and present a density of

6.3·109 cm−2. The dark contrast corresponds to the highly strained base of

the QDs.

FIG. 2. �a� Close view of a single QD. It presents a slight elongation along

the �1–10� direction, and the edges are oriented along the �3–10� and �1–30�

directions. �b� TEM cross view of a QD. The average height of the QDs is

2.1 nm, and the thickness of the wetting layer is 0.8 nm. The dark contrast

around the QD corresponds to the strain field surrounding the nanostructure.

FIG. 3. Standard PL spectrum of the sample recorded at 9 K with an exci-

tation power density of 0.3 W cm−2.

FIG. 4. �PL spectrum of a single QD recorded at 9 K under various exci-

tation powers between 60 �W and 0.6 mW. The X and 2X lines correspond

to the radiative recombination of the exciton and the biexciton, respectively.

133101-2 Saint-Girons et al. Appl. Phys. Lett. 88, 133101 �2006�



then decreases while increasing P. This behavior is related to

the evolution with P of the probability of having one �p1�,

two �p2�, or more �p�2� electron-hole pairs in the QD:For

P�200 �W, p1 is larger than p2 and p�2 and the X line

dominates the spectrum. For 200 �W� P�580 �W, p2 be-

comes larger than p1, leading to a reduction of the X line

intensity at the benefit of the 2X line. For P�580 �W the

probability of having more than two electron-hole pairs in

the QD becomes larger than p1 and p2, leading to further

reduction of the intensities of the X and 2X lines. The bind-

ing energy of the biexciton is 0.6 meV. This value is of the

same order of magnitude as the ones reported in the

literature.
16,17

In Ref. 18, the authors theoretically derive a

binding energy of 1.4 meV for InAs/ InP QDs with an aver-

age lateral size of 35 nm. This value is similar to the one

deduced from our experiments.

We fabricated defect-free InAs/ InP�001� QDs emitting

around 1.5 �m by low pressure MOVPE, and we clearly

observed the radiative recombination of exciton and biexci-

ton in a single QD by �PL at 9 K. Comparable studies have

been reported in Ref. 14. In this earlier work however, the

authors do not observe the radiative recombination of biex-

citons in the QD. Moreover, they use a high density �1.8

�1010 cm−2� QD ensemble that implies the development of

a rather complicated mesa technology to isolate a single QD.

In comparison, our lower QD density facilitates single QD

spectroscopy experiments and is more suitable for the fabri-

cation of single dot devices. The results presented here dem-

onstrate the high potential of the MOVPE grown

InAs/ InP�001� QDs for the realization of single photon emit-

ters around 1.5 �m. They also open the way to further spec-

troscopic studies of these nanostructures, enlarging the field

of the �PL experiments on QDs to the very important wave-

length range of the telecommunication systems.
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