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Abstract—Data on the molecular beam epitaxy (MBE) technology, design, and luminescent properties of
heterostructures with CdTe/Zn(Mg)(Se)Te quantum dots on InAs(001) substrates are presented. X-ray dif-
fraction has been used to study short-period ZnTe/MgTe/MgSe superlattices used as wide-bandgap barriers
in structures with CdTe/ZnTe quantum dots for the effective confinement of holes. It is shown that the design
of these superlattices must take into account the replacement of Te atoms by selenium on MgSe/ZnTe and
MgTe/MgSe heterointerfaces. Heterostructures with CdTe/Zn(Mg)(Se)Te quantum dots exhibit photolumi-
nescence at temperatures up to 300 K. The spectra of microphotoluminescence at 7'= 10 K display a set of

emission lines from separate CdTe/ZnTe quantum dots, the surface density of which is estimated at ~10'0 cm~2.
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In the past two decades, considerable effort has
been devoted to the development of high-efficiency
single-photon emitters, which are potential sources of
radiation for numerous important applications. In
particular, these emitters are required in quantum-
computation and -telecommunication systems, since
they ensure absolute safety of data exchange using
quantum-cryptography protocols. A promising
approach to the implementation of single-photon
emitters is related to the use of semiconductor quan-
tum dots (QDs). The emission of single photons in
epitaxial structures with QDs was demonstrated in
various systems of A’B’® and A2B® compounds, includ-
ing those with CdSe/Zn(S,Se) [1, 2] and CdTe/ZnTe
[3, 4] quantum dots.

A critical parameter favoring the observation of
luminescence from single QDs is their low surface
density. For example, CdTe/ZnTe quantum dots at
low surface density can be obtained by the method of
molecular-beam epitaxy (MBE) in the regime of ther-
mal activation (TA). In this case, the formation of
QDs is induced by decreasing the surface energy of a
strained two-dimensional (2D) CdTe layer through
deposition of amorphous Te layer and its subsequent
fast desorption [5]. The influence of various parame-
ters (nominal thickness of CdTe quantum dots, and
the temperature of their deposition and annealing) of
the TA regime on the photoluminescent (PL) proper-
ties and density of MBE-grown CdTe/ZnTe quantum
dots has been thoroughly studied [5—8]. It was estab-
lished that the surface density of QDs could be on the

2

order of 10'° cm~2 [5, 8] and below [6]. Recently [4],
we obtained 200-nm-wide mesa structures based on
MBA-grown heterostructures with CdTe/ZnTe quan-
tum dots formed in the TA regime, which exhibited
the phenomenon of photon antibunching with a mean
correlation function value of g®(0) = 0.16 (£0.04) at
T = 8 K (indicative of the single-photon character of
PL from the QD). However, increase in the operating
temperature of single-photon emitters based on
CdTe/ZnTe quantum dots requires using wide-band-
gap ZnMgSele barriers, which are intended to
improve the confinement of holes by increasing
valence-band discontinuity at the CdTe/ZnMgSeTe
heteroboundary as compared to that for the
CdTe/ZnTe interface.

This Letter reports on the MBE growth of nano-
heterostructures with CdTe quantum dots incorpo-
rated into barriers of quasi-quaternary ZnMgSeTe
solid solution in the form of short-period
ZnTe/MgTe/MgSe superlattices (SLs) with a period of
Tsi. ~ 2 nm. The structure and PL properties of these
nanoheterostructures have been studied. The obtained
structures exhibited effective PL from QDs up to room
temperature and displayed spectrally resolved emis-
sion lines from individual QDs at 7= 10 K.

The heterostructures with CdTe/Zn(Mg)(Se)Te
quantum dots were obtained by pseudomorphous
growth on InAs(001) substrates with a 0.2-um-thick
InAs buffer layer in a two-chamber MBE system
(SemiTEq Co., Russia) using standard effusion cells
with high-purity components (Zn, Cd, Mg, Te) and
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Fig. 1. XRD curves near InAs(004) reflection for (a) a
structure with a 0.2-um-thick ZnTe/MgTe/MgSe super-
lattice and (b) a structure with CdTe/ZnTe quantum dots
confined between barriers representing short-period
ZnTe/MgTe/MgSe superlattices. The upper and lower
curves correspond to experiment and modeling, respec-
tively.

valve-controlled Se source as molecular-beam gener-
ators. The process was carried out at a substrate tem-
perature of Tg =295—300°C. The substrate was heated
by the contactless radiative technique. The MBE
growth was initiated by simultaneously opening
shutters of Zn and Te fluxes toward the surface of
InAS buffer layer with (2 X 4)As reconstruction [9].
The growth of CdTe quantum dots was monitored
by reflection high-energy electron-diffraction
(RHEED) measurements. The structures with
CdTe/Zn(Mg)(Se)Te quantum dots comprised a five-
monolayer (ML) thick ZnTe seeding layer, an
~150-nm-thick  short-period ZnTe/Mgle/MgSe
superlattice, a CdTe quantum-dot layer (with nominal
CdTe thickness of ~3 ML) separated from SL on both
sides with 3-ML ZnTe spacers, and an ~45-nm-thick
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upper ZnTe/MgTe/MgSe superlattice. The
CdTe/ZnTe quantum dots were formed in the TA
regime, whereby the increase in 75 upon desorption of
the amorphous Te layer was performed in the absence
of Te flow to the growth surface [8]. In addition, sam-
ple structures containing “blank” ZnTe/MgTe/MgSe
superlattices were also prepared.

The as-grown structures were characterized by
0—26 X-ray-diffraction (XRD) curves in the vicinity
of InAs(004) reflection measured on a high-resolution
Bruker D8 Discover diffractometer and by transmis-
sion electron microscopy (TEM) in the cross-section
geometry on a Philips EM-420 instrument. The opti-
cal properties of heterostructures with QDs were char-
acterized using PL spectroscopy and low-temperature
micro-PL measurements. The PL spectra were
recorded using a cooled CCD camera and excitation
sources based on laser lines (CUBE lasers, Coherent
Inc.) operating at A = 377 and 404 nm.

The idea of replacing the quaternary ZnMgSeTe
solid solution with short-period SLs of the
ZnTe/MgTe/MgSe type was proposed and realized
previously [10] for MBE growth of high-reflectivity
broadband Bragg’s reflectors lattice-matched to ZnTe.
The use of SLs significantly simplified control of the
growing layer composition by selecting the corre-
sponding thicknesses of binary-compound layers con-
stituting SLs. In the present work, all short-period SLs
of the ZnTe/MgTe/MgSe type with an ~2-nm period
were grown by MBE in the regime with surface enrich-
ment by a group VI element (Te). The priority of inter-
facial-layer formation in SLs was determined by dif-
ferences in the enthalpy of formation of the corre-
sponding binary compounds with zinc-blend (ZB)
lattices:

AHj0(MgSe) > AH 5 (ZnSe)

(1)
> AH505(MgTe) > AH oo (ZnTe)(ZB).

Taking into account relation (1), one can expect
the formation of ZnSe layer on the MgSe/ZnTe inter-
face, while the partial replacement of Te atoms by Se
atoms at the MgTe/MgSe interface must lead to an
increasing MgSe fraction on the SL. These expecta-
tions were confirmed by the modeling of 6—26 XRD
curves in the vicinity of InAs(004) reflection for two
structures with ZnTe/MglTe/MgSe superlattices
(Fig. 1). Good agreement of the experimental and
model XRD curves is reached under assumption that
~1.1-ML ZnSe layers are formed at the MgSe/ZnTe
interface due to a decrease in the ZnTe layer thickness
and an increase in the thickness of MgSe layers by
0.6—0.8 ML at MgTe/MgSe interfaces due to decreas-
ing thickness of adjacent MgTe layers. In addition to
the SL period set in modeling of the XRD curves, we
also took into account (i) data on the growth rates of
binary compounds (SL components) determined from
Vol. 44
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Fig. 2. TEM image of the cross section of a structure with
CdTe/ZnTe quantum dots confined between barriers rep-
resenting short-period ZnTe/MgTe/MgSe superlattices
with nominal period T = 2.2 nm.

intensity oscillations in the RHEED spot and (ii) dif-
ferences between the growth rates of MgTe and MgSe
layers at a constant flux of Mg related to the different
lattice periods of these compounds.

The formation of 1.5- and 2.5-ML-thick ZnSe-
containing layers on ZnTe/CdSe interfaces during
MBE growth of SLs of the ZnTe/CdSe type was pre-
viously reported in [11]. However, in contrast to the
present work, the ZnTe layers in [11] were grown
under Zn-rich conditions. In any case, although the
details of the microstructure of interfaces in
ZnTe/MgTe/MgSe superlattices are unknown, their
contribution should be taken into account in the
design of SLs lattice-matched to the InAs substrate.

Figure 2 shows a TEM image of the cross section of
a structure with CdTe/ZnTe quantum dots confined
between barriers representing short-period
ZnTe/MgTe/MgSe superlattices. The image clearly
resolves both SL layers and CdTe/ZnTe quantum-dot
layers. The SL period amounts to T5; = 2.2 nm and
slightly differs for the upper and lower SLs, which can
be variation of the flows of main components during
prolonged interrupt (up to 1.5—2 h, depending on the
MBE setup) in the growth that was necessary for
decreasing Ty to the temperature (<50°C) of amor-
phous Te deposition during the formation of
CdTe/ZnTe quantum dots in the TA regime. More-
over, a long interruption in growth can lead to the for-
mation of a significant density of stacking faults on the
QD/ZnTe interface [12]. At the same time, the TEM
image shows complete coherence of the structure with
an InAs substrate.

The PL spectra of heterostructures with
CdTe/Zn(Mg)(Se)Te quantum dots (Fig. 3) display
peaks related to the emission from superlattices and
CdTe/ZnTe quantum dots, with the former peak dom-
inating at low temperatures. The spectra clearly reveal
a complicated structure of PL from QDs, which begins
to predominate at 7> 50 K. The narrower short-wave-
length peak (E,,,, ~ 2.2 €V) may be related to emission
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Fig. 3. PL spectra (T = 8—280 K) of the structure with
CdTe/ZnTe quantum dots confined between barriers rep-
resenting short-period ZnTe/MgTe/MgSe superlattices.
The insets show (right-hand) RHEED patterns in orthog-

onal [110] and [110] directions observed during the QD
formation and (left) the low-temperature micro-PL spec-
trum measured under pinhole excitation (7= 10 K).

from the so-called “wetting layer,” and the broad
long-wavelength peak (E,,,, ~ 1.9—2.0 €V) is related to
the emission directly from QDs. Due to increased
confinement of holes, the PL from QDs is retained up
to room temperature. As the temperature grows from
T= 8 to 150 K, the PL peak intensity decreases by a
factor of 4—5 (against a 25-fold drop for CdTe quan-
tum dots formed in the binary ZnTe barriers).

The formation of CdTe/ZnTe quantum dots is
strongly influenced by the residual Se background in
the MBE chamber [4, 13]. A significant background
pressure of this element in the growth chamber leads to
uncontrolled replacement of Te by Se on the CdTe
layer surface, which results in both a change in the sur-
face energy and a decrease in the elastic energy, thus
hindering QD formation in the TA regime [4]. A radi-
cal decrease of Se flux during MBE of MgSe layers at
the stage of formation of ZnTe/MgTe/MgSe superlat-
tices allowed the formation of QD to be optimized and
the duration of pause with SE source closed to be sig-
nificantly decreased (this pause is necessary for reduc-
ing the Se background in the chamber for the subse-
quent formation of CdTe quantum dots by MBE in the
TA regime). The corresponding RHEED pattern
exhibited clear 2D—3D transition in the surface mor-
phology (see right-hand insets to Fig. 3), which was
similar to the case of MBE growth of CdTe/ZnTe
quantum dots in [8]. The micro-PL spectra (7= 10 K)
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of the structure with CdTe/Zn(Mg)(Se)Te quantum
dots display a set of narrow discrete emission lines
from separate QDs (see the left inset to Fig. 3), the sur-
face density of which is estimated at ~10'° cm—2.

In concluding, we have used MBE to grow struc-
tures with CdTe quantum dots between barriers of
quasi-quaternary ZnMgSeTe solid solution in the
form of short-period ZnTe/MgTe/MgSe superlattices
with an SL period matched to the InAs(001) substrate.
The main peculiarities of MBE growth of these SLs
related to the spontaneous formation of ZnSe-con-
taining layers on MgSe/ZnTe interfaces and the
increase in MgSe fraction in SLs due to the partial
replacement of Te atoms by Se atoms on MgTe/MgSe
interfaces. It is established that, by decreasing the
flux of Se during SL growth it is possible to reduce
from several hours to 30 min the duration of pause
with the Se source closed upon growth of the lower
ZnTe/MgTe/MgSe superlattice. This pause is neces-
sary for eliminating the influence of Se background
in the MBE chamber on the formation of
CdTe/Zn(Mg)(Se)Te quantum dots in the TA
regime. The micro-PL spectra (7 = 10 K) of the
structure with CdTe/Zn(Mg)(Se)Te quantum dots
display a set of narrow discrete emission lines from
separate QDs in the spectral range of 2.0—2.2 eV and
the surface density of these QDs is estimated at
~10"% cm=2.
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