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Quantum confinement in optically active ultrathin (Cd,Mn)Te/(Cd,Mg)Te core/shell nanowires
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The fabrication of ultrathin (Cd,Mn)Te nanowires with diameters reaching values below 10 nm is reported.
The thinning procedure relies on a thermally induced reverse reaction process applied to (Cd,Mn)Te nanowires
grown using the vapor-liquid-solid method. The impact of quantum confinement is manifested by a distinct
blueshift of the excitonic emission from individual nanowires. Cathodoluminescence mapping reveals that the
optical emission originates from relatively short nanowire segments, which is explained in terms of exciton
localization on irregularities of nanowire core diameter. Magneto-optical study performed on several individual
nanowires reveals a change from light hole to heavy hole character of the excitonic emission depending on the
emission energy, i.e., on the size of the emitting object. The results are interpreted in terms of the influence of
axial and radial quantum confinement on excitons in ultrathin nanowires.
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I. INTRODUCTION

Quantum confinement in semiconductor heterostructures
has attracted research interest for decades [1]. Strikingly,
between well-studied two-dimensional and zero-dimensional
systems lays an underexplored region of one-dimensional
quantum wires (QWRs). While the electrostatically or litho-
graphically defined QWRs, dedicated to quantum transport
measurements, are widely available, similar structures for
optical experiments are scarce. On the other hand, the vapor-
liquid-solid (VLS) growth mechanism has been frequently
used to fabricate semiconductor wires with diameters of the
order of tens to hundreds of nanometers, known as nanowires
(NWs) [2,3]. This method makes it possible to control nearly
every aspect of their morphology and yields a high amount
of structures that usually exhibit high crystalline quality. This,
in turn, allows for fine-tuning electronic and light emission
properties in such objects, making them a suitable subject for
optical experiments. However, using the VLS-growth mech-
anism to achieve arbitrarily low NW diameter still poses a
challenge. Typical NWs grown by this method have diameters
far too large for the observation of the radial quantum confine-
ment in most of the semiconductors having intermediate band
gaps.

Controlled synthesis of VLS-grown QWRs could allow
many interesting applications on top of existing NW-based
technologies. One-dimensional confinement of electrons re-
sults in several exciting properties not present in the three-
dimensional bulklike NWs. In particular, structures with a
theoretically infinite density of states at the band edge repre-
sent attractive building blocks for the construction of lasers
[4]. The small diameter of QWR allows for more efficient
manipulation of strain induced by the deposition of radial
shells. Strain, in turn, can be used to control the energy land-
scape in the valence band, which defines the polarization of

the emitted light. In a recent paper [5], a strong, tempera-
ture robust, linear polarization of the optical emission from
(In,Ga)N/GaN wurtzite horizontal QWRs was reported. The
polarization anisotropy is demonstrated to stem solely from
the one-dimensional electron confinement present in these
structures.

Moreover, the increase of electron-hole wave-function
overlap and the ability to tune the emission energy solely
via radial quantum confinement within a QWR are certainly
promising for the development of cheaper and more efficient
light sources. One-dimensional electron confinement results
additionally in an enhancement of thermoelectric properties in
GaAs/(Al,Ga)As QWRs [6] and is responsible for a significant
increase of the electron spin lifetime which has great potential
in view of long range transport of coherent spin information
[7].

The majority of available works about optical proper-
ties of QWRs describe their fabrication either via epitaxial
growth on lithographically defined templates [5,8] or solution-
based methods [9–11]. In the other approaches, QWRs are
demonstrated to form spontaneously at the faceted edges of
Ga(As,P)/Ga(As,P) NW core/shell interface [12] and at one-
dimensional extended crystal phase defects present within
GaN NWs [13].

The growth of QWRs by using the VLS mechanism has
been proposed by Loitsch et al. [14]. In that case, GaAs NWs
grown using the VLS method are subject to in situ thinning
via a thermally induced reverse reaction process. The result-
ing QWRs have diameters in the range 7–25 nm. Correlated
optical and structural study reveals a significant impact of the
radial quantum confinement on the optical emission energy.
An improvement to this technique is presented in Ref. [15]
where a similar process is tightly controlled by quadruple
mass spectrometry, measuring Ga flux desorbed from the
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GaN sample. This allows the reduction of NW diameters
down to 6 nm, starting from more than 20 nm, and results
in observation of excitonic emission up to the room temper-
ature. In another, similar approach to GaAs NWs thinning
[16], photoluminescence excitation spectroscopy combined
with transmission electron microscopy are used to determine
effective masses in subbands formed by the one-dimensional
confinement. The NW-thinning procedure has also been ap-
plied for InAs NWs [17], where the one-dimensional character
of the confinement has been confirmed by electron transport
measurements. Finally, a detailed study of thermal decompo-
sition of GaAs NWs has been performed resulting in NWs
with diameters reaching values less than 10 nm [18].

In this work, the thermally induced reverse reaction pro-
cess, previously applied only for III-V semiconductor NWs
[14–16], has been adapted for II-VI semiconductor NWs
containing a small molar fraction of magnetic Mn ions. As
a result, ultrathin (Cd,Mn)Te NWs reaching below 10 nm
in diameter are obtained. The advantage of the use of
Mn-containing II-VI semiconductors is the opportunity to de-
termine the light hole (LH)–heavy hole (HH) splitting values
within the studied nanostructures [19,20]. Importantly, it is
found that not only the LH-HH splitting but also the character
of the excitonic emission depends on the emission energy.
Simultaneously, the cathodoluminescence study reveals that
the excitonic emission originates only from segments of NW
cores, whereas shorter emitters tend to emit light at higher
energy. These results are explained in terms of exciton lo-
calization at irregularities of NW-core diameters and the
resulting influence of axial and radial quantum confinement.

II. GROWTH

CdTe/(Cd,Mg)Te core/shell NWs are grown in molecular
beam epitaxy setup by employing the VLS growth mechanism
assisted with gold catalysts. Details of the growth procedure
have been described previously [21]. Only the most important
points are mentioned here. The NW growth starts with short
ZnTe segments, which are followed by the proper straight
(Cd,Mn)Te NWs grown at 350 °C. Mn concentration is of the
order of 1%, which does not impact the NW growth itself
but is crucial for the magneto-optical experiments. In order
to reduce (Cd,Mn)Te NW-core diameters an annealing step is
introduced before the shell deposition. Since the initial ZnTe
base is characterized by a higher desorption temperature, it
is not affected by the annealing process. The samples with
ultrathin NWs were prepared along with a reference, grown
in identical conditions without the annealing step, to directly
compare the impact of the NW-core diameters on the optical
emission spectrum. In the final stage the NWs are coated with
a 25-nm-thick (Cd,Mg)Te shell containing Mg concentration
of 35%, ensuring the passivation of surface states and the ac-
tivation of the optical emission. High Mg content was chosen,
so the potential well is deep enough to observe emission from
excited states.

For the annealing process, two important parameters have
to be found: the annealing temperature and the annealing time,
both very demanding in terms of control. Multiple means were
taken to ensure repeatability, among them a careful choice

FIG. 1. Scanning electron microscope study of bare (Cd,Mn)Te
and (Cd,Mn)Te/(Cd,Mg)Te core/shell NWs. (a) Single, detached
(Cd,Mn)Te NW which was not subject to the annealing procedure.
(b) (Cd,Mn)Te NW annealed at 395 °C for 30 min. Scale bars in (a)
and (b) are 100 nm (note different scales). (c) Annealed (Cd,Mn)Te
NWs with (Cd,Mg)Te shells. Image taken at 45 ° stage tilt. Scale bar
is 500 nm. Probe current for all images is 150 nA and the electron
acceleration voltage is 5 kV.

of the molybdenum template on which the samples were
mounted during the growth, as well as a definition of the
external dimensions of the samples. The progress of annealing
was carefully inspected in situ by the means of reflection of
high energy electron diffraction (RHEED), where the intensity
of the pattern was tracked. During the annealing, the RHEED
pattern slowly dimmed, up to a point where it vanished com-
pletely when all material was desorbed from the substrate.
The optimal process conditions, which led to a controllable
desorption, were found to be 30 min at 45 °C above the growth
temperature of (Cd,Mn)Te NWs. The entire annealing proce-
dure has been performed at Te flux corresponding to the beam
equivalent pressure of 6.3 × 10−7 torr.

A typical (Cd,Mn)Te NW, which was not subject to the
thermal treatment, has a tapered shape with a diameter rang-
ing 30–50 nm, Fig. 1(a). After annealing in the optimal
conditions, the NWs are significantly reduced, reaching di-
ameters well below 10 nm in the thinnest place. Moreover,
an inhomogeneity of NW diameter occurs in several NWs,
as exemplified in Fig. 1(b). After coating the NWs with a
(Cd,Mg)Te shell, the overall NW diameters increase up to 50–
70 nm, Fig. 1(c). We note, however, that the inhomogeneity of
NW diameters is still observable. The variation of NW-core
diameter and (Cd,Mg)Te shell thickness results in different
strain conditions along the NW axis, which may significantly
affect the properties of charge carriers within this structure.

III. PHOTOLUMINESCENCE

An expected indication of NW-diameter reduction as a
result of the annealing process is a blueshift of the optical
emission induced by the quantum size effect. The opti-
cal emission from (Cd,Mn)Te/(Cd,Mg)Te core/shell NWs in
which the NW cores were subject to the thinning procedure
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FIG. 2. (a) Photoluminescence from ensembles of
(Cd,Mn)Te/(Cd,Mg)Te core/shell NWs. Thermally thinned NWs
(red) compared to a reference sample (black). Photoluminescence
from a single NW as a function of excitation fluence. (b) 1–20 µW.
(c) 30–500 µW. Single exciton X, biexciton, XX, and excited state E;
related emissions are identified. Temperature of the measurements is
7 K, excitation wavelength is 532 nm (2.33 eV).

(red line) is compared to reference NWs grown in identi-
cal conditions but without the annealing step (black line) in
Fig. 2(a). Most importantly, the peak of the excitonic emis-
sion, which appears at 1.61 eV in the reference sample, is
significantly broadened and blueshifted by around 0.4 eV
in the annealed sample. The broadening originates from the
aforementioned inhomogeneous nature of the annealing pro-
cess, resulting in the presence of NWs with different diameters
within the NW ensemble. In both spectra, the defect related
emission at around 1.55 eV and the shell-related emission at
2.32 eV (not shown) experience no shift between reference
and annealed sample. This is expected, since the properties of
these two emissions should not depend on the presence of the
quantum confinement.

In the next step, the optical emission from individual
NWs is studied in a microphotoluminescence setup. For these
measurements, the NWs are removed from the original sub-
strate and dispersed on a piece of clean silicon. The excitation

spot size is reduced down to 3 µm and the laser beam is always
perpendicular to the sample plane on which the NW lie flat.

It is found that the emission lines coming from individual
thinned NWs in low excitation power have a spectral width
of the order of a few meV, and their emission energy varies
from 1.62 eV up to 1.80 eV, depending on a particular NW.
This corresponds well to the observed broadening of the
optical emission spectra from the NW ensemble, red curve
in Fig. 2(a). In Fig. 2(b), a representative emission from a
single NW is presented. At a low excitation power, only one
emission line at 1.679 eV is present, while with the increase of
excitation power, a second one emerges in a lower energy. The
intensity of the high energy line increases linearly while that
of the low energy line increases superlinearly with excitation
power increase. This observation leads us to attribute them
to exciton and biexciton emission, respectively. The latter
complex is usually associated with low-dimensional objects
where the quantum size effect plays an important role, such as
in zero-dimensional quantum dots [22,23], and is not expected
to appear in thick, bulklike NWs. Finally, Fig. 2(c) presents
the emergence of additional emission lines in an even higher
excitation power regime, related to an emission from excited
states. Those emission lines are linearly polarized in the same
direction as the excitonic and biexcitonic emission. Therefore,
wurtzite CdTe segments can be excluded as their origin, since
in wurtzite structure, B excitons are expected to be polarized
perpendicularly to A excitons [24]. Most importantly, the pres-
ence of multiexcitonic emission in the optical spectrum from
individual NWs confirms the low dimensional confinement of
excitons within these structures.

IV. CATHODOLUMINESCENCE

To investigate the spatial positions and sizes of the emit-
ting objects, a large set of single NWs was analyzed using
low-temperature cathodoluminescence. In the first step, the
cathodoluminescence (CL) spectrum from individual NWs
was measured, usually consisting of one emission line, located
between 1.62 and 1.80 eV, with a spectral width of a few
meV. Then, monochromatic CL-maps with the energy corre-
sponding to the maximum of the signal were collected and
superimposed on the scanning electron microscope images of
the studied NWs.

CL maps from two NWs emitting at two significantly dif-
ferent energies, 1.78 and 1.65 eV, are presented in Figs. 3(a)
and 3(b), respectively. First of all, it is demonstrated that the
studied emissions come, indeed, from the NWs and not from
any other residual (Cd,Mn)Te deposits. Moreover, the analysis
of the data reveals that the optical emission does not origi-
nate from entire NW cores but from segments, whereas the
length of the emitting object may vary significantly depending
on the particular NW. A general tendency is found that the
shorter the emitting NW segment the higher the emission
energy. However, the direct insight into the exact sizes of the
emitters is overwhelmed by the carrier diffusion length along
the NW axis [25]. The corresponding CL-intensity profiles
along the NW axes are presented in Figs. 3(a)′ and 3(b)′,
respectively. The carrier diffusion effects are manifested as the
monoexponential increase and decrease of the CL intensity,
marked by the red lines. The carrier diffusion length typically
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FIG. 3. Cathodoluminescence (CL) from two different thermally
thinned (Cd,Mn)Te/(Cd,Mg)Te core/shell NWs emitting at 1.78 eV
(a) and 1.65 eV (b); the corresponding CL-intensity profiles along the
NW axis are plotted in logarithmic scale in (a′) and (b′), respectively.
Red lines represent fits with monoexponential growth/decay from
which the carrier diffusion length is determined. Temperature of the
measurements is 7 K, electron acceleration voltage is 15 kV, and the
probe current is 150 nA.

amounts to several tens of nanometers. For instance, in the
case of Fig. 3(a)′, the carrier diffusion lengths are estimated
to be 120 and 130 nm, which is significantly larger than the
size of the emitting area. Although the exact emitter lengths
are impossible to determine, we may still conclude that an
effective exciton localization in the NW axial direction takes
place in our structures.

V. MAGNETO-OPTICAL STUDY

The most intriguing part about the thermally thinned NWs
concerns the impact of NW size on the ground state character
of the optical emission. It has been shown that in the most low-
dimensional structures, as quantum dots or quantum wells, it
usually exhibits HH character. This is caused by the shape
anisotropy, i.e., small height compared to the lateral sizes of
the nanostructures, as well as by the presence of the strain that
is an inherent property of these structures. As a notable excep-
tion, the LH emission from quantum dots has been observed in
specially designed heterostructures including a stressor layer
[26] and in (Cd,Mn)Te/ZnTe NW quantum dot [27].

In the case of core/shell NWs built of zinc-blende semicon-
ductors, the character of the emission is highly dependent on

FIG. 4. (a), (b) Magnetic field dependence of the position of
optical emission lines from two different NWs showing either light
hole (LH) or heavy hole (HH) character. Magnetic field is applied
either along, red triangles, or perpendicular, blue circles, to the NW
axis in the geometry shown in the inset of (a). Solid lines represent
fits which lead us to determine LH-HH splitting values �LH. The
fitting procedure is described in the text. (c) LH-HH splitting plotted
vs emission energy for ten different NWs. The emission from the
most NWs emitting above 1.71 eV has HH character. LH character
is typical for the NWs emitting below 1.71 eV. Temperature of the
measurements is 7 K, excitation wavelength 532 nm (2.33 eV).

the strain between the core and the shell [28,29]. In the case
of a tensile strain acting on the NW cores, the emission from
the ground state has a HH character [20], while compressive
strain leads to a predominantly LH character of the ground
state [19]. In the case of NWs with wurtzite structure, such
as in wurtzite CdTe/(Cd,Mg)Te core/shell NWs, the ground
state usually has the HH character despite compressive strain
acting on the NW core [24].

In order to explore the ground state character of the exci-
tonic emission in our case, photoluminescence of individual
NWs in an external magnetic field was measured, similarly to
Refs. [19,20]. The field was applied either along or perpen-
dicular to the NW axis in the geometry shown schematically
in the inset of Fig. 4(a). The dependence of emission energy
on magnetic field magnitude and direction is fitted within the
frame of six band kp model calculations, including two LH
and two HH bands, from which the magnitude and the sign
of the LH–HH splitting �LH is determined [20]. The use of
this model might be an oversimplification, since the proper
description should involve the impact of excited states and the
interaction of LH band with the spin-orbit split band [30]. We
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FIG. 5. Photoluminescence spectra from individual NWs as a
function of magnetic field direction applied in the plane of the sam-
ple in Faraday configuration with |B| = 2 T. The directions parallel
and perpendicular to the NW axis are marked. (a) LH character
of the emission �LH = 4 meV. (b) LH character �LH = 2 meV,
Zeeman splitting is comparable to �LH value (c) HH character
�LH = −7 meV.

justify it, however, by relatively small strain values present
in our system and quite deep valence band offset, which pre-
vents the hole wave function to be significantly delocalized
outside of the NW core. In these conditions, the use of the
six band model should be well applicable [30]. For each NW
selected for this experiment, the orientation of the NW axis in
the laboratory frame has been determined thanks to the high
linear polarization anisotropy of the optical emission [31]. The
results for two NWs characterized by qualitatively different
magnetic-field behavior are presented in Figs. 4(a) and 4(b).
In Fig. 4(a), the magnetic field induced energy shift is larger in
the perpendicular field configuration compared to the parallel
field configuration, which is typical for a LH character of the
optical emission. On the other hand, an opposite effect occurs
in Fig. 4(b), evidencing a HH character of the excitons in this
NW. �LH values are determined from the theoretical fits to
the experimental data performed by applying the procedure
described in [20] (solid lines in Fig. 4) and amount to +2.5
and −8 meV for the NW considered in Figs. 4(a) and 4(b),
respectively.

A similar procedure was carefully applied to a set of in-
dividual NWs, allowing us to capture a distinct relationship
between the emission energy of the investigated NW and its
ground state character, Fig. 4(c). NWs emitting lower energy
were observed to display a LH ground state character, which
transitions to a HH character with increasing emission energy.
The transition between them, corresponding to a degenerate
character of the ground state, occurs at roughly 1.71 eV. This
is in good agreement with our previous results [19], where the
ground state was observed to be of LH character for lower en-
ergies in not thinned (Cd,Mn)Te/(Cd,Mg)Te core/shell NWs.

The change of the ground state character is not only a
quantitative measure: it is a qualitative change of behavior,
which alters the properties of the emission. This is emphasized
by the complementing measurements of photoluminescence
in the magnetic field applied with a constant absolute value
of 2 T as a function of the direction within the plane of
the sample. Those results are presented in Fig. 5, where the
emission energy is plotted as a function of the angle between

the NW axis and the magnetic field direction, with the color
marking the intensity of the emission for three different NWs.

Figure 5(a) corresponds to a NW with LH character of
the ground state, Fig. 5(b) to a NW with a nearly degenerate
hole states, but still having the LH character at 0 T, and
finally Fig. 5(c) to a NW with a distinct HH character. When
comparing Fig. 5(a) to Fig. 5(c), one observes a qualitatively
different behavior. The lowest emission energy, which corre-
sponds to the largest energy shift, is observed when applying
a magnetic field either perpendicular, Fig. 5(a), or parallel to
the NW axis, Fig. 5(c), which is the defining characteristic of
the corresponding ground state.

An additional, interesting pattern is presented in Fig. 5(b);
a case of a NW in which the optical emission has a LH charac-
ter at B = 0 T, but �LH amounts to only 2 meV. For the paral-
lel field configuration, a maximum in PL intensity is observed,
which is not visible in the case of Fig. 5(a), even though it ex-
hibits a LH character as well. This effect is most likely caused
by the appearance of HH exciton, related emission, which
is expected to exhibit a larger energy shift compared to LH
excitons at the magnetic field applied parallel to the NW axis.
In this configuration, as a result of a small �LH value, it is pos-
sible that LH and HH exciton energies become comparable to
each other, leading to the appearance of HH-related emission.
When the magnetic field direction is changed, the difference
between the two lowest-lying states increases rapidly, result-
ing in the presence of only one optical transition.

We also note the presence of a second emission line in
Fig. 5(c), dedicated to studying of magnetic field direction
dependence of the emission with predominantly HH charac-
ter. This line appears at a higher energy and exhibits similar
behavior to the brighter line. We conclude, therefore, that it
is also associated to the HH recombination but with elec-
trons with an opposite spin, i.e., to the recombination of
dark excitons. This interpretation is consistent with the fact
that the intensity of the second line is the lowest for the
parallel magnetic field, when the dark exciton recombina-
tion is forbidden by the optical selection rules, and that it
increases distinctly when a perpendicular field component
appears.

VI. DISCUSSION

The change from LH to HH character of the excitonic
emission in our structures as a function of the emission energy
is, most likely, a consequence of the exciton localization due
to NW-core diameter variation. NW-core diameter variation
implies that the ground state exciton energy changes as a
function of its axial position. In this situation, the excitons
localize at the lowest energy areas and may be trapped inside
the so-called natural NW quantum dots, which represent zero-
dimensional traps for electrons and holes. This effect would
also be consistent with CL measurements which indicate the
presence of exciton localization areas along the NW axis. Up
to date, NW quantum dots have been fabricated by inserting
a low band-gap NW segment axially into the large band-gap
NW core. These structures have been intensively studied due
to the single photon character of the optical emission [23,32–
34]. As predicted theoretically, the LH/HH character of the
ground state in these structures may exhibit a change depend-
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FIG. 6. Results of atomistic calculations as a function of core thickness for (a) single-particle electron and hole energies, (b) light-
hole/heavy-hole splitting with bottom x axis representing emission energy and top corresponding to core diameter. Inset in (b) presents
excitonic ground state energy dependence on core diameter with diameters of circles proportional to excitonic optical activity and colors
describing the polarization of emitted light. Inset in (a) shows schematically the increase of core thickness. At approximately 6 nm core
thickness there is a crossing from a heavy-hole to a light-hole ground state reflected both in the single particle and many-body spectra.

ing on the length of this low band-gap segment [35]. This
effect could also explain the fact that the (Cd,Mn)Te quan-
tum dot within ZnTe NW may exhibit either LH [27] or HH
character [20] depending on the report. Recently performed
theoretical considerations of strained (Cd,Mn)Te/ZnTe ellip-
soidal quantum dots confirm that the valence band ground
state in these structures may depend on the size of CdMnTe
quantum dot [30]. These results lead us to assume that in the
case of natural NW quantum dots studied in this work the
experimentally observed change from LH to HH character of
the ground state could just as likely be explained by different
sizes of the emitting structures.

In CdTe/(Cd,Mg)Te core/shell NWs with core diameters
larger than 20 nm the excitonic emission has been demon-
strated to exhibit LH character due to compressive strain
acting on the NW core and �LH values in the range 7–15 meV
[19]. Atomistic modeling demonstrates that solely a strong
localization of excitons along the NW axis may induce the
experimentally observed change from LH to HH character of
the valence band maximum.

Comparison of experimental results with theory, however,
is always challenging due to uncertainty of size, shape, and the
actual chemical composition. Modeling (Cd,Mg)Te systems
is complicated further since Cd1−xMgxTe alloy is still under
active research, with many bulk properties determined with
significant uncertainties. Nonetheless, the experimental find-
ings were augmented by theoretical modeling, which allowed
us to capture the underlying effects leading to the observed
phenomena.

The procedure of atomistic modeling starts with finding
atomic positions that minimize total elastic energy using Keat-

ing’s valence force field method [36,37] and minimization of
strain energy performed with the conjugate gradient method
[38]. For CdTe, we take parameters from [36]; for MgTe we
use parameters described in our earlier work [39]. Since we
do not have a set of valence force field (VFF) parameters
for Cd1−xMgxTe alloy, we determine them in the spirit of
virtual crystal approximation by combing CdTe and MgTe
parameters and assuming x = 0.35, consistent with experi-
mental findings. Once atomic positions are found, we obtain
a single-particle electron and hole states with the empirical
tight-binding sp3 s∗ approach accounting for spin-orbit inter-
action [40] and strain via the Harrison scaling law of hopping
matrix elements [41].

For CdTe tight-binding model, we used a set of empirical
tight-binding parameters for Cd1−xMgxTe alloy [42]; we de-
veloped a set of parameters starting to form pure CdTe, and
the shifting material band gap, via a shift of on-site (diag-
onal) energies of s orbitals, and additionally by accounting
for a valence-band offset between core and shell materials
[43]. Next, the excitonic spectra are calculated using the
configuration-interaction method described in Refs. [44,45]
with Coulomb and dipole matrix elements calculated using
an approach presented in Refs. [44,46].

A system reproducing at least qualitatively the experimen-
tal data is found to be a quantum dot of a constant size
embedded in a NW of a varying diameter, inset in Fig. 6(a). It
is worth noticing that a similar feature is visible on the SEM
image in Fig. 1(b). Figures 6(a) and 6(b) show the evolution of
single-particle energies as a function of CdTe core diameter.
Here, the core diameter is increased from 0 to 15.5 nm with
fixed dimensions of the CdTe section (height of 2.25 nm
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and diameter of 19.4 nm). The QD has a substantially larger
diameter than the core itself, representing a “bulge” shown on
the inset in Fig. 6(a).

Both core and large diameter CdTe sections are embedded
into Cd0.65Mg0.35Te NW with a fixed shell diameter equal to
32.4 nm and a total length (along the growth direction) of
45 nm. For a case with a core diameter equal to zero (i.e.,
no core), the spectra of the system naturally correspond to
spectra of a single quantum dot with clearly apparent shell
structure of electron and hole states. With an increasing core
diameter, these states undergo a pronounced evolution that
removes the shell structure of a quasi-zero-dimensional sys-
tem, with electron (hole) levels experiencing a strong redshift
(blueshift) due to reduced confinement in the growth direc-
tion. With increasing core diameter, at approximately 6 nm,
the ground hole state of a HH character crosses with a LH
state, which then becomes the hole ground state. This crossing
results from reduced and reversed LH/HH splitting coming
from increasing core diameter [Fig. 6(b) and is reflected in
the excitonic spectra as well. As shown in inset in Fig. 6(b),
the ground excitonic energy evolution reflects the reduction of
confinement shown in electron and hole spectra.

Thus, what we observe is an evolution from a dotlike
system to a dot-in-a-NW system with a wider section spec-
tra strongly hybridized with the NW core. Additionally, the
change of the ground hole state character is reflected in the
excitonic spectra [29] by a change of the dominant polar-
ization direction of emitted light, from in-plane (“x, y”) to
out-of-plane (“z”) direction. However, we must not forget
that the polarization of light measured experimentally may
strongly depend on the polarization proprieties of a host NW
[47], which impedes the direct experimental determination of
the emission polarization given solely by the optical selection
rules.

In summary, we have successfully grown (Cd,Mn)Te/
(Cd,Mg)Te core/shell NWs, in which NW cores reach diame-
ters below 10 nm. The thinning procedure relies on thermal
treatment of NW cores, which takes place before the shell
deposition. The optical emission from these structures reveals
multiple signs of quantum confinement effects. The emis-
sion energy exhibits a considerable blueshift compared to
the reference sample, which was not subject to the thermal
treatment. Moreover, excited states related emission and mul-
tiexcitonic complexes such as biexcitons are observed in the
emission spectra from individual NWs. Interestingly, cathodo-
luminescence measurements reveal that the optical emission
originates from only a certain part of the NW, which implies
that carrier localization takes place not only in radial, but also
in the axial direction of the NW. Finally, a detailed magneto-
optical study reveals that the ground state character exhibits a
clear dependence on the emission energy as well. Majority of
NWs emitting below 1.71 eV exhibits a LH character, whereas
a HH character is typical for the NWs emitting in higher
energy. The observed effects are explained in terms of the
presence of additional axial carrier confinement induced by
fluctuations of the core diameter. Theoretical considerations,
using the atomistic tight-binding approach, demonstrate that
the axial quantum confinement can be the source of the ground
state character transition.
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