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We review different strategies to achieve a three-dimensional energy bandgap modulation in a nanowire
(NW) by the introduction of self-assembled 0D, 1D and 2D quantum structures, quantum dots (QDs),
quantum wires (QWRs) and quantum wells (QWs). Starting with the well-known axial, radial (coaxial/
prismatic) or polytypic quantum wells in GaN/AIN, GaAs/AlAs or wurtzite/zinc-blende systems,
respectively, we move to more sophisticated structures by lowering their dimensionality. New recent
approaches developed for the self-assembly of GaN quantum wires and InAs or AlGaAs quantum dots
on single nanowire templates are reported and discussed. Aberration corrected scanning transmission
electron microcopy is presented as a powerful tool to determine the structure and morphology at the
atomic scale allowing for the creation of 3D atomic models that can help us to understand the
enhanced optical properties of these advanced quantum structures.
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I Introduction

Semiconductor nanowires (NWs) are used as building blocks for
a new generation of advanced devices intended for different
applications: functional nanoelectronics,* advanced optoelec-
tronics (light emitting diodes (LEDs) and lasers),>” single mole-
cule sensing,*” optochemical sensors,*® high mobility field effect
transistors,'® batteries,"** solar cells®®*™® and thermoelectric
devices.”*® In parallel, the use of nanowire heterostructures has
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provided an excellent environment for the study of quantum
mechanics related phenomena that could lead to applications in
emerging fields such as quantum information and tech-
nology."** Compared to planar structures, semiconductor
nanowires show stronger coupling with light, turning the struc-
tures into better emitters (when used as LEDs) or absorbers (for
solar cells).>*?* Moreover, in order to achieve different hetero-
structures they offer the possibility of two growth directions, i.e.,
axial and radial. In the case of the axial growth, even the
combination of highly mismatched materials is allowed thanks
to the radial strain release when the NWs are thin enough.”® In
that context, mastering the control of the nanowire morphology,
structure and composition has been shown to be a key factor.””
Furthermore, the formation of heterostructures within the
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Table 1  Sketch summary of the different quantum structure types attending to
the number of confined dimensions

Confined Quantum
dimensions structures Sketch
Quantum wells,
1D
QWs (2D)
Quantum wires,
2D
QWRs (1D)
& 4
Quantum dots .
3D ’

QDs (0D)

nanowire and/or the combination of nanowires with other
nanostructures adds advanced functionalities."*®

From the optoelectronic point of view, bandgap modulation
allows for engineering of selected wavelengths in emission or
absorption of light or the spatial definition of nanoscale regions
for carrier confinement. Many efforts have been made in the last
few years in the area of bandgap engineering in nanowires. In
particular different structures have been obtained by varying
the structure, morphology and composition of the nanowires.
In this feature article, we summarize several recent examples
that involve integration of quantum structures within nano-
wires to reach this purpose. We will review how it is possible to
create potential barriers in a wire to spatially confine the
carriers in one, two or three dimensions; resulting in the
formation of quantum wells (QWSs), quantum wires (QWRs) or
quantum dots (QDs), respectively (see Table 1). Some examples
are detailed in the transmission electron micrographs included
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Fig. 1 (a) Radial MQWs in a multishell GaAs—AlAs grown on (111)B GaAs. (b) Radial MQWs in a multishell GaAs—AlAs grown on (001)GaAs. (c) Axial GaN QWRs
separated by Al,Gaq_xN barriers in GaN-Al,Ga;_,N NWs. Copyright 2011 by the American Physical Society.?" e-Tomography HAADF STEM reconstructed models of the
radial and axial QWs can be also found elsewhere.2232 (d) ZB domains within a WZ GaN NW, acting as QWs. (e) InAs QD on the surface of a {110}-faceted GaAs—AlAs NW.
Adapted with permission from ref. 92. Copyright 2010 American Chemical Society. (f) InAs QDs on the surface of a {112}-faceted GaAs-AlAs NW. Reprinted with

permission from ref. 93. Copyright 2012 American Chemical Society.

in Fig. 1, where we present different types of QWs: radial (also
known as coaxial or prismatic) (Fig. 1a and b), axial (Fig. 1c),
and polytypic (Fig. 1d), as well as several examples of QDs in a
NW (Fig. 1le and f).

Il 2D quantum confinement within a
nanowire

Nanowires are filamentary crystals with a tailored diameter
ranging between a few and ~100-200 nm. With few excep-
tions,* the diameter of the nanowire is often too large for the
observation of quantum confinement effects. Still, it is possible
to modulate the nanowire composition to obtain nano-
structures within the nanowire that show quantum confine-
ment effects. In a quantum well, charge carriers are confined in
one spatial direction and free to move in the other two. In
principle, quantum wells in nanowires can be obtained directly
on the nanowire facets or along the nanowire axis (if the
diameter is large enough so that there is no lateral confine-
ment).>** Such complex nanowire heterostructures have been
obtained by combining materials radially and axially along the
growth direction of the nanowires.*»*® The synthesis starts by
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growing a nanowire as a template for further composition
modulation in the radial or axial directions with the purpose of
confining the carriers in one of them. A precise control of the
growth processes is needed to create the desirable hetero-
structures. In the following, we show examples of these struc-
tures inserted in a nanowire, which are characterized by a
reduced dimensionality and their improved optical properties.

IIA Radial quantum wells

As the first example of quantum wells in a nanowire we will take
into account those heterostructures grown radially on the facets
of the wires, creating homogeneous flat shells along their entire
length.** For instance, in the case of growth on the nanowire
facets by molecular beam epitaxy, the orientation of the NWs
with respect to the molecular beam flux determines the thickness
and symmetry of the heterostructures.®»** Using (111)B GaAs as
the substrate, vertical NWs are obtained (see Fig. 1a), while other
substrate orientations, i.e. (001) GaAs, lead to the growth of tilted
NWs with respect to the substrate surface (see Fig. 1b).>**” In the
first case completely conformal coating of the wires was obtained,
while in the second case the structures were asymmetric. In the

This journal is © The Royal Society of Chemistry 2013
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latter case and as shown in Fig. 1b, the two top facets receive
most of the flux and are therefore the thickest, while the ones
facing the substrate have a thickness of almost zero.* Still, even
in the case where the NWs grow normal to the substrate, inho-
mogeneities along the wire can occur. Optimization of the growth
temperature and molecular fluxes is necessary to achieve
uniform shell thickness. The optimal samples are found by per-
forming luminescence spectroscopy along the nanowire axis.** At
4.2 K intense emission from the radial QWs at 1.55 eV was
observed. This emission was found to extend homogeneously
along the major part of the NW length. The full width at half
maximum (FWHM) of the PL emission for the QWs was around
5 meV, demonstrating the high quality of the QWs.

These radial heterostructures forming quantum wells are very
interesting from the point of view of basic research of quantum
physics, as they offer improved physical properties. Already in
2005, the first core-multishell nanowire heterostructures (con-
sisting of a n-GaN NW core and In,Ga; ,N/GaN/p-AlGaN/p-GaN
shells) could be synthesized and used as building blocks for
multicolor high-efficiency light-emitting diodes.** In addition, by
controlling the QW thickness on the same heterostructures,
wavelength-controlled lasers* and other optical devices* such as
photodetectors* could be designed. Theoretical studies performed
on similar heterostructures as those presented in Fig. 1a** showed
that the multishell overgrowth of a free-standing nanowire,
together with its prismatic symmetry, may induce quantum
confinement of carriers in a set of quasi-1D quantum channels
corresponding to the nanowire edges.* In fact, it has been repor-
ted theoretically that the electron and hole gases in a radial het-
erojunction formed in a GaAs-AlGaAs core-multi-shell nanowire
can be tuned to different localizations and symmetries inside the
core as a function of the doping density/gate potential.** Bertoni
et al.*> demonstrated that contrary to planar heterojunctions,
conduction electrons do not form a uniform 2D electron gas
(2DEG) localized at the GaAs-AlGaAs interface, but rather show
a transition between an isotropic, cylindrical distribution deep
in the GaAs core (low doping) and a set of six tunnel-coupled
quasi-1D channels (quantum well tubes) at the edges of the
interface (high doping). At low doping, these structures should
present an additional localization pattern with six separated
2DEG strips. The theoretical studies demonstrated that single
2DEGs at one interface or multiple quasi-1D channels should

View Article Online

form as a function of voltage intensity, polarity, and carrier
type.”” In this way, Fickenscher et al. have demonstrated
experimentally the presence of 6 quantum well tubes on the
edges created at the intersection between the radial quantum
wells in hexagonal prismatic GaAs-AlGaAs core-multishell
nanowires, exhibiting extremely high quantum efficiency and
intense emission.** Moreover, coupled plasmon-phonon modes
have been observed in quantum well heterostructures similar to
those shown in Fig. 1b. In this latter case, a high-density plasma
within the quantized structures could be created, opening the
possibility for these heterostructures to be used for the confine-
ment of high density of charge in improved nanowire systems.**

IIB Axial quantum wells

A second type of quantum wells can be obtained by combining
different heterostructures axially, along the NW growth axis,
instead of radially. These axial heterostructures have been
grown mostly in GaN-based NW templates, using either
In,Ga; ,N** or AlGa; ,N,*>" alternatively to obtain the
proposed multi- or single quantum well systems (although there
are a few exceptions such as those based on In,Ga, As).* In this
way, multicolor luminescence could be obtained from InGaN
quantum wells grown over GaN nanowire arrays,* or quantum
emitter superlattices could be created by alternating GaN and
AIN within the same NW.** In addition, further bandgap
modulation can be achieved by substituting the AIN barriers by
a combination of Al,Ga;_,N. In this latter case, as we will see in
the following, depending on the Al concentration and growth
conditions, a higher blue shift can be obtained.

Axial GaN QWs or nanodiscs (NDs) spaced by Al,Ga; N
(x = 0.08-1) barriers were obtained by a stepped process (see
Fig. 1c). The synthesis starts by the growth of the GaN cores,
faceted by six {1010} planes, and is followed by the introduction
of Al in the growth process leading to Al,Ga, ,N sections. Then,
the Al flux is cut nine times, thereby creating a nine-fold GaN ND
structure. Depending on the growth conditions of the Al,Ga; ,N
barriers, the growth is not strictly axial. The simultaneous radial
growth encapsulates the GaN discs and inhibits the release of
radial strain. Thus, NDs are under compressive strain, which is
reflected in their optical properties.®* As the NW widening is
progressive along the ND structure, there are strong variations of
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Fig. 2 (a) e,, component for the strain tensor in the case of AIN barriers. Dotted white lines show the NW border. (b) e,, strain along the NDs for different Al
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the strain inside the NDs, as shown in the simulation of Fig. 2a.
The NDs closer to the base are surrounded by a thicker AIN-shell
than those in the tip. As a consequence, the axial strain is higher
close to the base and is reduced along the GaN core. The strength
of this effect also depends on the Al-content in the barriers.
Increasing the Al concentration, the axial strain differences along
the NDs embedded in one NW are increased compared to NWs
with lower Al in the barriers, as shown in Fig. 2b and evidenced
by the results reported in ref. 49. The maximum emission energy
of the NDs was found for an Al barrier content of 0.34, reaching
3.73 eV, for subsequently dropping down to 3.69 eV in the case of
pure AIN barriers. In agreement with the increase of the strain,
the ND emission broadens when the Al-content in the barriers is
increased. Also the emission of the GaN core (at 3.48 eV) widens
with increasing Al-concentration at the barriers, although its
emission energy is not affected. Understanding the optical
properties requires taking into account not only the band offset
and geometrical factors of the structures, but also the effects of
strain relaxation, polarization-induced internal electric fields and
surface band bending. Extending the study through calculations
and simulations showed the strong influence of the shell thick-
ness on the confinement potential. The emission intensity of the
NDs is enhanced for intermediated Al content since it corre-
sponds to a flat-band within the NDs, where the lateral electrical
fields are the lowest possible. Time resolved-photoluminescence
(TR-PL) experiments result in the suppression of the excitonic
character of the emission for high Al concentrations in the
barrier due to carrier separation by strain-induced lateral internal
electric fields.*

IIC Crystal phase engineering: homostructured quantum
wells

The nanowire morphology has enabled a new approach of
bandgap engineering. The large surface-to-volume ratio enables
the formation of crystalline phases otherwise not possible in the
bulk (e.g.: wurtzite (WZ) and zinc-blende (ZB) phases alterna-
tively, or other twin-based polytypes).®*** In semiconductor
materials, most of these twin-based polytypes have a semi-
conductor behavior, although they present slight changes in the
electronic band structure and energy gap (see Table 2).5**¢ Thus,
by combining polytypic phases in one same nanowire, a new
type of quantum homostructure may be formed.**** In an
extreme case where the periodicity of defects is perfectly
controlled, one finds the so-called twinning superlattices.*** In
this way, Caroff et al.*® reported the intentional modulation of
the crystalline phase in the case of InAs NWs by controlling the
growth temperature and their final diameter, to create highly

Table 2 Bandgap values in eV for the most common semiconductor in both
crystalline phases, wurtzite®* and zinc-blende

Material

Crystalline phase GaN AIN GaAs AIAs 1InAs InP  Si

Zinc-blende 3.3 5.3 1.51 2.35  0.35 1.34 1.12
Waurtzite 3.5 6.2 1.50 1.97 0.48 1.47 0.85
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reproducible twinning superlattices. The twin periodicity was
related to the NW diameter as shown in the plot of Fig. 3a and
the SEM image included in Fig. 3b. Parallelly, doping of the
NWs has been also shown to be an efficient alternative to con-
trollably create polytypes in III-V NWs (e.g.: in InP).** In the
absence of Zn during growth, the InP NWs grow with a WZ
structure with some randomly spaced stacking faults. However,
the growth in the presence of Zn results in the formation of pure
zinc-blende domains, thus allowing the design of twinning
superlattices when alternating doped and undoped axial
sections, as shown in Fig. 3c and d. Notice how the contrast
changes at every twin boundary, making the domain's distinc-
tion straightforward to a naked eye, due to the enhanced phase
contrast obtained in the TEM when imaging the NWs slightly
off-axis (~1°).* Moreover, Algra et al* also reported a
comprehensive explanation for the final zigzag NW side facets
in the twinned zinc-blende structures, which depends on the
contact angle of the catalytic droplet during the vapor-liquid-
solid (VLS) growth method employed.

Fig. 1d shows the details of a GaN nanowire containing 2
sections of zinc-blende in a wurtzite matrix. This kind of homo-
structure has similar characteristics as quantum wells. In the case
of GaN, wurtzite and zinc-blende phases form a type II hetero-
junction, where confinement is achieved just for one type of
carriers. In addition, this quantum confinement is possible due
to the small size (axial height) of the insertions and because of the
dependence of the band structure with respect to the crystalline
phase. This is observed in many other semiconductors such as
GaAs, Si, InP and GaN depending on the crystalline phase (cubic
or hexagonal).’***%® Often, the transition from one crystal phase
to the other is preceded by the presence of twin planes or stacking
faults. Stacking faults and twin planes alter the staking sequence
in ZB and WZ structures by omission of one atomic plane at every
stacking fault. In the twin boundaries case, each defect rotates the
structure by 180°, changing the stacking sequence from the cubic
phase to the hexagonal (or inversely) phase where the twin is
placed. If the twins are repeated in a periodical way, different
polytypes are formed.

For instance, as we have seen above, by controlling the
presence of the twin-based defects or inducing them in a
controlled way (i.e., by selectively doping the different NW
sections during growth), we can perform accurate crystal engi-
neering and obtain the desired superlattice stacking, thus
allowing us to induce a predesigned bandgap modulation in our
NW systems.®”” In a previous work,*”” we showed the way to
introduce ZB axial domains in WZ GaN NWs. In this case, by
highly doping the NWs with Mg atoms, we obtained the
formation of triple twin stacking domains consisting of inser-
tions of 4 ZB monolayers within the WZ structure. These triple
twin domains, with barely 2 nm axial heights, extended along
the whole width of the NW, creating perfect axial quantum
wells. An ensemble of these highly Mg-doped GaN NWs is
shown in Fig. 3e. One of the triple twin domains is displayed in
the atomic resolution HAADF STEM image in Fig. 3f, where the
3 consecutive twins forming the QW are displayed with green
dashed lines. Both ZB and WZ modeled structures are super-
imposed to the image. The bandgap red-shift achieved exactly

This journal is © The Royal Society of Chemistry 2013
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Fig. 3 Crystal phase engineering in a nanowire: homostructured quantum wells. (a and b) In the InAs case reported by Caroff et al.,*° the twining periodicity is related to
the NW diameter, and can be tuned by controlling the growth temperature. Reprinted with permission from ref. 60. Copyright 2009 American Chemical Society. (c and d)
InP NWs where the polytypic control is achieved through Zn doping. Reprinted with permission from ref. 61 and 60. Copyright 2008 American Chemical Society. (e and f)
Polytypic GaN NWs. ZB axial phase domains appear when introducing high density of Mg doping atoms during growth. In this latter case, the ZB domains were composed of
a triple twin stack in the WZ structure, as observed in the atomic resolution HAADF STEM image in (f). Reprinted with permission from ref. 67 and 60.

within the triple twin domain with respect to the WZ GaN could
be measured with high spatial resolution for the first time by
Arbiol et al.®” The precise bandgap measurements were per-
formed in a cold field emission gun (cold-FEG) aberration cor-
rected dedicated STEM by means of low loss electron energy
loss spectroscopy (EELS). The bandgap was measured precisely
on both, the ZB defect domain and outside in a neighboring WZ
area, finding a red-shift of 0.2 eV between both measured
bandgaps (the expected 3.4 eV for the WZ area and 3.2 eV in the
triple twin domain), in good agreement with the DFT simula-
tions.®” An analysis of the optical properties of ZB inclusions in
an undoped GaN NW has been reported in ref. 68.

Il 1D Confinement in a nanowire:
quantum wires

The particular geometry of nanowires has enabled optical
experiments that were unthought of with classical thin film
structures. For example, if thick enough, they can act as
extremely small waveguides.®”° If thin enough, in the range of a
quantum wire (QWR), the light emission is extremely bright
thanks to the suppression of the total internal reflection.” As a
consequence, NWs are currently considered as ideal elements
for ultra-bright light emitting diodes (LEDs) and single photon
sources.”””* In the literature there are many reports regarding
semiconductor quantum wells and quantum dots, but only a
few articles focus on the synthesis of self-assembled quantum
wires (QWRs) on NWs. Most of the reports on QWRs employ
chemical solution synthesis for different materials™” obtain-
ing single QWRs with a variety of diameters. GaAs,*" InGaAs* or
ZnO®*>* have also been successfully synthesized as QWRs self-
assembled in bulk materials or on surfaces by molecular beam
epitaxy (MBE). Furthermore, although QWRs have been widely

This journal is © The Royal Society of Chemistry 2013

studied theoretically since the early 20s of the last century
(at the beginning of electronics)**¢ and later on grown on bulk
surfaces or layers,**® few works integrate this 1-dimensional
(1D) quantum structure in a nanowire. By inserting quantum
structures in the nanowire waveguides, their brightness can be
increased by up to an order of magnitude compared to self-
assembled quantum structures on a planar substrate.

In the particular case of GaN, self-organized GaN QWRs
could be only obtained previously as core elements in GaN-
AlGaN core-shell NWs.* Recently, axial III-V QWRs could be
grown for the first time in a self-assembled growth mode on the
edges of nanowires. Our research on the material showed that
GaN QWR formation within a NW was a consequence of a self-
limited pseudomorphic growth.” Along this section, we are
going to focus on that work, which presents a new approach for
bandgap engineering consisting in the growth control of GaN
quantum wires (QWRs) on the 6 vertexes of hexagonal prismatic
GaN-AIN core-shell nanowires, acting as templates. As a
consequence of the nanowire geometry, the self-assembled
QWRs are obtained directly on the nanowire edges.*"*°

The GaN-AIN core-shell NWs were first grown by the cata-
lyst-free plasma assisted molecular beam epitaxy (PAMBE).*
The first synthesis step forms the GaN cores as the template for
the entire NWs. Initially the GaN basis of the NWs was obtained
with lateral faceting on the {1100} planes, having diameters of
25-50 nm and lengths ranging from 130 nm to 300 nm. The
unidirectional growth along the c-axis was promoted using a
nitrogen-rich environment. Then, an axial segment of AIN was
deposited, and due to its finite lateral growth rate radially
covered the lateral {1100} facets of the GaN core. This step
resulted in the additional formation of six {1120} AIN planes,
which might differ in geometric extension, at the intersections
between every two {1100} facets (truncated edges). After that,
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self-assembly of GaN QWRs was possible on these {1120} edges
with simultaneous formation of an axial GaN segment on the
top of the wire.

The GaN nucleation occurred exclusively at the AIN {1120}
facets and no lateral deposition on the {1100} planes of the AIN
shell was found. The QWRs were then created on the 6 {1120}
edges, and extended axially along the [0001] NW growth axis
with N-face polarity (with top surfaces terminated with N
atoms).”” It was observed that the GaN deposited at those sides
was easily damaged under the electron beam. In order to
prevent beam damage, a final AIN shell covering the entire
structure was deposited employing the lateral growth of AIN.
Deposition of the AIN external shell led to an enhancement of
the GaN QWRs stability and a suppression of PL quenching,
allowing a better quantum confinement.

Representative high-angle annular dark field (HAADF) or
Z-contrast images of the NWs are shown in Fig. 4a-c at different
magnifications. Notice the change in the HAADF intensity when
imaging the different regions of the NWs due to their different
compositions, which allows the direct identification of the GaN
and AIN regions. The GaN has brighter intensity under
Z-contrast imaging conditions since its constituents are heavier
than the AIN ones (i.e., Zg, = 31 while Z, = 13). Besides dis-
tinguishing the GaN core from the AIN barriers, bright lines at
the NW edges are also observed upon closer inspection, corre-
sponding to the presence of the GaN QWRs (Fig. 4b and c)
nucleated on the {1120} AIN facets. The lateral size of the QWRs
ranges between 1 and 10 monolayers in projection. The atomic
resolution image in Fig. 4c clearly shows 2 projected {1100}
planes along the length of the NW, belonging to a GaN QWR. A

AIN Capping

“]\[0001]

AIN Shell

GaN QWR

(1-100) (-1100)
GaN Core

HAADF Intensity (A.U.)!

GaN QWR!
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transversal intensity profile across the wire reveals the different
material compositions superimposed on the NW thickness
background, leading to the half-hexagon shape in Fig. 4d. A 3D
model of the structure is included on the right side of the figure,
showing several views of the heterostructure.
Photoluminescence analyses performed on these novel 1D
quantum systems showed two different emission bands. The
first was found at about 3.5 eV (see the inset in Fig. 5a), corre-
sponding to the GaN base emission, which is blue shifted by the
presence of the AIN shell which compresses the core. The
second emission band was attributed to the presence of
the QWRs, appearing in the range 3.85-4.05 eV, which was
shifted to higher energies (0.5 eV higher) because of the strong
quantum confinement in the QWR. Low-temperature time-
resolved PL measurements performed at different excitation
energies did not show changes in the emission energy attrib-
uted to the QWRs, demonstrating that those emissions should
correspond to the confinement of non-polar surfaces, in good
agreement with the QWRs grown on the {1120} edges. In order
to get further insight about the emission from individual QWRs,
u-PL measurements were performed on individual NWs as
shown in Fig. 5a. Several narrow emission lines were found for
each NW, corresponding to the emission from the different
QWRs. As mentioned before, there is a spread of sizes that
results in different energy emission depending on the wire
diameter, as also corroborated by the simulations performed.
This energy dependence of the emission with the diameter was
calculated as shown in Fig. 5b, where a histogram of the QWR
energy emission for 24 NWs experimentally measured is also
displayed. In addition spatially resolved in situ optical

GaN top layer

AIN barrier
GaN top layer

AIN barrier

Fig. 4 (a—c) HAADF images of the GaN-AIN NWs, presenting GaN QWRs at the corners of the NW. (d) Intensity profile revealing the NW cross-section morphology.
(e—j) 3D model of the studied structure. Reprinted with permission from ref. 90. An animated movie of the previous models can be also found elsewhere.®!
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Fig.5 (a) Low temperature PL spectra from single GaN-AIN NWs where the peaks are due to GaN QWRs. (b) Calculated energy emission of the QWRs as a function of
its diameter (left panel). At the right side is included the experimental histogram. The experimental averaged QWR diameter is comprised between 1.7 and 2.5 nm.
(a and b) Reprinted with permission from ref. 90. (c) Low temperature (93 K) CL spectrum from the individual NW marked with a white arrow in (d), showing a narrow
peak (FWHM = 0.07 eV) at 3.94 eV (by Gaussian fitting). (d) 1st panel: STEM image; 2nd panel: corresponding panchromatic CL image, 3rd panel: false colored overlay

from 1st and 2nd panels.

measurements for these quantum structures obtained by cath-
odoluminescence (CL) in a STEM are presented in Fig. 5¢ and d.
In this case we can clearly see that the QWRs show strong CL
intensity centered at 3.94 eV (Fig. 5¢), significantly stronger than
the emission from the GaN cores (Fig. 5d). It is also evident that
the QWR emission is only observed on the lower AIN segment.
The top AIN segment was formed during the growth of the
capping layer, i.e. no QWRs are present on the side facets of this
part. The energy of the CL emission line corresponding to
QWRs is consistent with p-PL results, while the 70 meV FWHM
is limited by the resolution of serial-mode CL collection by the
photomultiplier tube. Together, p-PL and CL results confirm the
high structural and optical quality of these newly developed
quantum structures.

IV 0D confinement in a nanowire: quantum
dots

Until now, we have seen how carriers can be trapped in two and
one dimensions in a nanowire respectively by the formation of
QWs and QWRs. It is possible to go one step further and confine
the carriers in all three spatial dimensions, by creating a
quantum dot (QD), considered as a 0 dimensional structure. In
the following we present some examples of QDs in NWs, dis-
tinguishing between those QDs grown by following the Stran-
ski-Krastanov mechanism and those obtained by self-induced
diffusion processes.

This journal is © The Royal Society of Chemistry 2013

IVA Quantum dots generated by the Stranski-Krastanov
process

Recently, new methods to grow quantum dots in nanowires by
embedding them on the facets and edges have been repor-
ted.?>* In those works, the decoration of GaAs nanowire facets
with InAs quantum dots (QDs) was demonstrated. As com-
mented before, GaAs NWs usually grow along the [111]B zone
axis and present hexagonal sections, normally faceted either by
{110}** or {112}* planes, depending on the synthesis method
employed.

Thus, using the catalyst-free gallium assisted method,*®
{110} GaAs faceted NWs were obtained. Stranski-Krastanov (SK)
InAs QDs do not form on {110} facets of GaAs due to the unfa-
vorable interface energy. In order to promote the formation of
QDs, the facets have to be covered with a thin layer of AlAs®*°
(see Fig. 1e). In Fig. 1le, we show a high resolution TEM
(HRTEM) image of an InAs QD placed on the edge of a GaAs-
AlAs core-shell NW. Notice that both the GaAs-AlAs and AlAs-
InAs interfaces can be observed in the HRTEM image. The
HRTEM inset in Fig. 1e shows the superposition of InAs and
AlAs layers.” Further HRTEM cross-sectional inspections
confirmed that the QDs are partially buried in the AlAs shell, as
shown in Fig. 6a and b. This fact indicates that the QD forma-
tion involves InAs diffusion in the (110) AlAs along a few
monolayers, as an essential part of the QDs creation on the
{110} facets.”” The InAs QDs were modeled as 5 nm height
truncated pyramids, discretely embedded on the facets and
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Fig. 6 The top panel (violet squared) shows a TEM image of an InAs QD in a
{110} GaAs@AIAs NWs, partially buried in the AlAs shell (a) within a 3D atomic
model (b). The PL measurements performed at different excitation powers (c)
revealed the excitation of single and biexcitons in the QD. Reprinted with
permission from ref. 92. Copyright 2010 American Chemical Society. In the
bottom panel (marked in green) are displayed a couple of SEM images (d and e) of
{112}GaAs NWs, showing facets plenty of QDs. The PL spectrum corresponding to
the InGaAs QDs visualized in (d) and (e) is included in (f). (d and e) Reprinted with
permission from ref. 102. Copyright 2012, American Institute of Physics. (f)
Reprinted with permission from ref. 93. Copyright 2012 American Chemical
Society.

edges of the GaAs NW core.” The shape and distribution of the
SK quantum dots embedded on the surface (facets and edges) of
a nanowire have been recently theoretically predicted and
calculated. It was found that their shape and distribution
directly depend on the surface and elastic energies between
both the surface material and QD.' The theoretical results
show a direct relationship between the nanowire diameter and
the final morphology of the developed QD structures, which is
in good agreement with the experiments reported by other
authors. In this way, for thinner NWs only the formation of
surface nanorings (circling the whole NW external perimeter)
would be allowed. When NWs overcome a critical size, the
formation of QDs on the facets would be then allowed. When
exceeding the next NW diameter threshold the QDs would be
created on the NW edges. Finally, when the NWs are thick
enough the formation of QDs in both, facets and edges, would
take place.'®

To probe the nature of the optical emission in these QD
structures, PL. measurements were performed as a function of
the excitation power. In Fig. 6¢ the PL intensity for the different
excitation power is displayed. The peak at 1.419 eV varied
linearly, corresponding to a single exciton (X°), while the peak at
1.417 eV varies with excitation power in a quadratic way, indi-
cating the presence of double excitons (2X). At higher energies
multiexcitonic (mX) recombination lines were also detected. All
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together were in good agreement with the presence of relatively
good quality InAs QDs.

InGaAs SK QDs were also obtained by the metal organic vapor
chemical deposition (MOVCD) method. In this case, the GaAs
NWs exhibited {112} facets.®**>'****> In contrast to the {110}
faceted NWs, the QD formation in {112} surfaces is thermody-
namically allowed (see Fig. 1d and e) without the need for
intermediate layers (e.g.: AlAs). In addition, the InAs deposition
time and the diameter of the wires were found to have consid-
erable impact on the final quality of the QDs coverage. In prin-
ciple, in thicker NWs the QD formation was easier since less In
atoms are needed to form the initial wetting shell, necessary to
assure a SK growth. However, when the NW diameters exceeded a
critical size (e.g.: 250 nm), the NWs were only partially covered by
QDs, as the wetting layer could not cover the entire NW surface.
Controversially, by increasing the InAs deposition time the QDs
started to coalesce. In Fig. 6e and f we show two examples of
InGaAs QDs embedded on {112} GaAs facets, with In,,Gag 3As
and InyoGag;As QD stoichiometry, respectively.’”* As in the
previous example, an extra GaAs shell was deposited on top of the
QDs to protect them from oxidation and assure a better quantum
confinement. Their optical characterizations were performed by
means of PL measurements, resulting in emission peaks in the
range of 857-930 nm. The PL spectrum included in Fig. 6f
corresponds to a sample containing GaAs NWs with pure InAs
QDs. The narrow peak at 825 nm is due to the GaAs NW, and the
one at 886 nm is related to the presence of the InAs QDs. Reso-
nant peaks in the spectrum indicate the formation of a Fabry-
Perot cavity in the GaAs NW. As a result, in these structures, the
light production came from the QDs and the cavity was formed by
the NW, meaning that they were decoupled.

IVB Quantum dots obtained by self-induced diffusion
processes

Another new approach has been recently proposed for the
growth of QDs self-assembled to NWs. This is the case reported
by Heiss et al.'® where self-assembled QDs were obtained from
the synthesis of core-shell GaAs-AlGaAs NWs. Once again, the
efficiency of photon extraction in quantum structures (QDs)
self-assembled in a nanowire is dramatically enhanced with
respect to the efficiency of the QDs contained in bulk materials.
In a recent paper, we have presented the self-assembled
formation of Al 1Gag9As QDs covered by an Al, ¢Gay 4As layer
inside the Al 33Ga, ¢,As shell of the NW. The QD formation was
promoted by the different Ga and Al mobilities on the surface of
the NWs, resulting in Al segregation to form the QD confine-
ment. The whole growth process was reproducible from wire to
wire and from growth to growth. Moreover, the QDs obtained
were stable and presented excellent optical properties, being
very bright even near the surface (detection rate higher than
1 MHz). The cathodoluminescence (CL) measurements, per-
formed in a scanning electron microscope (SEM), revealed two
different emission energies: a broad band emission spatially
continuous coming from the core at approximately 820 nm and
a discontinuous emission line along the NW at higher energy
(677 nm) corresponding to the presence of QDs, acting as
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extremely localized emitters.'” PL analyses were also per-
formed, in order to characterize individual QDs, showing sub-
100 p eV linewidths as the general trend. The electronic states of
the system were found to be oppositely ordered relative to the
Stranski-Krastanov QDs, where the higher energy belongs to the
matrix. Instead, here, the GaAs layers form the lowest energy
edge existing states at higher energy which confines the QD.**

The procedure started by the growth of the GaAs cores of the
NWs on a (111) Si substrate.’ Then, the conditions were
changed to allow the lateral growth of the Al,Ga; _,As shells with
two different Al contents, x = 33% or 51% (the Al 33Gag 6,AS
shells were alternated with 20 nm GaAs quantum wells). The
QD-in-a-nanowire system was created by the formation of
inhomogeneities in the shell. Empirical observations of the
structures were performed using the Z-contrast STEM technique
through an aberration corrected microscope. The different axial
layers with compositional changes could be distinguished with
naked the eye when analyzing the cross-section samples after
imaging them at atomic resolution. As was explained in Section
III, the darker the observed region, the lower the Z of the
observed area (the higher Al content), i.e., the brighter area in
the center of the NW corresponds to the GaAs composition (no
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Fig. 7 (a) Cross-section HAADF image of a GaAs@AIGAAs NW, squaring the
detail amplified and false colored in (b). The false color enhances the contrast,
allowing easier distinction of the different composition areas. (c) Band diagram of
the system taken from atomistic pseudopotential theory. Reprinted with
permission from ref. 103. Copyright 2013.
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Al is present in the core). Fig. 7 shows the formation of radial
dark stripes emerging from the core corners in the Al,Ga; ,As
regions following the {110} directions, which are often opened in
a Y-shape along two {112} planes near the outer surface of the
NWs. The inside volume containing lower Al content corresponds
to the QD structure, which is surrounded with this Al-rich
covering (see Fig. 7d where the Al-rich plane is the (101) and it is
split along the (112) and (211), and a further (121) plane closes
the structure). A simple 3D atomic model was created to illustrate
the morphology of the QDs; however, new models are required
taking into account the outer evolving shells that cover the entire
QDs. In future works we will deal with more sophisticated
models'® and work on a better understanding of these QD
structures’ growth mechanisms which are definitively related to
self-induced diffusion processes as suggested elsewhere.'*

V Conclusions

Nowadays, the creation of quantum structures in semi-
conductor materials has turned into a trend topic for promising
technological applications and theoretical research. Thanks to
their particular morphology, nanowires offer the three-dimen-
sional modulation of composition and thereby a three-dimen-
sional arrangement of quantum structures. Here we have
presented an overview of different quantum structures in-a-
wire, going from the QWs to the QDs, passing through QWRs,
all embedded in NWs, for the most common binary(/ternary)
semiconductor compounds. As a result, high quality quantum
emitters and absorbers of great brightness at precise wave-
lengths have been obtained integrated in NWs. In order to
improve the future devices based on integrated quantum
structures in-a-nanowire, a perfect control of the nature of the
interfaces and the size, morphology and composition of the
quantum structures is required. Our initial results are very
promising. More work has to be carried out in order to obtain a
higher degree of perfection of the quantum structures, trans-
lated into even smaller values of the FWHM.

VI Experimental
STEM measurements

Aberration-corrected HAADF-STEM and ABF-STEM were per-
formed on a FEI Titan 60-300 k eV operated at 300 kV. Sample
preparation of the as-grown NWs for (S)TEM analyses was per-
formed as follows: first of all the NWs were mechanically
removed from the substrate, then transferred to a holey or lacey
carbon grid and placed in the microscope, for HAADF-STEM
observation.* Images were analyzed by means of Gatan Digital
Micrograph software. In addition, 3D atomic supercell
modeling was performed by using the Rhodius software
package,’® which allows creation of complex atomic
models,"*”**® including nanowire-like structures.'**'*°

Cathodoluminescence

Spatially resolved cathodoluminescence studies were per-
formed on a JEOL 2011 TEM/STEM equipped with a Gatan
MONOCL3 CL+ system operated at 120 kV. The CL signal was
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collected by a high sensitivity photomultiplier tube (HSPMT) for
concurrent STEM and CL mapping, and spectrum collection, by
busing Gatan Digital Micrograph software. The sample was
cooled to 93 K by a liquid nitrogen-cooled cryogenic
holder."*-'**
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