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S
emiconductor nanowires are building
blocks for future generations of de-
vices in manifold areas such as single-

molecule sensing,1,2 functional nanoelec-

tronic devices,3,4 high-mobility field effect

transistors,5 batteries,6,7 solar cells,8,9 and

thermoelectric devices.10,11 At the same

time, they have provided a fruitful soil for

the study of quantum mechanics related

phenomena that could lead to applications

in emerging fields such as quantum infor-

mation and technology.12�15 For this to be-

come a reality, the mastering of the nano-

wire morphology, composition, and

structure has been shown to be key fac-

tor.16 Furthermore, the formation of hetero-

structures within the nanowire and/or the

combination of nanowires with other nano-

structures adds advanced functionalities.3,17

The particular geometry of nanowires

has enabled optical experiments that were

unthought of with classical thin film struc-

tures. For example, if thick enough, they can

act as extremely small waveguides.18,19 If

thin enough, the light emission is extremely

bright thanks to the suppression of total in-

ternal reflection.20 As a consequence, they

are currently considered as ideal elements

for ultrabright light-emitting diodes (LEDs)

and single-photon sources.21�23 By inserting

quantum dot (QD) structures in the nano-

wire waveguides, the brightness of the QD

can be increased up to an order of magni-

tude higher compared to a self-assembled

QD on a planar substrate. Finally, QDs could

be embedded in the intrinsic region of ra-

dial p-i-n devices to optimize the absorption

in nanowire-based solar cells.24�26

Nanowires are typically obtained by the

vapor�liquid�solid (VLS) method,27 in

which gold nanoparticles preferentially

gather and catalyze the growth precursors

leading to the precipitation of solid nano-
wires underneath. By varying the composi-
tion of the precursors, it is possible to vary
the composition in the axial direction and to
form axial heterostructures.17,28�30 In the
case where the length of the axial junction
is of the order of few nanometers, quantiza-
tion effects are observed due to the forma-
tion of quantum dot structures.31 At this
point, the abruptness of the interface be-
tween the junctions is a critical parameter.
In the VLS growth mode, the temporal re-
sponse of switching the composition of the
catalyst droplet is the key factor for making
feasible a nanowire axial heterostructure
with sharp interfaces.32,33 Additionally, it has
been found that it is not always a straight-
forward process to change the composition
in a nanowire from A to B and back to A. It
has been shown that interface energy phe-
nomena can lead to the kinking of the
nanowire when switching from B to A.34 All
of these are unique phenomena in the
nanowire geometry or growth modus.
These challenges could be circumvented
by adopting the typical thin film strategy
of self-assembled Stranski-Krastanov QD
growth.35 Planar Stranski-Krastanov QDs
have excellent optical properties and have
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ABSTRACT InAs quantum dot arrays are obtained on GaAs nanowire facets by molecular beam epitaxy. The

GaAs nanowires are first grown by the gallium-assisted catalyst-free method. Decoration of the nanowire facets

with InAs quantum dots is achieved only when the facets are capped with an ultrathin AlAs layer, as demonstrated

by atomic force, high-resolution electron microscopy, and energy-dispersive X-ray spectroscopy line scans. The

excitation of single and double excitons in the quantum dots are demonstrated by low-temperature

photoluminescence spectroscopy realized on the single nanowires. This new type of heterostructures opens a

new avenue to the fabrication of highly efficient single-photon sources, novel quantum optics experiments, as

well as the realization of intermediate-band nanowire solar cells for third-generation photovoltaics.
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enabled the progress of many solid state applications
such as single-photon emission, light-emitting diodes,
memories, and multicarrier solar cells. To our knowl-
edge, no Stranski-Krastanov growth of III�V QDs has
been realized on the facets of nanowires, although
some attempts have been realized.36 As a consequence
of the nanowire geometry, self-assembled QDs can
only easily be obtained directly on the facets, which
typically belong to either the {110} or the {112} crystal
families. In the case of catalyst-free gallium-assisted
grown GaAs nanowires, the facets always belong to
the {110} family,37,38 while in the case of gold-catalyzed
nanowires, the facets tend to belong to the {112} fam-
ily,39 though there are some exceptions.40 Self-
assembled InAs QDs are typically grown on (001) GaAs
surfaces.41,42 Due to a nonfavorable surface energy of
{110} surfaces, InAs QDs do not form on GaAs (110)-
oriented surfaces.43,44 Instead, micrometer-sized trian-
gular structures full of dislocations are observed.45

Nevertheless, it has been recently demonstrated that
{110} surfaces can be rendered favorable to the forma-
tion of InAs QDs by previously depositing a thin AlAs
layer.46�49 Such a strategy used in classical 2D epitaxy
should be applicable to the nanowire geometry. In this
paper, we demonstrate that self-assembly of Stranski-
Krastanov QDs is possible on the nanowire facets. Such
a method allows circumventing the intrinsic limitations
of the VLS growth mode for QD formation.

The nanowire heterostructures were obtained, as
schematized in Figure 1. First, GaAs nanowires were
grown by the gallium-assisted catalyst-free method as
described elsewhere.50,51 Then, the axial growth was
stopped to continue with direct epitaxy on the facets.
The main characteristics of this type of synthesis include
the following: (i) the nanowires are formed under

gallium-rich conditions, in which a Ga droplet acts as a
seed; (ii) the growth axis coincides with the [111]B direc-
tion; (iii) the nanowires present a hexagonal prism mor-
phology, with the facets pertaining to the {110} family;
and (iv) it is possible to switch from axial to radial
growth and deposit layers epitaxially on the facets to
form core�shell heterostructures by increasing the As4

pressure up to 5 � 10�5 mbar and by lowering the tem-
perature from 630 down to 450 °C.37,38

In order to demonstrate how InAs QDs can be ob-
tained to decorate the nanowire facets, three types of
samples were fabricated. For clarity, the conditions are
shown in Table 1. The core of all structures consisted of
2�4 �m long GaAs nanowires, grown on (001) or (111)B
GaAs substrates. Samples I�III exhibited different ma-
terials deposited on the side facets. One should note
here that the nanowires were tilted 35° with respect to
the nanowire surface. As a result, the thickness obtained
in each of the facets depended on the relative position
with respect to the incoming flow, the two top facets re-
ceiving the highest amount of material (50%).38 Sample
I was achieved by directly growing nominally 5 mono-
layers (ML) of InAs on the nanowire top side facets. In
samples II and III, a nominally 5 nm thick AlAs layer was
inserted prior to the growth of 5 and 1.25 ML InAs, re-
spectively. Finally, the suffix “c” corresponds to samples
that have been capped with GaAs to avoid the oxida-
tion of InAs and enable the investigation of the optical
properties.

The morphology of the three types of samples was
studied both by atomic force microscopy (AFM) and
transmission electron microscopy (TEM). For the AFM
measurements, the nanowires were mechanically trans-
ferred to a silicon substrate. In Figure 2, the typical
AFM measurements of a bare nanowire and samples I
and II are shown. The bare nanowire presents a pris-
matic morphology, with the top facet being parallel to
the substrate surface. The surface roughness is ex-
tremely low, at least below 0.7 nm. Samples I and II
present a quite different geometry from the bare nano-
wire. For sample I, we observe the presence of a large
trapezoidal structure in the middle of the nanowire
trunk (Figure 2b). The size of this structure extends up
to a few hundred nanometers in length, and it has a

Figure 1. Schematics of the fabrication of the nanowire
heterostructures: (a) GaAs nanowire growth on a GaAs (001)-
oriented substrate. The nanowires nucleate below a Ga
droplet, 35° tilted respect with the surface. (b) Switching
from axial to radial growth by changing to As-rich condi-
tions. Epitaxial growth takes place on the nanowire side fac-
ets, forming a shell. (c) Radial growth of InAs QDs can only
be obtained if an AlAs shell layer has been previously
deposited.

TABLE 1. Description of the Three Types of Samples
Fabricateda

core shell

GaAs AlAs InAs GaAs

sample I 2 �m 5 ML (1.5 ML)
sample II 2 �m 5 nm (1.5 nm) 5 ML (1.5 ML)
sample IIc 2 �m 5 nm (1.5 nm) 5 ML (1.5 ML) 15 nm (4.5 nm)
sample IIIc 4 �m 5 nm (1.5 nm) 1.25 ML (0.4 ML) 15 nm (4.5 nm)

aThe thickness of AlAs, InAs, and GaAs deposited on the top facets is shown. The
thickness in parentheses corresponds to the thickness deposited on the lateral fac-
ets. For InAs, we report the value in monolayers, as this is what is usually reported
in Stranski-Krastanov type of growth.
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height of few tens of nanometers. Such a morphology

is strongly reminiscent of the defects formed when InAs

is grown directly on {110} GaAs surfaces.43 Several of

these structures are randomly found along the nano-

wire axis, suggesting that In adatoms strongly diffuse

along the nanowire facets before they precipitate in the

most energetically stable structure.52 Sample II exhibits

a quite different morphology from the two previous

samples. When an AlAs layer is deposited prior to the

InAs, QDs appear on the nanowire facets (Figure 2c).

They exhibit the typical dimensions of Stranski-

Krastanov QDs: a few nanometers high and up to few

tens of nanometers in length. Interestingly, the QDs are

aligned in a chain-like configuration along the AlAs

facet. Formation of both single and double rows of QDs

has been observed.

In order to demonstrate the composition of the

QDs, we performed a scanning transmission electron

microscopy (STEM) analysis in high angular annular

dark field (HAADF) mode together with energy-

dispersive X-ray spectroscopy (EDX) line scans (Figure

3).53 Due to the higher Z of In with respect to Al and Ga,

the InAs QD shown in Figure 3 is observed with a

brighter intensity (HAADF mode). The EDX line scan ob-

tained along the nanowire width (dashed line) also

shows a clear increase of the In and a decrease of the

Ga signals when approaching the QD protrusion. These

measurements clearly confirm that the QDs are formed

by InAs.

In order to have a more complete view of these

structures, samples I, II, and III were investigated by

high-resolution transmission electron microscopy (HR-

TEM). A typical TEM micrograph of sample II is shown in

Figure 4a. There, the formation of small triangular QD-

like objects at the nanowire surface is observed. In Fig-

ure 4b, a high-resolution image is shown. The obtained

image is compatible with the formation of a truncated

pyramid, a few nanometers in height and �15 nm in

length. The HRTEM micrograph in Figure 4b also shows

the presence of the AlAs layer between the InAs dot

and the GaAs nanowire. Interestingly, some interfer-

ence fringes appear just below the InAs QD (see a mag-

nified image of the overlapping fringes in Figure 4b,

bottom inset). These interferences are in good agree-

ment with a model where the QD would be partially

buried in the AlAs shell layer. Only cross-section HR-

TEM analysis can confirm this, as it will be shown in the

following. In the meanwhile, the high-resolution analy-

sis indicates that there is an epitaxial relation with the

core. The power spectrum obtained on the image (Fig-

ure 4c) shows the splitting of the {111} and {002} spots

according to the expected mismatches occurring be-

tween the three binary materials. The bulk cell param-

eters of these three binary semiconductors are 0.5654,

0.5620, and 0.6058 nm for GaAs, AlAs, and InAs, respec-

tively. The expected interplanar distances for the ob-

served {111} planes should be 0.3264, 0.3245, and

0.3498 nm for GaAs, AlAs, and InAs, respectively. There

should be a lattice mismatch of �0.6% between AlAs

and GaAs and 7.2% between InAs and GaAs. The small

mismatch between AlAs and GaAs can be visualized in

the power spectrum, as both spots are almost over-

lapped (see top right inset). In the case of InAs, the cor-

responding spots are clearly separated from the GaAs

ones in the power spectrum due to the high mismatch

Figure 2. Atomic force microscopy measurements of three different GaAs nanowire structures: (a) GaAs nanowire, (b) sample
I corresponding to the direct growth of 5 ML of InAs on the top facets, and (c) sample II corresponding to the deposition of
the same amount of InAs on top of a thin AlAs shell, leading to the formation of QD arrays.

Figure 3. HAADF STEM (Z-contrast image) (a) and EDX line scan (b)
obtained on one of the InAs QDs.
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between both materials. The non-overlap of the diffrac-

tion spots corresponding to InAs with those of AlAs/

GaAs indicate that the InAs is relaxed through the for-

mation of the QD, which is typical of the Stranski-

Krastanov mechanism. We have measured the

mismatch between GaAs and InAs {111} planes in the

experimental micrograph above for the small QD. A

value of 4.5% has been obtained, instead of the

Figure 4. Transmission electron microscopy measurements of sample II: (a) QDs on the nanowire side facet (vertex) are revealed. (b) HR-
TEM micrograph showing the presence of AlAs shell layer, in which the QD lies partially buried. The bottom inset shows a magnified de-
tail of the InAs/AlAs overlapped area between the dashed lines. (c) Power spectrum (FFT) obtained on the HRTEM micrograph of panel
b showing a clear splitting of the spots (the inset shows a magnified detail of the splitting).

Figure 5. Transmission electron microscopy measurements of sample II: (a) detail of a larger InAs structure. The blue arrows
point to the moiré fringes in the interface between the InAs and the AlAs layer which appear due to the overlapping of both
structures and the difference in cell parameters; (b) Fast Fourier transform (FFT) of the image in panel a, the separation of dif-
fractions spots and the presence of strain; and (c) geometrical phase analysis (GPA) of the image in panel a.
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expected 7.2%. This means that the small InAs QDs

present an in-plane compressive strain of �2.5%.

In the same sample, larger relaxed InAs islands have

been observed. An example is shown in Figure 5. These

islands are quite larger than the QDs, about 300�500

nm in length and 20�40 nm high. In the power spec-

trum of Figure 5b, a clear splitting of the spots can be

observed, in agreement with the lattice mismatch. We

have analyzed the fringe deformation by means of a

geometrical phase analysis (GPA)54 (Figure 5c). In the

image, the GPA analysis shows that there is approxi-

mately a 7% mismatch on average between the InAs

QD and the GaAs core (which has been taken as refer-

ence) and an approximate �1% mismatch between the

AlAs shell and the GaAs NW core. The color map pre-

sented in Figure 5c corresponds to the GPA fringe de-

formation analysis obtained on the (002) spots. One

should note that the strain analysis is based on the geo-

metrical phase analysis algorithms, which take into ac-

count the FFT of the images. As a consequence of this,

there are always some artifacts arising at the borders of

the images. We have measured carefully the mismatch

between GaAs and InAs {111} planes in the experimen-

tal micrograph above for the large QD, obtaining 7.1%,

in good agreement with the expected mismatch. This

experimental value corresponds to an interplanar dis-

tance for the {111} planes of 0.3496 nm instead of the

0.3498 nm expected for a bulk InAs. This last result indi-

cates that the InAs island is technically almost fully re-

laxed. In order to keep a good epitaxy with the core, the

only way for the InAs island is by creating mismatch or

relaxation dislocations. These dislocations should ap-

pear every 15 (1�11) planes according to the calculated

interplanar distances for both materials, meaning that

there should be a dislocation every 5.25 nm on average.

These large islands are similar to the structures ob-

served in sample I. As observed in planar growth of

InAs QDs, the presence of such large defective struc-

tures could be related to the deposition of a too thick

InAs layer. It should be reduced by decreasing the

amount of InAs deposited.47 Sample III corresponds to

a sample grown with the same conditions as sample II

but with a much smaller InAs nominal thickness.

In order to get more insight in the nucleation mech-

anism, exact three-dimensional morphology and posi-

tion of the InAs QDs cross-sectional HRTEM was real-

ized. An example is shown in Figure 6a. Surprisingly, the

QD does not fully lie on the nanowire side facet. It is

placed at the vertex between two facets, and it is par-

tially inserted in the AlAs shell, as already suggested in

our previous lateral view HRTEM analysis (Figures 4 and

5). One should note here that with both cross-section

HRTEM and AFM measurements we were able to find

QDs nucleated on the corner and on the nanowire fac-

ets. We believe that the position at the corner or on the

facet is favorable for a more efficient stress release,

Figure 6. Cross-sectional transmission electron microscopy experiments for sample IIIc: (a) QD placed at the corner of the
AlAs shell layer; power analysis in the inset. (b�e) Three-dimensional supercell model of the “corner” QD faceting, obtained
by combining the information from planar view (Figure 4b) and cross-sectional HRTEM pictures (a). In the sequential order:
image from the front side, from the lateral side, from the top view, and a 3D view of the model.
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and the exact position might be a function of the facet

width. Combining HRTEM measurements in planar and

cross-sectional views, we were able to create a 3D su-

percell model for the QD. An online animation of the 3D

atomic model can be found elsewhere.55 Panels b�e

of Figure 6 correspond, respectively, to a front side im-

age along the [1�11] growth axis, a lateral side image

along the [110] axis, a top view image along the [�112],

and a 3D view of the model. Careful HRTEM analysis in-

dicates that the lateral facets of the QDs correspond to

{220} planes, while the front and rear facets correspond

to (1�1�1) and (1�1�5) planes. The tip of the QD is

parallel to the [�112] direction.

Although in HRTEM conditions the differences in

contrast due to compositional changes are not ex-

tremely high, in this case, they were sufficient to delin-

eate the different layers and the InAs QD by using typi-

cal Digital Micrograph image software. The difference

in the average atomic number of the materials results

in a variation of the contrast. The discontinuous lines in

the HRTEM image of Figure 6a highlight the limits

within the InAs, AlAs, and GaAs regions. We extrapo-

lated a burying depth of 3�4 monolayers into the AlAs

shell, corresponding approximately to 0.9�1.2 nm.

This value corresponds also to the penetration depth

for the dot in Figure 4b, even if in that case it was not

possible to determine whether the dot was nucleated

on the AlAs side facet or at the corner of AlAs layer.

Therefore, we corroborate that the formation process

of the QD involves the diffusion of a few monolayers of

InAs in the (110) AlAs layer and that this is a fundamen-

tal phenomenon linked to the QD formation on {110}

facets.

We turn now to the study of the functionality of

these nanowire structures. The optical properties of

the QDs were studied by confocal microphotolumines-

cence (PL) spectroscopy at 4.2 K. The measurements

were spatially resolved on single nanowires. The PL was

excited using the 632.8 nm line of a He�Ne laser and

detected by the combination of a grating spectrometer

and a silicon charge-coupled device (CCD). Also here,

the nanowires were transferred on a silicon substrate.

As mentioned above, for the optical investigations, the

samples have been capped with GaAs. A schematic

drawing of the sample structure is presented in Figure

7a. The spatial mapping of the luminescence collected

from a nanowire corresponding to sample IIIc is shown

in Figure 7b. Emission at 1.51 and 1.50 eV is observed

along the nanowire. These emissions correspond to the

free exciton of GaAs and to the existence of some small

domains of wurtzite in the nanowire core.56,57 Addition-

ally, a peak at 1.415 eV is observed. Such an emission

cannot be attributed to the existence of wurtzite do-

mains or to the AlAs layer. Instead, it could be related

to the emission of InAs QDs.58,59 In order to demonstrate

the QD nature of such emission, the luminescence was

Figure 7. (a) Schematic drawing of the sample investigated by PL spectroscopy. (b) Spatial mapping of the PL along the
nanowire axis. (c) Series of PL spectra obtained with increasing excitation power, showing the appearance of single, double,
and multiple excitons. (d) Analysis of the integral PL signal in panel c versus the excitation power, with typical linear and qua-
dratic increment for single and double exciton in QDs.
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recorded as a function of the excitation power. An ex-
ample is reported in Figure 7c. At low excitation power,
a peak at 1.419 eV with a FWHM of �600 �eV is ob-
served. By increasing the excitation power, the peak at
1.419 eV increases in intensity and a second one at
1.417 eV appears. Finally, for the highest excitation
powers used, other peaks at energies higher than 1.42
eV appear. The analysis of the integrated intensity as a
function of the excitation power is reported in Figure
7d. The intensity of the peaks at 1.419 and 1.417 eV in-
creases, respectively, in a linear and quadratic way with
the excitation power. Such a dependency enables us
to attribute the two peaks to the single (X0) and double
exciton (2X or biexciton) of InAs QDs. The spectral fea-
tures at higher energies are probably multiexcitonic re-
combination lines. The observation of typical QD be-
havior should only be possible provided that the QDs

exhibit a high quality. These results open the way to
the use of Stranski-Krastanov QD structures in nanow-
ires for multiple optical applications.

In conclusion, we have demonstrated the fabrica-
tion of optically active Stranski-Krastanov InAs quan-
tum dots on the facets of GaAs nanowires. For that, it
is necessary to deposit an intermediate AlAs shell. The
formation of the QDs has been demonstrated by atomic
force and high-resolution electron microscopy. Cross-
section measurements demonstrate the diffusion of the
InAs QD in the AlAs shell, which has been revealed as
an essential process for the QD formation. Single and
biexcitions have been excited in the QDs, as shown by
photoluminescence spectroscopy experiments. This in
agreement with the high quality of the QD structures
and opens a new avenue in the areas of nanowire-
based photonics and photovoltaics.

EXPERIMENTAL SECTION
MBE Growth of Nanowires. The samples were grown in a high-

purity Gen-II MBE system. In all cases, 2 in. GaAs (001)-oriented
wafers covered with 35 nm thick silicon dioxide sputtered lay-
ers were used as substrates. In order to ensure a contamination-
free surface, prior to introducing the substrates in the MBE, the
oxide was etched down to 10 nm by dipping the substrates in a
diluted buffered HF solution for 10 s (ammonium fluoride etch
solution (91�9)/deionized water � 1:2). In order to desorb any
remnant adsorbed molecules of the surface, the wafers were
heated to 650 °C for 30 min prior to growth. During the growth,
the substrate and arsenic beam flux were kept, respectively, at
630 °C and 8.8 � 10�7 mbar. The Ga source was heated at 843 °C,
which corresponds to a nominal growth rate of 0.022 nm/s for
planar growth under As-rich conditions. Under these conditions,
2 �m long GaAs nanowires were synthesized at a nominal
growth rate of 1 �m/h. In order to grow on the nanowire fac-
ets, growth conditions were changed to As-rich conditions by in-
creasing the As pressure up to 5 � 10�5 mbar. Without chang-
ing the substrate temperature, AlAs shells were grown with an
Al growth rate equivalent to 0.011 nm/s for planar growth
(1040 °C). InAs shell QDs were grown at a lower substrate tem-
perature (465 °C) and with a very low In equivalent rate of 0.075
nm/s (770 °C). On capped samples, a GaAs shell layer was grown
after the InAs QDs. The substrate was kept at 465 °C for avoid-
ing In desorption from the QDs. Ga rate was also kept at 0.022
nm/s.

AFM Measurements. The nanowires were transferred from the
original GaAs substrate on a Si substrate. The transfer was real-
ized by sonicating the as-grown sample in an isopropyl alcohol
bath and subsequently dropping the nanowire solution onto the
final substrate. The AFM measurements were performed with
an Asylum MFP-3D AFM system, operating in AC mode and
equipped with silicon cantilevers (Olympus OMCL-AC240TS).
Ultrasharp silicon cantilevers were also used. The images were
analyzed both by mean of Igor Pro software, as well as by WSxM
free program.60

HRTEM Measurements. The measurements were performed in a
JEOL 2010F field emission gun microscope operated at 200 kV
with a resolution of 0.19 nm. EDX scan profiles and STEM images
were obtained in a JEOL 2100. The 3D supercell models were de-
signed by using the Rhodius online software package,61 which al-
lows creation of complex atomic models, including nanowire-like
structures with QDs or embedded nanoparticles.62 Fringe defor-
mation was studied by using the geometrical phase analysis
(GPA).54

Cross-Section TEM (XTEM) Sample Preparation. High densities of par-
allel oriented nanowires were transferred to a silicon substrate,
obtained through mechanical gentle rubbing of a piece of the

as-grown substrate on a silicon substrate. A 100 nm thick SiO2

layer was then sputtered on top of the nanowires. The cross sec-
tions perpendicular to the nanowire axis were prepared by stan-
dard TEM methods. More details on XTEM nanowire sample
preparation can be found elsewhere.37,38

Strain Analysis. We have analyzed the fringe deformation by
means of a geometrical phase analysis (GPA). The software used
was the GPA package, which is running a script plug-in in the
well-known GATAN Digital Micrograph. GaAs NW core was taken
as a reference for the analysis, and thus the strain values are rela-
tive to GaAs. The GaAs values were based on the measured val-
ues, with excellent agreement with the literature values. In order
to obtain the strain values for InAs, we calculated the average
value in an area comprising the center of the QD. Due to the
morphology of the QD (several facets are included as shown in
the models), it is clear that thickness and internal strains may
change slightly along the QD, this can be the reason, as well as
the presence of dislocations and partial relaxations.
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60. Horcas, I.; Fernández, R.; Gómez-Rodrı́guez, J. M.; Colchero,
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