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ABSTRACT: InAsxP1−x quantum dots (QDs) in InP nanowires
(NWs) have been realized as a platform for emission at telecom
wavelengths. These QDs are typically grown in NWs with the
wurtzite crystal phase, but in this case, ultrathin diameters are
required to achieve defect-free heterostructures, making the
structures less robust. In this work, we demonstrate the growth
of pure zincblende InAsxP1−x QDs in InP NWs, which enabled an
increase in NW diameters to about 45 nm, achieved by employing
Au-assisted vapor liquid solid growth in a chemical beam epitaxy
system. We studied the growth of InP/InAsxP1−x heterostructures
with different compositions to control the straight growth along
the ⟨100⟩ direction and to tune the emission wavelength.
Interestingly, we found that the growth mechanism for pure
InAs QDs is different compared to that for InAsxP1−x alloy QDs. This allowed us to optimize different growth protocols to achieve
straight growth of the final QD NWs. We successfully obtained the growth of InAsxP1−x QDs with a composition in the range of x =
0.24−1.00. By means of microphotoluminescence measurements, we demonstrate the tunability of the emission in dependence of
the InAsxP1−x QD composition and morphology, remarkably observing an emission at the telecom O-band for a 10 nm thick QD
with 80% of As content.
KEYWORDS: nanowires, quantum dots, telecom emission, InAsP/InP heterostructures, vapor−liquid−solid growth

1. INTRODUCTION
Semiconductor quantum dots (QDs) are an interesting
platform with possible applications in quantum information
technologies based on optics,1−4 because they can be used to
realize single-photon sources (SPSs). In particular, SPSs at
telecom bands are interesting for ultrasecure quantum optical
communication using existing fiber networks, because at these
wavelengths there is a minimum for the losses and the
dispersion in telecommunication fibers.5,6 Indeed, semi-
conductor QDs have been proven as efficient sources in the
telecom band,7−12 emitting on-demand high-purity single and
indistinguishable photons or even polarization-entangled
photon pairs.13−16 Many crucial milestones concerning
application of QD-based devices in secure quantum
information technology have been reported, including sources
with high efficiency of single-photon emission,17−20 operation
at elevated temperatures,1,21,22 integration with a silicon
platform,23 deterministic fabrication of QD structures,24 and
fully integrated, fiber-coupled QD-based sources of single
photons,25 including demonstration of quantum communica-
tion schemes.26 In the last 2 decades, the realization of SPSs
emitting at the telecom band has also been demonstrated in

semiconductor QDs epitaxially grown in nanowires
(NWs).27,28 The exploitation of NW QDs has some important
advantages compared to other types of QDs (such as Stranski−
Krastanov QDs): (i) the growth mechanism of heterostruc-
tured NWs forming the QD leads to the possibility to control
and tune QD features like QD dimensions, crystal phase,29

composition, and density; (ii) semiconductor NWs open up
the possibility to also grow highly lattice-mismatched
heterostructures as a result of the relaxation of the elastic
strain in the radial direction;30 (iii) vapor−liquid−solid (VLS)
growth of the NWs makes it possible to control the position in
which the QDs are grown, both on the substrate and along the
axis of the NW, opening up the possibility to grow coupled
QDs in the same NW, which are naturally aligned along the
NW axis;31,32 and (iv) it is possible to epitaxially grow a
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waveguide directly around the QD, realizing what has been
commonly called a “nanowire antenna” and increasing the
extraction efficiency of the emitter.33

Among the possible heterostructures explored in the
literature for telecom emission, InAsxP1−x QDs in InP NWs
have been investigated. Commonly, these QDs are grown
along the ⟨111⟩ direction in ultrathin wurtzite (WZ) InP NWs,
with a low As content in the ternary alloy (x ∼ 0.25), and they
have demonstrated single-photon ground state emission at λ ∼
950 nm.34−41 Recently, emission in the telecom O and C
bands has also been demonstrated by varying the QD thickness
and increasing the As content incorporated in the QD.39,42

However, increasing the As content makes the growth of the
heterostructure more challenging. In fact, phenomena such as
kinking43 and downward growth44 have been observed for
alternating InP and InAs segments in Au-assisted NWs. To the
best of our knowledge, the growth of the InAsxP1−x ternary
alloy in InP NWs has been reported only in the ⟨111⟩
direction. Also, pure InAs/InP axial heterostructures have been
investigated in the ⟨111⟩ direction with a WZ crystal phase and
mainly in InAs NWs.45−47 Besides the material choice and QD
dimensions, it has been shown that the crystal phase purity is a
crucial parameter for the emitters because the presence of
stacking faults is highly detrimental to the QD emission. In
particular, stacking faults can act as charge traps that confine
charges along the NW axis but let them free perpendicularly,
creating a varying electrostatic environment of the QD and
leading to a significant broadening of the emission lines via so-
called spectral diffusion35,38 as well as decreased coherence
time and indistinguishability of emitted photons. InP NWs
grown along the ⟨111⟩ direction have shown a pure WZ crystal

phase only for very thin diameters of 20 nm or less and by
properly choosing the growth conditions.48,49 In fact, along the
⟨111⟩ direction, the stacking fault formation during the NW
growth is very easy because the energy difference between the
WZ and zincblende (ZB) stacking sequence is quite small, with
an energy barrier for the WZ/ZB transition of ∼3.4 meV/atom
in InP NWs along the ⟨111⟩ direction with diameters larger
than 20 nm.50 Conversely, NWs grown along the ⟨100⟩
direction show a pure ZB crystal phase for a wide range of
diameters and growth conditions,51 because the only stable
staking sequence in the ⟨100⟩ direction is the ZB.52−54 The
constraint to have such a small diameter in the WZ NWs leads
to less flexibility in the tunability of the QD dimension and to a
more difficult manipulation and fabrication of such ultrathin
NWs. For these reasons, the possibility to grow a QD in NWs
with larger diameters is important to simplify the post-growth
processing.

In this work, we realize InAsxP1−x QDs in pure ZB InP NWs
grown along the ⟨100⟩ direction. Different compositions and
QD dimensions are explored, demonstrating the tunability of
these emitters, which is confirmed in high-resolution photo-
luminescence (PL) measurements. They revealed clearly single
QD spectra at low temperatures, which for the NWs with
higher As contents and larger QD thickness could be tuned
through 1.3 μm of the second telecom window. These results
open up a way for fabricating a new class of quantum emitters
with high potential for their application as sources of single
photons or more complex photonic states to be employed in
some of the schemes in quantum communication in the fiber
networks or quantum computing.

Figure 1. (a) Growth protocol exploited for the growth of the QD NWs. On the axes, the values are out of scale. (b) SEM 45° side-view image of
InP NW stems grown along the ⟨100⟩ direction. In the inset, a top-view SEM image of the same sample. (c) HRTEM image of an InP NW near the
catalyst nanoparticle (which is the dark region at the top of the figure). In the inset, a magnification of the NW with its fast Fourier transform in the
⟨110⟩ zone axis is shown. (d) Calibration curve of the InAsxP1−x segment composition in dependence of the TBAs partial pressure.
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2. MATERIALS AND METHODS
All of the NWs in this work are synthesized by means of Au-assisted
VLS growth in a Riber C-21 chemical beam epitaxy (CBE) system on
InP(100) substrates. Trimethylindium (TMIn), tert-butyl arsine
(TBAs), and tert-butyl phosphine (TBP) are used as gaseous
metal−organic precursors, for which it is possible to measure the
line pressures as a reference for the fluxes introduced into the
chamber. The substrate temperature is measured with a pyrometer
and cross-checked with the manipulator thermocouple, providing an
overall accuracy of ±10 °C. Before the substrate is mounted inside the
CBE chamber, gold catalyst nanoparticles are deposited from the
colloidal dispersion. Commercial water solutions of Au colloids with a
nominal diameter of 30 nm (BBInternational EM.GCnn) are
employed. InP(100) substrates are first dipped for 30 s in a 0.1%
poly-L-lysine solution, rinsed in deionized (DI) water, and blown dry
under N2 flux. The colloidal solution is drop-casted on the substrate
surface, which is then rinsed in DI water and blown dry.

After the growth, the samples are imaged exploiting scanning
electron microscopy (Zeiss Merlin SEM) operating at 5 kV. The
samples are imaged from both the top and side views with a tilting
angle of 45° to check the NW morphology and dimensions.

Transmission electron microscopy (TEM) analysis is carried out
using two microscopes: a JEOL JEM-2200FS, equipped with an in-
column Ω filter operated at 200 kV, and a high-resolution FEG TEM
JEOL JEM-F200. For these measurements, we used QD NWs grown
in identical growth conditions as those investigated by micro-
photoluminescence (μ-PL) but with a shorter InP tip (maximum
length around 100 nm). The short InP tip is necessary to check the
crystal quality and the QD thicknesses.

The alloy composition is measured through energy-dispersive X-ray
analysis (EDX) employing a Bruker Quantax EDS system mounted
on a Zeiss Ultraplus SEM.

All of the geometrical parameters of the NWs and QDs are
measured via the image analysis software ImageJ.

Emission measurements from single NWs with QDs are performed
using a μ-PL setup with high spectral (20 μeV) and spatial (2 μm)
resolution optimized for the near-infrared spectral range. The NWs
are excited non-resonantly above Eg of InP (typically with 640 nm line
of a semiconductor continuous-wave laser diode). A long working
distance (20 mm) infinity-corrected microscope objective with a
numerical aperture of 0.4 focused the laser beam on the sample
surface and collected the QD emission. The detection system consists
of a monochromator (1 m focal length for the highest resolution
experiments) and a nitrogen-cooled multichannel InGaAs linear array
photodetector. The sample is mounted on a coldfinger of a liquid
helium continuous-flow optical cryostat, which allows for tuning and
controlling the temperature. All of the samples are pre-characterized
by measuring emission from the ensembles of as-grown NWs, and
then μ-PL from selected single NWs is measured on NWs
mechanically transferred on Si(111) substrates, patterned with Au
markers for spatial orientation on the sample surface. Markers are
prepared by optical lithography using a MicroWriter ML3 system.
Gold is deposited through thermal evaporation and then lifted off.

3. RESULTS AND DISCUSSION
3.1. InP Stem and InAsxP1−x Composition Calibration.

The growth of the QD NWs is conducted following a similar
protocol, which is schematized in Figure 1a: (i) A first ramp
from the standby temperature (∼250 °C) to the InP stem
growth temperature Tstem = 390 ± 10 °C under a TBP line
pressure of 1 Torr is conducted. (ii) TMIn is introduced inside
the chamber to start the growth of the InP stem for 60 min,
employing TMIn and TBP line pressures of 0.4 and 0.65 Torr,
respectively. (iii) A growth interruption of 2 min and 30 s is
done to prepare the proper TBP and TBAs line pressures and
to adjust the growth temperature for the InAsxP1−x QD
growth. During the growth interruption, TMIn flux is
interrupted and the sample is maintained under a TBP flux

only, which is ramped from its initial value of 0.65 Torr to the
line pressure providing the selected QD alloy composition. In
fact, as it will be discussed later, several compositions have
been explored in this work, leading to the choice of different
line pressures for TBP and TBAs. (iv) The QD is grown by
introducing TMIn and TBAs again in the chamber, with a
composition given by the selected fluxes, while the duration of
the QD growth determines its thickness (height). (v) An InP
tip is axially grown for 60 min at the same temperature of the
QD and employing TMIn and TBP line pressures of 0.4 and
1.0 Torr, respectively.

In Figure 1b, a SEM image of the InP NW stem ensemble
obtained at the end of step (ii) is shown from a side view with
a tilt angle of 45°. The average top NW diameter is Dstem = 48
± 4 nm. The growth conditions chosen for the stem result in a
high yield of vertical InP NWs grown along the ⟨100⟩ direction
(∼93% of the NWs). The remaining NWs grow along different
growth directions, which have already been observed and
investigated in the literature for InP NWs grown on (100)-
oriented substrates.55 The chosen growth conditions also lead
to a non-negligible radial growth of InP, resulting in a slightly
tapered NW morphology. In the inset of Figure 1b, a top-view
SEM image of the same sample shows that all of the NWs have
a square cross section, a fingerprint of the underlying ZB
crystal structure. In Figure 1c, a HRTEM image of an InP stem
NW is shown, along with a magnified image with its fast
Fourier transform (FFT) in the ⟨110⟩ zone axis in the inset.
The FFT demonstrates the pure ZB crystal phase of our InP
stems.

We focus now on the growth of the ternary alloy segment of
InAsxP1−x on the InP stem at 370 °C, employing steps (iii) and
(iv) of the growth protocol. To investigate the tunability of the
InAsxP1−x composition, several InAsxP1−x segments are grown
using different precursor line pressures and measured by EDX.
Figure 1d reports a calibration curve of the As content in the
InAsxP1−x segment as a function of the TBAs partial pressure.
By choosing the proper TBAs and TBP line pressures, we were
able to grow ternary alloy segments with an x index ranging
from 0.24 ± 0.08 to 1.00 (pure InAs). However, the growth of
straight InAsxP1−x segments on the InP stem presents several
challenges. In the next section, the optimization of the growth
protocol during the growth interruption, i.e., for the switch
from InP to InAsxP1−x, is discussed more in detail.
3.2. InAsxP1−x Growth Mechanism. Dependent upon the

ternary alloy composition, different growth parameters play a
crucial role during the growth of the heterostructure.
Interestingly, a different behavior is found between the ternary
alloys InAsxP1−x with an x index value of up to 0.91 ± 0.08 and
pure InAs (x = 1.00).

Concerning the InAsxP1−x segment, as mentioned before, a
growth interruption is mandatory to prepare and stabilize the
chosen TBAs and TBP line pressures for the growth of the
QD. However, the growth interruption seems to deeply affect
the growth mechanism of the InAsxP1−x segment, as visible in
Figure 2. Panel (a) shows a schematic of the two growth
protocols explored for the switch from InP to InAsxP1−x, with
two different growth interruptions indicated as GI 1 and GI 2.
GI 1 is a growth interruption during which the growth
temperature is constant, TMIn flux is interrupted, and TBP
line flux is ramped from its stem value to the value employed
for the InAsxP1−x growth. GI 2 is conducted exactly like GI 1
but decreasing the temperature by 20 °C. In both cases, an
InAsxP1−x segment with an 88% As content is grown right after
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the growth interruption. We found that, after GI 1 in 94% of
the NWs, a downward growth is observed, while after GI 2,
mainly all of the NWs (95%) show a straight morphology of
the InAsxP1−x segment, as shown in the SEM images reported
in the red and green insets, respectively. Similar results are
obtained for InAsxP1−x segments with a lower As composition.
Therefore, we might conclude that it is possible to grow a
straight InAsxP1−x segment only by decreasing the temperature
during the growth interruption.

To understand what is the effect of the growth interruption
on the catalyst nanoparticle, we measured by EDX−TEM the
composition of the nanoparticles right before the growth
interruption (point “b” in Figure 2a) and right after the two
different growth interruptions GI 1 and GI 2 (points “c” and
“d” in Figure 2a, respectively). To ensure that the catalyst
composition analyzed at TEM is the same as that during the
growth, the samples are cooled after the growth without any
flux in the ultra-high vacuum (UHV) chamber, as demon-
strated in ref 56.

We found that, in both cases, the effect of the growth
interruption is a small reduction of the In content inside the
catalyst from a value of 53 ± 5% to a lower value (see the exact
percentages in the orange boxes in Figure 2a). The In content
in the catalyst after GI 1 and GI 2 is, however, similar. Thus,
we can conclude that the In variation itself, from InP growth to
InAsxP1−x growth, is not the parameter responsible for the
resulting growth mode of the InAsxP1−x segment.

Figure 2 also reports the TEM images of the catalyst before
the growth interruption (panel b), right after the growth
interruption GI 1 (panel c), and right after GI 2 (panel d).
After GI 1, 98% of the NWs show a non-straight interface
between the InP stem and the catalyst, while after GI 2, 100%
of the NWs in the sample have a straight interface. A similar
dependence of the NW/catalyst interface stability in the
temperature window of the growth interruption has already
been observed in the literature in InP NWs grown along the
⟨111⟩ direction.57 It has been reported that interrupting group
III flux at a high temperature and low group V flux causes the
unpinning of the catalyst droplet from the top of the NW and

lets the catalyst slide down toward the NW sidewalls. This
unpinning process has been attributed to a reduction in the
supersaturation of the catalyst as a result of the high
temperature/low P flux conditions during the growth
interruption. This favors the creation of a truncated area at
the NW top, which facilitates the catalyst droplet to wet the
NW sidewalls. Finally, when the growth is started again, the
unstable configuration of the catalyst determines epitaxial
growth of the new solid phase along the NW facets, resulting in
a downward growth mode. A similar mechanism may also
happen in our case for GI 1, because it is conducted at the
same high temperature as the InP stem growth, decreasing P
flux. On the contrary, with the decrease of the growth
temperature during the growth interruption, i.e., performing GI
2, the catalyst stays stable on the NW top facet (Figure 2d)
and the result is a straight interface. Thus, we can conclude
that InAsxP1−x grows straight as long as the interface between
the catalyst and the InP NW remains flat after the growth
interruption, like in Figure 2d, and this is mainly determined
by the growth temperature rather than the In content of the
catalyst. We observe this behavior for all of the InAsxP1−x
compositions explored in this work, except for pure InAs.

In fact, if the same successful growth strategy of GI 2 is
exploited for the growth of pure InAs QD on the InP stem, the
InAs segment does not grow straight. Figure 3a shows a SEM

image of a sample grown employing GI 2 followed by 10 min
of InAs growth with TMIn and TBAs line pressures of 0.4 and
0.7 Torr, respectively. In this sample, three different NW
morphologies are present: a low percentage of straight NWs
highlighted in green in the image (∼8%), a major percentage
of kinked NWs highlighted in blue (∼57%), and downward
grown NWs highlighted in red (∼35%). As demonstrated in
Figure 2d, by employing GI 2, the interface between the
catalyst and the InP stem is maintained flat after the growth

Figure 2. (a) Growth protocol schemes exploited for the study of the
growth mechanisms. On the axes, the values are out of scale. (b) TEM
image of the catalyst droplet right before the growth interruption,
indicated as point “b” in the schematic in panel a. (c) TEM image of
the catalyst droplet right after the growth interruption GI 1 and before
the InAsxP1−x growth, indicated as point “c” in the schematic in panel
a. (d) TEM image of the catalyst droplet right after the growth
interruption GI 2 and before the InAsxP1−x growth, indicated as point
“d” in the schematic in panel a. The scale bar for panels b−d is 20 nm.

Figure 3. SEM side-view images of InP NW stems followed by an
InAs segment grown with different growth protocols: (a) by
employing GI 2 with TMIn and TBAs at 0.4 and 0.7 Torr,
respectively, with examples of kinked, straight, and downward grown
NWs highlighted in blue, green, and red, respectively, (b) without GI
2 and employing TMIn and TBAs at 0.4 and 0.7 Torr, respectively,
(c) by employing GI 2 and TMIn and TBAs both at 0.4 Torr, and (d)
by employing GI 2 followed by In catalyst prefilling and TMIn and
TBAs at 0.4 and 0.7 Torr, respectively.

ACS Applied Materials & Interfaces www.acsami.org Research Article

https://doi.org/10.1021/acsami.4c00615
ACS Appl. Mater. Interfaces XXXX, XXX, XXX−XXX

D

https://pubs.acs.org/doi/10.1021/acsami.4c00615?fig=fig2&ref=pdf
https://pubs.acs.org/doi/10.1021/acsami.4c00615?fig=fig2&ref=pdf
https://pubs.acs.org/doi/10.1021/acsami.4c00615?fig=fig2&ref=pdf
https://pubs.acs.org/doi/10.1021/acsami.4c00615?fig=fig2&ref=pdf
https://pubs.acs.org/doi/10.1021/acsami.4c00615?fig=fig3&ref=pdf
https://pubs.acs.org/doi/10.1021/acsami.4c00615?fig=fig3&ref=pdf
https://pubs.acs.org/doi/10.1021/acsami.4c00615?fig=fig3&ref=pdf
https://pubs.acs.org/doi/10.1021/acsami.4c00615?fig=fig3&ref=pdf
www.acsami.org?ref=pdf
https://doi.org/10.1021/acsami.4c00615?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as


interruption. Thus, the non-straight InAs growth might be
explained by some instability occurring at the early stage of the
InAs growth after GI 2. We found that it is possible to obtain
straight InAs growth on the InP stem by employing three
different growth protocols: (i) by avoiding the growth
interruption and directly growing InAs at the end of the InP
growth, with TMIn and TBAs line pressures of 0.4 and 0.7
Torr, respectively, (ii) by keeping the growth interruption GI 2
but reducing the As flux for the InAs growth, i.e., using both
TMIn and TBAs line pressures of 0.4 Torr, and (iii) by
employing an In prefilling of the catalyst for 30 s after GI 2 and
subsequently growing InAs with TMIn and TBAs line
pressures of 0.4 and 0.7 Torr, respectively. SEM images of
the samples grown with these successful protocols are shown in
panels b, c, and d of Figure 3, respectively, where the
improvement of the straight growth mode compared to the
sample in Figure 3a is evident. These three growth protocols
have in common a higher amount of In in the catalyst droplet
at the beginning of InAs growth compared to the sample after
GI 2 (45 ± 4% In), which gives a non-straight growth (Figure
3a). In fact, without any GI, the catalyst nanoparticles have 53
± 5% In and the InAs segment grows straight (Figure 3b). The
sample in Figure 3c is grown with a lower V/III pressure ratio;
therefore, the nanoparticles have a higher In content.58 Lastly,
for the sample of Figure 3d, we exploit an In prefilling of the
catalyst droplet before InAs growth, increasing the In content
after GI 2 and resulting in straight growth. We thus believe that
the main requirement for the straight growth of pure InAs on
InP is that the In content inside the catalyst must be high. A
similar behavior has already been reported for the growth of
InAs at the top of GaAs NWs along the ⟨111⟩ direction45 and
in the switch from InP to InAs in InAs/InP heterostructure
NWs along the ⟨111⟩ direction.46 We speculate that the higher
amount of In in the catalyst nanoparticle leads to the straight
growth of InAs because it increases the catalyst droplet contact
angle, satisfying the condition required by the system to be in
the stability window for the straight growth.45 The conditions,
which apply for InAs, are not required for InAsxP1−x probably
because of the different surface energies of the two materials,
affecting in a different way the nanoparticle stability conditions.

3.3. InAsxP1−x QD NW Growth and Optical Measure-
ments. Thus far, we have demonstrated that it is possible to
grow straight InAsxP1−x segments on InP NWs grown along
the ⟨100⟩ direction with a composition ranging from x = 0.24
to pure InAs. In this section, we focus on the InAsxP1−x QDs
and show their optical emission as a function of the QD
composition and dimension, as deduced from the structural
characterization.

In Figure 4a, a SEM image of the InAs0.88P0.12 QD NWs with
a QD of 10 nm thickness is presented. It is possible to observe
that, during the axial growth of the InP tip after the QD, also a
significant radial growth of the material around the QD occurs,
resulting in tapered NWs. This radial growth of InP also
ensures the passivation of the QD. In Figure 4b, a schematic of
the InAsxP1−x QD embedded in the InP NW is shown. Because
the NWs have a square cross section, the QD shape is that of a
truncated pyramid. It is worth mentioning that the top side
length of the pyramid is a bit smaller than the base side length
in this case because the alloy catalyst shrinks during the
InAsxP1−x QD growth. This happens probably because of the
reduction of the In content in the catalyst compared to the InP
stem value and, thus, a reduction of the catalyst volume. A
schematic of the QD shape is shown in the inset of Figure 4b.
The truncated pyramid has in all of our samples typically a
major base side length of Lbase ∼ 55 nm and a minor top side
length of Ltop ∼ 45 nm.

In Figure 4c, a scanning transmission electron microscopy
(STEM) image of a 10 nm thick InAs0.88P0.12 QD is reported,
of which the position is highlighted with a blue arrow.
Interestingly, it is possible to observe the presence of an
InAsxP1−x shell (highlighted with orange lines) of 1−2 nm
thickness, which is a result of the radial growth of InAsxP1−x
simultaneously occurring during QD axial growth. This
parasitic radial growth has never been reported for the same
kind of heterostructures in the ⟨111⟩ direction with a WZ
crystal phase,34−41 except for ref 47, in which, however, it is
localized near the QD and does not extend all over the NW
stem length. On the contrary, it has been often reported in ZB
NW heterostructures.59 An InAsxP1−x shell can generate
unpredictable effects and can potentially be detrimental to

Figure 4. (a) SEM side-view image of a 10 nm thick InAs0.88P0.12 QD. (b) Schematic of the geometry of emitters grown in this work, with an
InAsxP1−x QD embedded in an InP NW. In the inset, the truncated pyramid shape of the QD is shown. (c) STEM image of InAs0.88P0.12 of 10 nm
thickness (highlighted with a blue arrow). (d) STEM image of a 3 nm thick InAs0.88P0.12 QD. (e) STEM image of a 3 nm thick InAs QD. (f) TEM
image of the 3 nm thick InAs QD. The scale bar for panels c−f is 20 nm.
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the QD emission in terms of both line broadening and
intensity. The wave functions of the carriers confined in the
QD can partly leak out into the shell, making them more
sensitive to the surface states acting as non-radiative
recombination centers and carrier loss channels. As a result
of the same reasons, the QD excitons can be more exposed to
fluctuations of the charges on the NW sidewalls. This would
contribute to increased broadening of the emission lines as a
result of the spectral diffusion effect, in a similar way to other
types of charge traps as the crystal defects in the QD
vicinity,28,38 also commonly observed for other types of QDs.60

Because the radial growth rate of this shell is much smaller
than the QD axial growth rate, it is possible to avoid the shell
by growing QDs with a smaller thickness of ∼2−4 nm. In
Figure 4d, a STEM image of a 3 nm thick InAs0.88P0.12 QD is
reported, where no InAsxP1−x shell is visible. We also found
that, for InAs QDs, the growth of 2−3 nm thick QD ensures
that no InAs radial shell is visible at STEM nor at EDX,
because it is possible to observe in Figure 4e where a 3 nm
thick InAs QD STEM image is reported.

In Figure 4f, a TEM image shows the absence of structural
defects around the QD, which is a common feature of all of the
QD NW samples grown for this work.

The optical characterization of the QDs is performed by
employing PL measurements. As already mentioned above, a
preliminary characterization is performed on the ensembles of
as-grown NWs to follow the main spectral changes caused by
modifications in the growth conditions and NW morphology.
These measurements include the contribution from more than
one QD, because it is difficult to isolate a single standing NW
in the as-grown ensemble, and it is not reported here. Thus, to
appreciate the emission from a single QD, in the next step, μ-
PL has been measured on single NWs mechanically transferred
on a Si(111) substrate pre-patterned with gold markers. Figure
5 shows such single NW spectra to mainly illustrate the effect
of the changed QD thickness (tQD) and the nominal QD
material composition (arsenic content of x). Figure 5a shows
three spectra for x = 0.70 with QD thickness of tQD = 5 nm and
for x = 0.80 with QD thickness of tQD = 5 and 10 nm. What is
mainly observed is the spectral shifts as expected, i.e., both
increasing the As content or the QD thickness red shifting the
emission: in the first case as a result of the red shift of the QD
material bandgap energy and in the second case as a result of
quantum size effects. It is worth underlining that, for arsenic
content of 80% and QD thickness of about 10 nm, the
emission reaches the second telecom O-band window and even
enters the extended E band, exhibiting the potential of these
nanostructures for nanophotonic applications. Figure 5b shows
analogous examples but for the samples with thinner InAsxP1−x
QDs, i.e., those for which the InAsxP1−x shell is not expected
and not observed in the STEM images. Here, similar spectral
tuning of the single QD lines can be observed from slightly
above 1.1 μm to about 1.3 μm of the second telecom window,
which could be obtained by employing larger As contents up to
pure InAs QD material. For pure InAs, the O-band emission
can be reached for 2-fold thinner QDs with a thickness in the
range of 4 nm, providing stronger energy quantization and,
therefore, better isolation of single QD states and related
optical transitions. In the case of presented spectra, the
dominant role of spectral diffusion effects on the emission line
width is visible, with a typical line broadening on the order of
hundreds of microelectronvolts, exceeding by far the spectral
resolution of the experimental setup (20 μeV).

Finally, it needs to be mentioned that a single QD spectrum
consists of a few emission lines, even for the lowest excitation
powers. This has already been observed especially for dots
characterized by large dimensions, similar to those in our
case.61−63 They can originate from either emission of other
excitonic complexes (like biexciton or charged complexes) or
exciton excited states. Detailed analysis of the origin of the
lines is beyond the scope of this work, but in comparison to
reports from the literature concerning QDs of similar sizes in
an InP-based material system, both are possible for the
emission line separation detected for QDs investigated here;
see, e.g., ref 64.

4. CONCLUSION
In summary, we have successfully optimized the growth of
InAsxP1−x QDs in InP NWs grown along the ⟨100⟩ direction
and with a pure ZB crystal structure, with a ternary alloy
composition spanning from x = 0.24 to 1.00 and QD
thicknesses from 2 to 10 nm. We studied the optimal growth
conditions to fabricate straight InP/InAsxP1−x heterostructures,
observing a different behavior between InP/InAsxP1−x and
InP/InAs. We successfully demonstrated the tunability of the
emission of QDs depending upon the QD composition and
thickness. Remarkably, QDs with 80% of As and 10 nm of
thickness demonstrate emission in the telecom O- and even E-
bands.

Figure 5. μ-PL spectra at 4 K of single-QD NWs with (a) As content
of x = 0.70 and 5 nm thickness (blue), x = 0.80 and 5 nm thickness
(green), and x = 0.80 and 10 nm thickness (red) and (b) x = 0.88 and
2 nm of thickness (light blue) and x = 1.00 and 4 nm of thickness
(pink).
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