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ABSTRACT: We report on the ultraclean emission from single
quantum dots embedded in pure wurtzite nanowires. Using a two-step
growth process combining selective-area and vapor−liquid−solid
epitaxy, we grow defect-free wurtzite InP nanowires with embedded
InAsP quantum dots, which are clad to diameters suﬃcient for
waveguiding at λ ∼ 950 nm. The absence of nearby traps, at both the
nanowire surface and along its length in the vicinity of the quantum
dot, manifests in excitonic transitions of high spectral purity. Narrow
emission line widths (30 μeV) and very-pure single photon emission
with a probability of multiphoton emission below 1% are achieved,
both of which were not possible in previous work where stacking fault
densities were signiﬁcantly higher.
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in close proximity to a quantum dot is detrimental, leading to
enhanced spectral diﬀusion associated with space charge
ﬂuctuations.11 This aﬀects the spectral purity of the excitonic
emission and the ability of the source to produce indistinguishable photons, which is important for many quantum
information applications, such as linear-optical quantum
computation.12 In addition, spatially indirect transitions from
these conﬁned carriers produce unwanted background emission
with energies spanning the ZB and WZ bandgaps.13 It is
therefore highly desirable to have only a single crystal phase in
photonic nanowire-based single-photon sources to substantially
improve the optical quality of the emitter and to reduce the
multiple photon emission associated with the background
emission due to the presence of the stacking faults (i.e., ZB
sections in WZ nanowires or vice versa).
In this work, we demonstrate the impact of a growth method
to dramatically reduce the number of stacking faults in the
vicinity of the quantum dot and therefore reduce by at least an
order of magnitude the emission line width of a single InAsP
quantum dot embedded in a pure WZ InP nanowire waveguide.
The removal of stacking faults in the nanowire results in a
suppression of background emission for our single-photon
source, corresponding to multiphoton emission below 1%. We
emphasize that the ultraclean quantum dot emission that we

uantum dots embedded in nanowire waveguides with a
controlled shape show great promise as eﬃcient sources
of single photons and entangled photon pairs for use in
quantum cryptography and quantum computing. Near-unity
coupling of an emitted photon to the guided mode of the
nanowire is predicted for an ideally polarized emitter that is
positioned exactly on the nanowire axis with an appropriate
diameter.1 Single-photon ﬂux collection eﬃciencies of 72%
have been obtained for devices fabricated using standard topdown processing of self-assembled InAs quantum dots.2
However, in top-down random-based approaches, quantum
dots can also be found oﬀ the nanowire axis, which therefore
dramatically decreases the eﬃciency of the single-photon
source.3 This random-based approach of fabricating waveguides
around multiple quantum dots is overcome by a bottom-up
growth approach,4−7 which ensures that devices contain only a
single quantum dot that is ideally located on the axis of the
nanowire. The bottom-up growth approach also promises
collection eﬃciencies exceeding 90% by precisely controlling
the nanowire shape with an ultra smooth taper toward the tip7
and integration of a thin dielectric between the nanowire and
gold mirror.8
Bottom-up nanowires obtained by the vapor−liquid−solid
(VLS) growth mechanism are generally polytypic, with
alternating sections of zincblende (ZB) and wurtzite (WZ)
phases along their lengths.9 The heterostructure formed
between these two crystal phases have a staggered type II
band alignment, with holes conﬁned in the WZ phase and
electrons in the ZB phase.10 The presence of these charge traps
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demonstrate was not obtainable in our previous studies on the
same material system in the presence of stacking faults.7,14
We obtain eﬃcient emitters with a high crystal phase purity
by using a two-step growth process, ﬁrst growing the nanowire
core which contains the InAsP dot, and then cladding that core.
The crystal structure of the cladding is seeded by the core,
which means that it determines the phase purity of the ﬁnal
nanowire waveguide, in this case pure WZ. Using cores of
suﬃciently small diameters15 and suitable growth conditions16
we obtain defect-free WZ nanowires. We emphasize that the
size of the nanowire core also determines the ﬁnal quantum dot
diameter. The cladding is required for eﬃcient single-photon
emission since it (i) removes the detrimental eﬀects associated
with the semiconductor surface (similarly to capping of selfassembled quantum dots) and (ii) increases the coupling of
emitted photons to external collection optics.1,7,17 The crystal
phase purity is established by photoluminescence (PL)
spectroscopy and transmission electron microscopy (TEM)
analysis.
The growth process (see Methods) combines selective-area
(SA) and VLS epitaxy as outlined in Figure 1. Growth was

Figure 2. SEM images of nanowires. The three main images are
viewed at 45°, while the upper panels in b and c are viewed at normal
incidence. (a) Array of nanowire cores. Scale bar indicates 1 μm. (b) A
single nanowire core grown with a 20 nm gold catalyst. The upper
panel highlights the hexagonal base. (c) Clad nanowire. Scale bar in b
and c is 100 nm.

substrate growth. Figure 2c shows a clad nanowire. The growth
of the cladding proceeds up the nanowire core from the base,
eventually cladding the entire core. Continued growth after this
point occurs laterally, with the nanowire overgrowing the 100
nm diameter patterned hole to reach a ﬁnal diameter of 250
nm. This nanowire diameter allows for very eﬃcient coupling
of light emitted from the nanowire into the collection optics.7,17
We note that the growth conditions used during radial growth
to form the cladding do not completely quench VLS growth,
resulting in clad nanowires nearly twice as tall as the nanowire
cores.
The upper panel in Figure 3 shows the PL spectrum of a
single InP nanowire without a quantum dot. It comprises of a
single peak centered at 1.49 eV consistent with band to band
electron−hole recombination in wurtzite InP19 and has been
previously observed.20−23 There is no evidence of emission
related to crystal imperfections, typically observed in the energy
range spanning from 1.35 to 1.49 eV.13,24 The clean PL is
consistent with TEM analysis of the nanowire core (see
Supporting Information), which revealed an extremely low
stacking fault density of less than one per micrometer. Due to
the very high crystal phase purity of the InP nanowire, the line
width of the WZ peak at low excitation powers (30 mW/cm2)
is relatively narrow (3.7 meV), as compared to previous
measurements on single nanowires (5−20 meV).21−23
The lower panel of Figure 3 shows the power-dependent PL
from a single nanowire containing a single InAsP quantum dot.
The low excitation spectrum consists of a single peak around
1.3 eV corresponding to emission from transitions in the s-shell.
Note that, at low excitation, the WZ emission is absent,
indicating very eﬃcient carrier capture by the quantum dot.
With increasing excitation intensity, higher level shells in the
quantum dot are progressively populated, with conﬁned p- and
d-orbitals at energies of 20 and 45 meV, respectively, above the
s-shell. The weak feature at 1.44 eV present in all of the spectra
in Figure 3 is observed in all our samples and is associated with
emission from donor−acceptor levels in the nanowire.22
Figure 4a shows a high resolution PL spectrum of a typical
dot excited with 50 nW power, which saturates the ground-state
transition. The three dominant peaks in the s-shell around 1.3

Figure 1. Schematic illustration of the SA-VLS growth process: (a)
The nanowires are grown on a patterned substrate consisting of
circular openings in a SiO2 mask in which gold catalysts are deposited
by a self-aligned lift-oﬀ process. (b) The nanowire core is grown using
growth conditions that promote catalyzed growth while minimizing
substrate growth. (c) Conversely, the nanowire cladding is grown by
minimizing catalyzed growth while promoting substrate growth.

carried out on substrates consisting of 20 nm gold particles
centered in circular openings in a SiO2 mask on an InP wafer, as
shown in Figure 1a. In the ﬁrst step of the process, growth
conditions were used that promote VLS growth of the
nanowire core (Figure 1b). At this stage, the quantum dot
was also grown in the nanowire core, approximately 200 nm
from the substrate surface. In the second step of the process the
growth conditions were changed resulting in a cladding of the
nanowire, the dimensions of which are dictated by the annulus
of exposed InP at the base of the nanowire, as shown in Figure
1c. We emphasize that the cladding growth mode is only
possible because of the selective nature of the patternedsubstrate epitaxy. Without the selectivity provided by the SiO2
mask, substrate growth would compete with growth at the
nanowire base and severely limit the ability to clad.18
The ﬁnal result of the two-step growth process is shown in
Figure 2. After the ﬁrst step an array of nanowire cores is
obtained (Figure 2a). Typical nanowire dimensions are 20 nm
in diameter and 750 nm in height. A single nanowire core is
shown in Figure 2b, which has a tapered pedestal at the base as
the VLS growth conditions used do not completely suppress
B
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gating allowed an unambiguous determination of the charge
state. Typical measured emission line widths are 30 μeV
(resolution-limit of the spectrometer), as shown in Figure 4b
for a X− transition at ∼1.295 eV. Line width broadening in
quantum dots can occur, in large part, due to a ﬂuctuating
charge environment around the dot. The trapping and
untrapping of charges close to the dot changes its electrostatic
environment, resulting in a ﬂuctuating Stark shift of the
emission energy. Stacking faults act as very eﬃcient charge
traps, trapping the charge along the axis of the wire but allowing
it to move perpendicular to the wire axis. It is therefore
expected that the presence of stacking faults in close proximity
to a dot results in signiﬁcant broadening of the emission lines.
Such broadening was observed in our previous quantum dots
grown in nanowires with a higher stacking fault density,7,14
where the measured line widths were typically ∼400−700 μeV.
The narrow emission line widths measured here suggests that
this broadening mechanism is strongly suppressed in these
nanowires. This is consistent with results in other laboratories6,26 where line widths of similar samples range from ∼100
μeV to several meV with quoted stacking fault densities as high
as 1 per 10 nm.26
Unlike self-assembled quantum dots grown on (001)
substrates, [111]-oriented nanowire quantum dots on (111)B
substrates are predicted to have a vanishingly small anisotropic
exchange splitting, which is important for generation of
entangled photon pairs.27 The narrow emission line width
that we observe allows for analysis of the ﬁne structure splitting
arising from the electron and hole exchange interaction.28
Analysis of the ﬁne structure splitting is shown in Figure 4c and
d, which is obtained by rotating a half-wave plate in front of a
ﬁxed Glan−Thomson polarizer29,30 at the entrance of the
spectrometer. The polarized doublet of X and XX is shown in
Figure 4c, with the XX peak ∼1.5 meV above the X peak. The
polarized PL emission of the X and XX transitions exhibit a
slight blue (red) shift of the horizontally polarized X (XX) peak
compared to the vertically polarized X (XX) peak, as expected
from the biexciton exciton radiative cascade.31 Figure 4d shows
shows the peak energy of X and XX obtained from Lorentzian
ﬁts plotted against half-wave plate angle. The amplitude of a
sine curve ﬁt to the data in Figure 4d yields a very small
splitting of 8 μeV, although not as small as predicted in ref 27.
Polarization-resolved emission from the third peak typically
observed in the s-shell shows no exchange splitting, consistent
with emission from a singly charged exciton.28,30 This behavior
is typical of the eight nanowires on which we measured high
resolution polarization-resolved PL.
Finally, we demonstrate suppressed multiphoton emission of
our single-photon source in Figure 5, which would generally be
increased in bottom-up grown nanowires as a result of
background emission arising from the presence of stacking
faults in the nanowire. We perform second-order correlation
measurements of the exciton line at saturation for two samples
with diﬀerent nanowire diameters. Remarkably, in Figure 5a we
observe the absence of coincidence counts at zero time delay,
which is an indication of very pure single-photon emission. The
nonzero background correlation counts are due to the long
exciton lifetime of the quantum dot as it is re-excited before the
emission has decayed to zero. From a ﬁt to the data by theory
(solid blue line), we can conclude that multiphoton emission is
suppressed below 1%, which is similar to state-of-the-art selfassembled quantum dots in photonic nanowires.2 We note that
the very low g2(0) that we observe here for bottom-up grown

Figure 3. Upper panel: PL from a single WZ nanowire showing a
single peak corresponding to band-to-band electron−hole recombination in WZ InP. Lower panel: power dependent PL of a WZ nanowire
containing a single InAsP quantum dot. In addition to the WZ peak,
three conﬁned orbitals are observed upon increasing the excitation
power.

Figure 4. (a) PL spectrum of a typical quantum dot pumped at
saturation. (b) Low excitation spectrum of a charged exciton showing
the narrow emission line width. (c) Polarized PL spectra of the X and
XX transitions where H (V) indicates horizontally (vertically)
polarized emission. Inset: schematic of biexciton−exciton radiative
cascade in the presence of an anisotropic exchange splitting. (d) Peak
energies extracted from Lorentzian ﬁts of the polarized X and XX
emission as a function of half-wave plate angle.

eV are identiﬁed as the exciton (X), biexciton (XX), and
charged exciton (X−) from power-dependent PL measurements
(see Supporting Information) and polarization-sensitive PL
measurements, discussed below. The assignment of the X− peak
comes from comparison with data from ref 25 where electrical
C
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oxide mask using electron-beam lithography and a hydroﬂuoric
acid wet-etch. Au was deposited in these holes using a selfaligned lift-oﬀ process, which allows the nanowires to be
positioned at known locations on the substrate.18 The thickness
of the deposited gold is chosen to give 20 nm diameter
particles.
The nanowire core is grown under conditions which
promote VLS growth of pure WZ nanowires for gold particles
20 nm in diameter. To promote catalyzed growth and suppress
substrate growth entails growing at low temperature, in
particular, we use 420 °C. The dot was incorporated by
switching from a PH3 to an AsH3 overpressure for 3 s after 15
min of growth, which places the dot approximately 200 nm
from the substrate surface. The overall growth time of the
nanowire core was 26 min. We obtain defect-free WZ
nanowires for TMI ﬂuxes below a certain threshold value,
and this value is dependent on the group V ﬂux.16 In SA-VLS,
the growth rate depends on the Au catalyst size and is
nonlinear, increasing with increasing nanowire height.18 For the
nanowires studied here the TMI ﬂux used for defect-free cores
was equivalent to that used for a planar InP growth rate of 0.1
μm/h on (001) InP substrates at a temperature of 500 °C. The
PH3 ﬂow was 3 sccm.
To clad the nanowire core we used conditions that promoted
substrate growth while suppressing VLS growth at the nanowire
tip. Previously, we have used temperature to adjust the relative
incorporation rates with higher temperature activating substrate
growth while quenching catalyzed growth.14 We have also
found that increasing the group V ﬂux results in a similar
change in relative incorporation rates, and in this study, the
growth mode is switched by increasing the PH3 ﬂow from 3 to
9 sccm. The growth time for the cladding was 94 min. Although
VLS growth is not completely quenched (the clad nanowires
are nearly twice as tall as the nanowire cores), it is signiﬁcantly
suppressed considering growth times of 26 and 94 min for the
core and cladding, respectively. Without increasing the PH3 by
a factor of 3 the nanowire would by expected to be greater than
12 μm tall after the additional 94 min of growth, rather than the
1.5 μm observed.
Optical Spectroscopy. Optical measurements on individual
nanowires were performed with the wires still attached to the
(111)B InP substrate. The measurements were done at 4.2 K in
a continuous ﬂow helium cryostat using nonresonant, above
bandgap excitation through a 50× microscope objective (N.A.
= 0.65) with a ∼2 μm spot size. The PL was collected through
the same microscope objective, dispersed using a grating
spectrometer. Low resolution spectra were taken with a 0.257
m spectrometer and detected using a liquid-nitrogen cooled
InGaAs diode array, and high-resolution spectra were measured
with a 0.64 m spectrometer and detected using a liquidnitrogen cooled silicon CCD. The second-order correlation
measurements were performed in a standard Hanbury−Brown
and Twiss setup. The quantum dot was excited above bandgap
with a Ti:sapphire laser at 744 nm using 3 ps laser pulses at a
repetition rate of 76 MHz, and the emitted photons were
detected by Si avalanche photodiodes.

Figure 5. Second-order correlation trace of exciton line (black) at
saturation for two diﬀerent nanowire diameters. From a ﬁt to the data
by theory (blue), we obtain g2(0) < 0.005 in a and g2(0) = 0.08 in b
with corresponding exciton lifetimes of 8.9 ns and 2 ns, respectively.
Identical lifetimes were also measured directly.

nanowires is only possible when the background emission is
absent as a result of stacking fault free nanowires. The long
exciton lifetime (8.9 ns) obtained in Figure 5a is expected and
observed in previous work when the fundamental guided mode
is not optimally conﬁned in the nanowire.3,17 In such
circumstances, the spontaneous emission decay rate of the
quantum dot into the fundamental guided mode is comparable
to the emission decay rate into nonguided leaky modes in
vacuum.3,17 As the nanowire diameter is increased, the
fundamental guided mode becomes more tightly conﬁned in
the nanowire, and the quantum dot emits photons with an
increased rate, approaching the decay rate for the same emitter
in bulk InP.17 The increased decay rate and thus shortening of
the exciton lifetime (2 ns) can be observed in Figure 5b. We
note here that the g2(0) is slightly increased as compared to
Figure 5a since there are other nanowire quantum dots within
the laser excitation spot.
In summary, we have demonstrated a growth method to
control the stacking fault density in nanowire waveguides
containing a single InAsP quantum dot on its axis in a
reproducible manner. The crystal phase purity of the nanowire
combined with the thick cladding mitigates the eﬀects of
spectral diﬀusion associated with nearby trapped charges. In
consequence, spectrally pure transitions with resolution-limited
optical line widths of 30 μeV are obtained that are at least 1
order of magnitude smaller than previous works in the presence
of stacking faults. Contrary to predictions made for InAsP
quantum dots in [111]-oriented InP nanowires, we measure a
nonvanishing anisotropic exchange splitting of the exciton
transition equal to 8 μeV. Finally, due to the absence of
background emission owing to the presence of stacking faults,
we measure very pure single-photon emission with a probability
of multiphoton emission below 1%. This very pure singlephoton emission combined with the high count rates and
narrow optical line widths reveals the potential of quantum dots
in bottom-up grown nanowires for future quantum technologies.
Methods. Nanowire Growth. The InAsP/InP nanowire
quantum dots were grown using chemical beam epitaxy (CBE)
with trimethylindium (TMI) and precracked PH3 and AsH3
sources. The nanowires were grown on a SiO2-patterned (111)
B InP substrate consisting of circular holes opened up in the
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