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ABSTRACT

A systematic study of the emission spectra of single InAsP nanowire quantum dots in position-controlled InP photonic nanowire waveguides
is presented. Using excitation power-dependent photoluminescence and correlation measurements, we distinguish between the different exci-
tonic complexes responsible for s-shell emission. From measurements of over 40 nominally identical devices, we obtain a standard deviation
of �5 meV in the emission energy of excitons, biexcitons, and charged exciton photons. The mean biexciton binding energy was 1.9meV
with a standard deviation of �0:8 meV. The experimental spectra are understood using atomistic multi-million atom theory of neutral and
charged multi-exciton complexes implemented in the design tool QNANO.

https://doi.org/10.1063/5.0045880

In semiconductor quantum dots, the photon emission spectrum
depends on the number of photo-excited carriers.1 Hence, a single
photon can be spectrally identified as a recombination from a single
exciton. Similarly, entangled photons can be generated by multi-
exciton cascades.2–5 The difficulty in generating entangled photons by
the bi-exciton (XX)-exciton (X) cascade is due to the exciton fine
structure.6–10 This difficulty is overcome by using symmetric quantum
dot systems in which fine structure splittings are negligible.11–13

Alternatively, entangled photon generation can be facilitated using
quantum dots where the XX photon emission energy is degenerate
with that of the X photon. The biexciton-exciton cascade in such a sys-
tem is predicted to be less susceptible to deterioration of the degree of
entanglement of the emitted photon due to electron-phonon interac-
tions.14 A vanishing biexciton binding energy can be achieved, for
example, by gating15–17 but may also occur naturally for specific struc-
tural parameters.18,19

Nanowires have shown promise as efficient sources of non-
classical light.20–23 To investigate the possibility of creating a system
having the desired excitonic energy configuration for high fidelity
entanglement generation, we study InAsP quantum dots incorporated
in bottom-up InP nanowire structures. This system is ideally suited for
engineering single and entangled photon sources as their diameter,
height, and composition are well controlled. In particular, we combine

selective-area (SA) epitaxy and vapour–liquid–solid (VLS) epitaxy24 to
grow position-controlled devices consisting of a single quantum dot
with a precisely defined geometry optimally located within a photonic
nanowire waveguide.25

Producing high-optical quality quantum dots using VLS epitaxy
necessitates avoiding some of the typical epitaxial techniques
employed when growing heterostructures. For example, (i) the crystal
structure of VLS nanowires depends on the growth rate26 and (ii) the
steady-state alloy composition of the metal catalyst is dependent on
the group V element, resulting in growth rate transients when switch-
ing precursors.27 These two effects necessitate avoiding growth inter-
rupts (i.e., pumping out the Group III species for a short period of
time) in order to grow pure single phase heterostructures (i.e., with no
stacking faults that can lead to significant spectral fluctuations24).
Without the use of growth interrupts, which are typically required to
obtain abrupt interfaces separating sections having well-defined com-
positions,28 ternary InAsP quantum dots are produced containing a
significant fraction of phosphorus atoms carried over from the growth
of the InP barrier.

The dilute nature of the quantum dot composition produces dots
with different optical properties even if they have nominally the same
size and have the same total composition, a consequence of strong
local fluctuations in confining potentials and strain fields.11 In order to
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gain a better understanding of the role of the distribution of the As
and P atoms within the quantum dot, we have performed a systematic
experimental and theoretical study of the emission spectra observed in
nominally identical dots. The different excitonic complexes are identi-
fied using excitation power-dependent measurements and comparison
with results of atomistic many-body calculations.

The nanowire quantum dots studied were grown in the InAs/InP
material system using chemical beam epitaxy and the SA-VLS growth
technique described in Ref. 24. This technique allows for the growth of
InAsxP1�x quantum dots embedded in position-controlled InP pho-
tonic nanowires having a wurtzite crystal phase free of stacking
faults.22 The quantum dots are incorporated in an InP nanowire core,
�1 lm above the base, and have a diameter of Ddot � 20 nm, a height
of Hdot � 4 nm, and a composition of x � 20%. A cross-sectional
transmission electron microscopy image of a dot in a wurtzite InP
nanowire core is shown in Fig. 1(a). The core is the clad with an InP
shell to produce a photonic nanowire having a geometry optimized for
collection of dot emission around k¼ 950nm with a base diameter of
250nm tapered to 20nm over a length of � 10 lm.

Optical measurements were carried out at 4K in a closed-cycle
helium cryostat. Individual nanowires were excited above-band using
continuous-wave excitation at k¼ 780nm (for photoluminescence
measurements) or k¼ 633nm (for correlation measurements) focused
to a few micrometers by a 100� objective with a numerical aperture of
0.81. Photoluminescence from the dot was collected through the same
objective and spectrally resolved using a grating spectrometer with an
Si CCD array detector. For autocorrelation measurements, individual
lines were selected using a fiber-based tunable filter with a 0.075 nm
bandpass and the filtered emission was sent to two fiber-coupled
avalanche photodiodes (APDs) via a 50:50 fiber beam splitter. For
cross correlation measurements, two filters were used, one placed on
each output arm of the splitter. The selected lines from each filter were
sent to either the “start” or the “stop” APD.

Figure 1(b) shows a characteristic emission spectrum of a nano-
wire quantum dot at low excitation power. At the lowest excitation
power, we observe an emission line at high energy identified as neutral

exciton X and one at low energy identified as charged exciton X�. The
fine structure splitting of the neutral exciton is typically a few leV29

and is not resolved in the spectrum. With increasing pump power,
biexciton XX appears in between these two lines. The assignment of
emission lines is based on the excitation power dependent-
photoluminescence and correlation experiments discussed below.

In Fig. 1(d), we show the results of atomistic calculations of the
emission frommulti-exciton complexes in a quantum dot with specifi-
cations similar to the dot shown in Fig. 1(a): arsenic composition
x ¼ 20%, diameter Ddot ¼ 18:2 nm, and height Hdot ¼ 4:1 nm. The
calculations are performed for the specific distribution of As atoms in
the hexagonal InP nanowire shown in Fig. 1(c). The computed transi-
tion energies reproduce the ordering of levels observed experimentally,
shifted by 9meV. They also predict similar values for the binding ener-
gies of the biexciton (difference in X and XX photon energies,
EB ¼ EX � EXX) and charged exciton (difference in X and X� photon
energies, EC ¼ EX � EX� ). The calculations confirm that the lowest
energy peak corresponds to the negatively charged exciton, while the
emission from the positively charged exciton (not observed experi-
mentally) appears between XX and X. We note the calculated energy
splitting of the intermediate exciton state due to the fact that the fine
structure is too small to be observed on this energy scale.

Although we obtained good agreement between theory and
experiment for this particular dot, previous measurements on the
same quantum dot system have demonstrated a wide range of biexci-
ton binding energies, including both positive and negative values.19

This variation was attributed, at least in part, to the random distribu-
tion of arsenic atoms in the dilute quantum dot.11 To better quantify
the statistical distribution of emission energies in the nanowire quan-
tum dot system, we performed a systematic study of 42 nominally
identical nanowire quantum dots having similar emission spectra. The
different emission lines were identified using power-dependent photo-
luminescence and correlation measurements as described below.

In Fig. 2, we show power-dependent emission spectra from three
representative dots in terms of the power at which the X emission
peak saturates, Psat. At the lowest excitation power shown, the spec-
trum from each dot consists of two dominant emission lines around
1.3 eV separated by �6 meV. A third weaker emission line is also evi-
dent, spectrally located in between the two dominant peaks, which
becomes proportionately brighter as the excitation power is increased.
At the highest power shown, we observe additional peaks appearing
around 1.3 eV as well as a new set of peaks around 1.35 eV. We associ-
ate the peaks around 1.3 eV with radiative recombination of electron-
hole pairs from the s-shell of the quantum dot, while those around
1.35 eV with p-shell recombination. As mentioned above, the typical
s-shell emission in this quantum dot system for above-band excita-
tion30 consists of photons from radiative recombination of excitons
(X), biexcitons (XX), and negatively charged excitons (X�). One can
readily distinguish between photons originating from excitonic com-
plexes with only one possible decay pathway (e.g., X, X�) and those
with two possible pathways (e.g., XX) from the power dependence of
the count rate. In Figs. 2(d)–2(f), we plot the count rate as a function
of pump power for the three dominant peaks for each of the three rep-
resentative quantum dots. In each case, XX can be distinguished from
X and X� by the stronger dependence of the count rate on pump
power (exponent n � 2) as well as the later onset of emission with
pump power.

FIG. 1. (a) Transmission electron microscopy image of an InAsP nanowire quantum
dot. (b) Characteristic s-shell emission spectrum of a dot. (c) Cross section of the
InAsP dot used in the calculated emission spectrum shown in (d), with the blue
dots indicating the position of As atoms.
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Using the count rate power dependence to distinguish between X
and X� is not completely reliable and may lead to incorrect peak iden-
tification. For example, two of the peaks in Dot C in Fig. 2 show a very
similar power dependence. One can instead use the presence of the
anisotropic exchange interaction-induced fine structure splitting of
the neutral exciton X that is absent in charged exciton X�. However,
the high symmetry of the wurtzite nanowire quantum dot system11,12

results in extremely small splittings,23 which are difficult to resolve
with a typical grating spectrometer.

Alternatively, correlation measurements can provide additional
information on the nature of the excitonic complex from which the
photons are produced. In Fig. 3, we show the second-order autocorre-
lation measurements, gð2ÞðsÞ, of the three peaks observed in a charac-
teristic dot. Biexciton photons are readily identified from the bunching
observed at short time delays when pumping weakly,31 shown in Fig.
3(a). Right after the detection of a biexciton photon, the dot is popu-
lated with one electron-hole pair, which may then decay to the ground
state or capture a second pair to form a new biexciton. As the excita-
tion power is decreased, reducing the capture rate of electron-hole
pairs, it becomes comparatively more likely to form a new biexciton at
short delays when the dot already contains one electron-hole pair rela-
tive to long delays when the dot will typically be empty and requires
the capture of two electron-hole pairs. Hence, the decay of the bunch-
ing corresponds to the X lifetime.

Distinguishing between X and X� using autocorrelations mea-
surements is less trivial. In Figs. 3(b) and 3(c), we show the autocorre-
lation for the high and low energy peaks, respectively, at excitation
powers of �Psat=5 and �Psat=2. In (b), the curve shows the behavior

expected from a two-level system consisting of the vacuum and
the excitonic state, for which gð2ÞðsÞ ¼ 1� e�ðRþCÞjsj, where R is the
pump rate and C is the excitonic radiative lifetime. In both cases, the
spectra display a strong antibunching dip down to gð2Þðs ¼ 0Þ � 0:05
with a width that reflects the exciton lifetime when R� C, while for
R� C, the width is limited by the excitation rate. In the case shown
in Fig. 3(c), we also observe bunching at short delays that decays to
average coincidence counts over an excitation power-dependent time-
scale that is longer than that expected from radiative recombination.
The degree of bunching and the associated timescales vary from dot to
dot, and we associate this behavior with changes in the charge configu-
ration of the dot (e.g., blinking) that has been previously observed in
different quantum dot systems.32–34

To distinguish between X and X�, we measured the cross-
correlations31,33–36 between the three dominant peaks. In Fig. 3(d), we
show the cross correlation between the central peak (XX) and the high
energy peak measured for excitation powers of Psat=2 and Psat=5. We
send XX to the start APD and the high energy emission peak to the
stop APD. The observed asymmetric bunching behavior indicates a
cascaded emission process typical of an XX–X cascade (i.e., XX pho-
tons are emitted first followed by X photons). We, thus, identify the
high energy peak for this dot as originating from X recombination.

Figure 3(e) shows the cross correlation between the low energy
peak, identified as X� and XX for a characteristic dot. The correlation
spectra show strong antibunching at s¼ 0 and bunching at both posi-
tive and negative delays with a higher degree of bunching at positive
delays and at lower excitation. In the limit of low excitation, the aver-
age number of carriers in the dot tends to zero. At short positive
delays, having just detected an XX photon, the dot is necessarily occu-
pied with two carriers (one electron and one hole). To put the dot in

FIG. 2. (a)–(c) Representative excitation power-dependent photoluminescence (PL)
measurements of three nanowire quantum dots. (d)–(f) PL intensity as a function of
power for the main three excitonic complexes X, XX, and X�.

FIG. 3. Power-dependent second-order autocorrelation measurements of (a) exciton,
(b) biexciton, and (c) charged exciton photons of a characteristic dot. Power-dependent
cross correlation between (d) XX-X, (e) XX-X�, and (f) X�-X of a characteristic dot.
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the X� state then requires the capture of just a single electron. The
probability of capturing a single carrier is more likely than capturing
three carriers (two electrons and a hole), which is required at longer
delays when the dot is typically empty (for low excitation rates). This
produces the observed bunching at short positive delays. Similarly, at
short negative delays, having just detected an X� photon, the dot is left
occupied with a single electron. To put the dot in the XX state requires
capturing three additional carriers (one electron and two holes), which
is more likely than the four carrier required (two electrons and two
holes) if the dot were empty. This produces the observed bunching at
short negative delays.

Finally, we look at the cross correlation between X� and X
[Fig. 3(f)], which shows an antibunching dip at s¼ 0 and short delay
bunching, but only for s > 0. As above, at short positive delays, having
just detected an X� photon, the dot is left occupied with a single elec-
tron. To create the neutral exciton, a single hole is required, which is
more likely than the requirement of capturing of two carriers (one
electron and one hole) into an empty dot, and thus, bunching is
observed at positive delays. No bunching is observed at negative delays
as the dot is empty, having just detected an X photon.

The results of applying the above optical characterization meth-
odology to 42 quantum dots to extract emission energies EX; EXX, and
EX� as well as energy spacings EB and EC are summarized in Fig. 4
and Table I. In the table, we have included the standard deviations
from Gaussian fits to the histograms in Fig. 4.

In order to gain a microscopic understanding and evaluate the
ability to engineer the emission spectra of nanowire quantum dots, we
use the atomistic million-atom many-body theory of multi-exciton
complexes implemented in the code QNANO.11,37,38 The simulations
are targeted to provide insight into the observed distribution of biexci-
tonic binding energies, with the specific aim of identifying the

structural parameter required to achieve coincidences between X and
XX emission lines.

The starting point of QNANO is the atomic positions of In and P
in a hexagonal nanowire. Next, we replace 20% of the P atoms with As
in the volume of a hexagonal quantum dot as shown in Fig. 1(c).
Because InAs and InP lattice constants differ, such a replacement
causes strain and displacement of the As atoms from the P positions.
In the case of the InAsP quantum dot, this mismatch is about 3% and
is accounted for in the model.11 We, hence, find the actual atomic
positions of all the atoms by minimizing the total elastic energy.

With the atomic positions of all the atoms defined, we obtain the
single particle states from the strain parameterized tight-binding
Hamiltonian,

HTB ¼
XNa

i¼1

XNorb

a¼1
eiac

†
iacia þ

XNa

i¼1

XNorb

a;b¼1
kiabc

†
iacib þ

XNa

i¼1

XnnðiÞ

j¼1

XNorb

a;b¼1
tiajbc

†
iacjb ;

(1)

where the Roman indices denote atomic positions and the Greek indi-
ces denote atomic orbitals. The parameters e, t, and k representing the
on-site energy, tunneling matrix elements, and spin–orbit coupling,
respectively, are obtained by fitting (1) to a density functional theory
(DFT) band structure of the (strained) bulk materials, discussed in
detail in Ref. 11. In this model, each atom is described by 20 spds�

orbitals. Using exact diagonalization, the conduction and valence band
quantum dot states for structures with up to millions of atoms are
obtained.

In the next step, we describe excited electrons and valence holes
strongly interacting with each other. The multi-exciton complexes are
described by the many-body Hamiltonian,

HMB ¼
X

i

ECB
i c†i ci þ

1
2

X

ijkl

hijjV jklic†i c†j ckcl

þ
X

p

EVB
p h†php þ

1
2

X

pqrs

hpqjV jrsih†ph†qhrhs

þ
X

iqrl

hiqjVjrli � hiqjV jlrið Þc†i h†qhrcl; (2)

where ECðVÞB
i and ciðhiÞ are the conduction (valence) band energies

and electron (hole) annihilation operators, respectively. We then con-
struct electron-hole configurations for a given excitonic complex, con-
struct the Hamiltonian matrix in the space of electron-hole
configurations, and diagonalize it to obtain the multi-excitonic energy
levels and wavefunctions. Simultaneously, we compute dipole matrix
elements and emission spectra.

FIG. 4. (a) Energy distribution of the different complexes extracted from the measure-
ments on 42 nanowire quantum dots. (b) Histograms of the energy difference
between the X-XX emission lines, EB (red), and the X-X

� emission lines, EC (black).

TABLE I. Emission energies and spacings and their standard deviations from fits to
the data in Fig. 4.

Emission energy r Energy spacing r
(meV) (meV) (meV) (meV)

X 1301 5.0 … …
X� 1296 5.6 5.92 0.32
XX 1300 4.3 1.90 0.77
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One of the difficulties in calculating the many-body states lies in
the Coulomb matrix elements. Since the nanostructure that we are
dealing with contains hundreds of thousands of atoms, each with 20
orbitals, necessary approximations are made in order to maintain
computational feasibility. These approximations include only comput-
ing two-centre integrals, i.e., integrals that only involve the scattering
of electrons on one or two atoms, distinguishing between on-site and
long-range terms, simplifying the latter by neglecting the overlap of
wave functions on distant atoms.

Calculated emission spectra are shown in Figs. 1 and 5. Figure
1(c) shows a cross section of the simulated InAsP quantum dot having
parameters similar to the grown structures: an arsenic composition of
x ¼ 20%, a diameter of Ddot ¼ 18:2 nm, and a height of Hdot ¼ 4:1
nm. Since the distribution of As atoms is random, the calculated emis-
sion spectrum differs from experimental spectra [e.g., Fig. 1(b)], but
emission lines do follow the same order as seen from Fig. 1(d), with
X� being the lowest energy line, followed by XX, Xþ, and X lines.

We note that the distribution of XX binding energies shown in
Fig. 4 includes samples where the XX and X emission lines coincide. If
we repeat our simulations using randomly generated As atom distribu-
tions, we observe a distribution of XX binding energies with a mean
value of 2.4meV,11 which overestimates the experimental value of
1.9meV. We also obtain a standard deviation of only 0.72meV, sug-
gesting that an additional contribution is required in order to repro-
duce the experimentally observed negative XX binding energies.

The systematically higher theoretical value of the biexciton bind-
ing energy compared to the measurements can be explained by the
assumption of a homogeneous distribution of the As atoms within the
dot. We have previously demonstrated15 that a lateral displacement
between the centers of electron and hole wave functions results in a
decreasing biexciton binding energy. While this was achieved in Ref.
15 using a lateral electric field, in the case of InAsP nanowire quantum
dots, an inhomogeneous distribution of As atoms can play a similar
role. Because of the larger deformation potential constant as well as
the larger effective mass of holes compared to electrons, the hole wave
function tends to be strongly localized in regions with a high As con-
tent, while electron wave functions have a more delocalized character,
spanning the dot volume more smoothly.11 As an example, Fig. 5
depicts the situation of inhomogeneous As distribution implemented
as a linear lateral gradient. We find a significant reduction of the biex-
citon binding energy to a value of �200l eV, corroborating the trend

toward a reduction in biexciton binding energies upon introducing
inhomogeneities in the As distribution.

While both electron and hole wave functions depicted in Fig. 5
are shifted toward the right-hand side of the quantum dot, where the
As density is large, the effect is stronger for the hole wave function.
The net effect is a difference in the centers of the respective wave func-
tion. A similar effect can be expected from clustering of As atoms that
can occur naturally during the growth, driven by a local lattice distor-
tion of already incorporated As atoms, which may provide an ener-
getic advantage for the incorporation of further As atoms nearby.
Thus, while the overall theoretical description leads to good estimates
of quantities like the biexciton binding energies, more detailed investi-
gations of the As incorporation dynamics and the resulting As distri-
butions would be beneficial for modeling the many-body properties in
InAsP nanowire quantum dots.

Excitation power-dependent photoluminescence and autocorre-
lation measurements were used to identify the different excitonic com-
plexes in nanowire quantum dots. The emission spectra were
compared with predictions of the atomistic multi-million atom design
tool QNANO. The observed variation of emission energies is associ-
ated with different distributions of arsenic atoms in the dilute quan-
tum dot system, which has an otherwise well-defined geometry. Our
findings summarize the characterization and atomistic theory of quan-
tum dots in nanowires and are a step toward the full understanding of
the dot dynamics within nanowire waveguides.
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