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ABSTRACT: We report the first comprehensive experimental
and theoretical study of the optical properties of single crystal
phase quantum dots in InP nanowires. Crystal phase quantum
dots are defined by a transition in the crystallographic lattice
between zinc blende and wurtzite segments and therefore offer
unprecedented potential to be controlled with atomic layer
accuracy without random alloying. We show for the first time that
crystal phase quantum dots are a source of pure single-photons
and cascaded photon-pairs from type II transitions with excellent
optical properties in terms of intensity and line width. We notice that the emission spectra consist often of two peaks close in
energy, which we explain with a comprehensive theory showing that the symmetry of the system plays a crucial role for the hole
levels forming hybridized orbitals. Our results state that crystal phase quantum dots have promising quantum optical properties
for single photon application and quantum optics.
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Controlling the confinement of charge carriers in semi-
conductors at the nanoscale is at the heart of

optoelectronics. Confinement is generally realized with
heterostructures and has led to zero dimensional quantum
devices operating at the single electron and photon level. In
particular, single and entangled photon sources have been
developed with semiconductor heterostructures.1−7 Tailoring
the optical properties of these artificial atoms and designing
complex devices still remain one of the main challenges for
such structures due to the self-assembled growth process. This
process inhibits the precise control of the geometry and
composition. However, crystal phase quantum dots, also called
polytype nanodots,8 offer a promising solution, because crystal
phase quantum dots are defined by a modification in the
crystallographic structure of a nanowire, unlike the commonly
used change in material composition. The crystalographic
structures do not intermix within a monolayer and thus always
have atomically sharp interfaces, allowing for the geometry
control with the precision of a single atomic layer. A switch
between a zinc blende (cubic lattice) and a wurtzite (hexagonal
lattice) section defines a confining potential, because the crystal
phases have different band structures.9,10 For example, GaP and
Ge have an indirect bandgap in the zinc blende structure but
are predicted to have a direct character in the wurtzite
structure.11,12

In bulk, different crystal structures rarely coexist,13 however,
in nanowires they easily form during growth and remain

metastable under ambient conditions14 due to the monatomic
layer nucleation stage.15,16 For example, bulk InP is found in
the zinc blende lattice, while an InP nanowire can be grown in
either zinc blende or wurtzite lattices with possible coexistence
of both structures.17 A zinc blende segment surrounded by
wurtzite InP can confine electrons and form a crystal phase
quantum dot.17 A great advantage of such a system is that the
interface of the quantum dot is intrinsically sharp down to the
atomic level.8,18 This enables higher control compared to self-
assembled quantum dots where alloying blurs interfaces,
implying that quantum dots’ heights and intervals can be
controlled with atomic layer accuracy,18 an unprecedented
degree of control. Such high control has been shown in InAs18

and GaP20 nanowires, where the height of zinc blende and
wurtzite segments is controlled, however, the control of the
crystal structure of InP is still a challenge.
Such systems are relevant for quantum information, where

each crystal phase quantum dot confining a charge can be
operated as a qubit to form a quantum register in a single
nanowire. Most importantly, this type of quantum dot is useful
in quantum optics for generation of single and two photon
states, as shown in this work. Precise control of the crystal
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phase in nanowires therefore represents a major opportunity
for materials at the nanoscale.
In InP, electrons are confined in zinc blende and holes in

wurtzite19 leading to indirect transitions between different
crystal structures, referred to as type II transitions. In general,
type II quantum dots have shown interesting physics, such as
the Aharanov-Bohm effect,21,22 excitonic Mott transitions,23

and applications to solar cells24,25 and photon-detectors.26,27

Whereas all of these studies have been performed on
ensembles, here we study quantum emitter properties of a
single type II quantum dot. These have been difficult to observe
as emission intensities are generally far weaker than from type I
quantum dots due to a small overlap of electron and hole wave
functions. These challenges are addressed in this Letter, where
we show that type II crystal phase quantum dots in InP have
excellent properties in terms of emission line width and
brightness. The spectra are comprehensively explained by tight
binding calculations showing hole levels of molecular-like
character, very different from the single particle level in type I
quantum dots. Moreover, we report a two-photon quantum
cascade from correlation measurements on type II quantum
dots, a crucial prerequisite to generate entangled photons.28

We study wurtzite InP nanowires with base diameters
ranging from 110 to 160 nm, tapered toward the top (Figure
1a). The sample was grown on (111)B InP using Au-catalyzed

vapor−liquid−solid synthesis by molecular beam epitaxy. The
initial growth at 420 °C favors the wurtzite phase and was
gradually decreased to 380 °C to produce short zinc blende
insertions29 with an average density of 15 segments/μm,
causing each wurtzite/zincblende/wurtzite quantum dot system
to have a total length of 60 nm on average.
The nanowires are studied in a μ-photoluminescence bath

cryostat setup at 4.2 K using a 0.85 numerical aperture
objective. Photoluminescence measurements were performed
using a continuous laser at 532 nm. The photoluminescence
signal was sent to a spectrometer with resolution of 30 μeV and

detected with a CCD-camera. The line width is extracted from
a coherence measurement using a Michelson interferometer.
For the Hanbury Brown and Twiss experiment, we used a
pulsed laser diode (wavelength of 640 nm, pulse length <100
ps) at a repetition rate of 5 MHz. The photoluminescence
signal was spectrally filtered by a spectrometer and correlation
measurements were performed using two avalanche photo-
diodes (80 darkcounts/s, time resolution of 450 ps). For all
measurements the laser spot size was ∼1 μm in diameter.
Figure 1b shows that the length of the wurtzite segments

differ, breaking the symmetry around each zinc blende section.
This high-resolution transmission electron microscope image
shows that the heights of the zinc blende sections vary within a
couple of monolayers. Atomically sharp transitions (Figure 1c)
between the zinc blende and wurtzite phases are observed. For
optical studies, single nanowires were transferred to a silicon-
on-insulator wafer.
In Figure 1d, a microphotoluminescence spectrum of a single

crystal phase quantum dot shows bright emission with
comparable intensities to type I quantum dots (measured in
the same setup30) and strong polarization along the nanowire
growth z-axis (Supporting Information Figure S1). We measure
the coherence length under above-band excitation for line X in
a Michelson interferometer and extract from an exponential fit
a line width of 23 ± 1 μeV. This narrow line width is
remarkable as indirect excitonic transitions (type II) typically
have a broader line width (>200 μeV).31,32 We suggest that this
narrow line width originates from the weakly confined hole
states, which is typically a continuum of states for type II
systems. Because of the weak localization, the interaction with
the environment is limited compared to a continuum of states.
The transitions X and XX consist of two lines of different
intensities with respective splittings of 240 ± 30 and 220 ± 30
μeV, which we explain with atomistic calculations. Several
spectra from additional crystal phase quantum dots are shown
in Supporting Information Figure S2.
Figure 2a sketches the bandstructure of an InP zinc blende

quantum dot in a wurtzite matrix. InP wurtzite has a wider
bandgap (1.474 eV) than zinc blende (1.410 eV) and the zinc
blende conduction band was calculated to be 129 meV below
the wurtzite conduction band.19 We use empirical tight-binding
calculations for electron and hole states with an sp3s* orbital
and nearest-neighbors coupling. The single particle config-
uration is then followed by a many-body calculation.
(Supporting Information S3). We model the crystal phase
quantum dot as an InP zinc blende segment of length (ZB)n
embedded between two wurtzite segments of (WZ)m, where n
and m refer to the number of layers. We consider diameters
from 6 to 48 nm and a total length longer than 60 nm (∼200
monolayers), corresponding to the average wurtzite/zinc
blende/wurtzite length determined from transmission electron
microscopy.
Figure 2b shows probability densities for the ground electron

state (e0) and the first optically (z-polarized) active hole state
(h2) for a (ZB)4 quantum dot. The confined electron state
energy separation is comparable with well-known quantum dot
systems such as InAsP quantum dots (Supporting Information
S4). In contrast to well-confined hole states in traditional
quantum dots, hole states in crystal phase quantum dots are
weakly localized with energy spacing between subsequent levels
below 1 meV. For this system (Figure 2b), 80% of the electrons
are localized in the zinc blende, while the probability to find the
hole in zincblende section is only 0.1%. Hole states in both

Figure 1. (a) Scanning electron microscope image of the as-grown InP
nanowire sample. (b) Transmission electron microscopy of InP
nanowires showing short segments of zinc blende (red) in a wurtzite
(blue) nanowire. (c) A high resolution-transmission electron
microscopy image of the zinc blende segment in the otherwise
wurtzite lattice. (d) μ-photoluminescence spectra from a crystal phase
quantum dot and (e) Michelson Fourier spectroscopy of the line
labeled X in panel d. From the envelope, we extract a Lorentzian line
width of 23 ± 1 μeV.
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wurtzite sections couple through the zinc blende and split into
hybridized states. In small diameter nanowires, hole states are
separated by tens of microelectronvolts. However, for larger
diameter systems (>48 nm) the energy spacing is reduced such
that a simplified single particle picture must be replaced by a
many-body approach accounting for configuration mixing.
Large diameter crystal phase quantum dots constitute therefore
a highly correlated system.
For different (ZB)n stackings, the oscillator strengths in a 48

nm diameter nanowire are calculated to estimate the height of
our measured crystal phase quantum dots. We find that a
quantum dot of height (ZB)4, embedded between two
symmetric wurtzite segments of 30 nm height (symmetric
case), has an optically active transition at ∼1.4 eV, which is in
good agreement with the experimental findings in Figure 1d.
From transmission electron microscopy (Figure 1b), we
observe that wurtzite segments have a length distribution.16

We therefore perform calculations for systems where left and
right wurtzite segments have different lengths and one side is
shortened to 20 nm (asymmetric system). Although this does
not influence the well-confined electronic states in the zinc
blende, the weakly localized hole states are sensitive to such
symmetry changes. Figure 2c,d depicts the calculated spectra
for symmetric and asymmetric cases, where only polarizations
along the nanowire growth direction (z-polarized) are shown.
Only this polarization from the quantum dot is detectable from

the side due to the nanowire geometry and the dielectric
mismatch between the nanowire and the environment.33,34 For
completeness, the x/y-polarized transitions, not observed in our
experiments, are given in the Supporting Information (Figure
S4).
The calculated symmetric case spectrum (Figure 2c) shows a

single exciton peak, stemming from excitonic configurations
involving predominantly second (h2) and third excited hole
states (h3). Configurations involving the ground hole (h0) and
first excited hole state (h1) reveal only very weak z-polarized
optical activity and are not visible.
For the asymmetric system (Figure 2d), we find not one but

two z-polarized lines separated by 700 ± 30 μeV. This splitting
does not originate from anisotropic exchange interactions35 but
from the hybridized character of the hole states: the first excited
hole state (h1) has now an optically allowed transition with a s-
shell electron. The lower energy line originates from a hole in
the second excited state (h2), whereas the transition with the
ground hole state remains dark. This corresponds well to the
double peaks in our experiments (Figure 1d). We perform
calculations for different geometries and find that the spectra
strongly depend on the zinc blende section length and on the
wurtzite matrix asymmetry. Our calculations predict that a
higher symmetry wurtzite matrix results in a single z-polarized
peak, whereas asymmetry leads to two z-polarized transitions
(Supporting Information Figure S4). Typical measurements of
the photoluminescence spectrum show a dominant line with a
side peak for exciton and biexciton complexes separated by 70−
240 μeV with varying intensity ratio. We conclude from our
calculations that the splitting of the measured lines in Figure 1d
originates from an asymmetry in the wurtzite matrix.
Additionally, we calculate the spectra of the exciton (X) and

biexciton (XX) for a (ZB)1 system. By reducing the zinc blende
section length, electron confinement increases resulting in
higher excitonic emission energies (Ex ∼ 1.46 eV). Figure 3a
shows calculations of z-polarized exciton and biexciton
oscillator strengths for a (ZB)1 section between 34 and 30
nm wurtzite segments, predicting a double peak for the exciton
and four lines for the biexciton. We calculate a binding energy
(Exx−x = Exx − Ex) of 2.7 meV resulting in an unbound
biexciton.
Figure 3b presents the measured power series of a single

crystal phase quantum dot, matching the calculated spectra for
the (ZB)1 system. The spectra show the typical power
dependence of a biexciton−exciton cascade.36 From our
measurement, we find that the exciton (biexciton) complex
consist of two peaks split by 100 ± 30 μeV (90 ± 30 μeV). The
biexciton binding energy of this quantum dot is 2.7 meV, which
is in excellent agreement with our calculations for (ZB)1
systems. The calculations for different (ZB)n systems typically
give an unbound biexciton (Exx−x > 0) with binding energies
ranging from 1.5 to 12 meV, confirmed by our experiments (2−
6 meV). From the single configuration (Hartree−Fock) picture,
the positive binding energy is intuitively understood by the
weak Coulomb interactions between electrons and holes and
the strong electron−electron repulsion.
We measure the polarization in six different bases

(horizontal, vertical, diagonal, antidiagonal, and left and right
circular) and analyze the data calculating Stokes parameters.
The parameters can then be parametrized and plotted, as
shown in Figure 3c,d for the exciton and biexciton, respectively.
In the plot, also the direction of the nanowire compared with

Figure 2. Tight-binding calculations of a zinc blende section in a
wurtzite nanowire. (a) Calculated band alignment used in our
calculations. (b) Probability density of the ground electron state (e0)
and the second excited hole state (h2), calculated along the growth
direction of the nanowire for a (ZB)4 crystal phase quantum dot. The
gray dashed lines mark the zinc blende−wurtzite (ZB−WZ) interfaces.
The apparent fringes on density plots are related to charge oscillations
between subsequent anion/cation layers. The electron localization
within the zinc blende section reaches 80%, whereas the probability to
find the hole in the zinc blende section is only about 0.1%. In panels c
and d, the s-shell spectra calculated for a zinc blende section of (ZB)4
surrounded by (c) two symmetric wurtzite and (d) a reduced
symmetry between the wurtzite segments is shown. The broken
symmetry splits the ground level of the exciton. All calculations were
obtained for a nanowire diameter of 48 nm.
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the polarization is given, showing that the lines are z-polarized
along the nanowire, confirming our theoretical calculations.
Figure 4a depicts autocorrelation measurements on the

exciton (X of Figure 1d) with clear antibunching, demonstrat-

ing pure single-photon emission. For the biexciton (XX)
(Figure 4b), we extract from an exponential fit a g(2)(0) of 0.15
± 0.02, caused by an increased background signal or re-
excitation at higher excitation power. We find the lifetimes for
the exciton and biexciton to be 10.59 ± 0.63 and 4.63 ± 0.45 ns
respectively (lifetime ratio of ∼2.3) (Supporting Information
Figure S5). These long lifetimes result from the reduced wave
function overlap in type II systems. For different crystal phase
quantum dots, we measure lifetimes in the range of 4−90 ns,
controlled by the nanostructure geometry.37

Cross-correlation experiments in Figure 4c, where the
biexciton photon triggers the start and the measurement

stops on an exciton detection, show clear bunching
(antibunching) for positive (negative) time delays: the
confirmation of a two-photon cascade. The two-photon cascade
in type I quantum dots enables generation of polarization-
entangled1−6 and time-bin entangled photon-pairs.7 Our
demonstration of this cascade in crystal phase quantum dots
is an important step toward new applications for crystal phase
nanostructures as quantum state emitters, because theory
predicts an excitonic finestructure splitting of zero for systems
with C3v symmetry

38,39 and entanglement has been shown from
quantum dots with such symmetry.5

Our results show that a change in the crystal structure within
the same material can give rise to pure single photons of
excellent quantum optical properties, demonstrating crystal
phase quantum dots are a new type of excellent single photon
emitters. The reported cascaded photon emission opens up the
possibility to generate single and entangled photons from
spatially separated electron−hole pairs. Our comprehensive
theory, used to extract geometrical parameters, correctly
predicts and explains our experimental findings and allows for
future design of advanced crystallographic structures. This
concept of crystal phase quantum confinement applies to
material systems beyond III/V semiconductors.40,41 Our
measurements and calculations show that crystal phase
quantum dots are not only a promising system due to their
excellent optical properties but also contain rich physics that
can be accessed and engineered by controlling the growth.
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Figure 3. (a) Calculations for the exciton (X) and biexciton (XX) for a
zinc blende embedded between two wurtzite sections of 34 and 30 nm.
(b) Power-dependent photoluminescence spectra of a crystal phase
quantum dot. At low power, we observe a single split peak (1,2) and
with increasing power, we observe a second double peak (3,4), that we
relate respectively to an exiton and a biexciton. The excitonic (c) and
biexcitonic (d) transitions are polarized along the nanowire (Z), which
is in agreement with our calculations. The dotted lines in both figures
correspond to the peaks at higher energy.

Figure 4. Autocorrelations showing antibunching for (a) exciton and
(b) biexciton of the lines labeled X and XX in Figure 1d. (c) Cross-
correlations between the exciton (X) and biexciton (XX) line. The
asymmetric correlation peak at zero time delay shows clear bunching
(antibunching) for positive (negative) time delays, the proof of a two-
photon cascade.
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Supp. Information 1 – Polarization for optical transitions of Figure 1d). 

 

Figure S1 shows the polarization for the transitions labeled X and XX in Figure 1d). We 

determine the polarization by performing Stokes measurements. We measure the spectrum in six 

different bases: the linear polarization along (z) and perpendicular to the nanowire, diagonal and 

anti-diagonal, and the left and right circular components. The analyzed data is shown in  

Figure S1 together with the direction of the nanowire. We observe a strong linear component 

along the nanowire for both the X and XX transitions. 
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Figure S1.  The polarization for the transition shown in Figure 1d) are strongly polarized along 

the nanowire for X (a) and XX (b). 

 

 

Supp. Information 2 – Additional spectra 

 

In Figure S2 we show additional spectra of crystal phase quantum dots in four different 

nanowires. 

 

 

Figure S2. Four additional spectra from crystal phase quantum dots measured on different 

nanowires. All spectra show the double peak feature similar to the quantum dots measured in the 

main text and predicted by our calculations.   
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Supp. Information 3 - Theoretical Calculations - Methods 

 

We use empirical tight-binding theory for the electron and hole states with an sp3s* orbital model 

and nearest neighbors coupling. For the zinc blende InP section, we use Vogl et al.1 tight-binding 

parameters augmented to account for spin-orbit effects. For the wurtzite InP section, we have 

additionally modified the parameters from Vogl et. al.1 to account for the increased band-gap and 

the valence band offset between the wurtzite and zinc blende segments. We model the quantum 

dots by a zinc blende InP segment of height (ZB)n, where n is number of (ABC) stacks, along the 

[111] direction embedded between two wurtzite InP segments along [0001] direction. The 

electronic structure calculation for different crystal polytypes is still an active field of research2. 

We fit our tight-binding parameters to reproduce the wurtzite band gap (1.474 eV), and the 

wurtzite-zinc blende valence band offset (64.6 meV) as has been recently reported by De and 

Pryor2. The zinc blende band gap is set to 1.41 eV. The spin-orbit splitting is assumed to be 

identical in the zinc blende and wurtzite crystal phases and is equal to 126 meV.  

The crystal field splitting in wurtzite induces a relatively small splitting of A and B bulk hole 

bands. Unfortunately, this parameter is not reliably known, leading effectively to A-B splitting 

varying from 16 to over 70 meV3,2, depending on the choice of the crystal field splitting 

parameter. Similarly, zinc blende/wurtzite lattice mismatch is reported in a wide range of values 

from 0.2% to over 1.0%4,5. With the zinc blende lattice constant being somewhat larger than that 

of wurtzite, lattice mismatch would in principle induce small tensile strain in the wurtzite region, 

that would act on the A-B splitting in opposite way to crystal field splitting effect. As neither 

strain parameters nor crystal field splitting are reliably know for wurtzite InP phase, in this work 

we decided to neglect both effects systematically. However, we checked that for different values 

of crystal field splitting and the inclusion of this effect, the excitonic emission energies changed 

well below 1 meV. Additionally, using zinc blende InP band deformation potentials, we estimate 

that strain at the interface between zinc blende and wurtzite would have effect on the energy 

spectra limited to several meV’s. 

 

Once the tight-binding Hamiltonian is established, we calculate the single particle spectra. We 

use the Hamiltonian matrix sparsity and calculate several lowest electron and hole states. The 

appearance of a free surface leads to the existence of spurious surface states due to dangling 
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bonds. We shift the dangling bond energies to shift the energies of surface-localized states away 

from the energies corresponding to the wurtzite/ zinc blende InP band gap region. We assume the 

wurtzite segments lengths to be equal to 30 nm (100 monolayers), resulting in a total domain 

height of more than 60 nm. This dimension is consistent with the experimentally observed 

density of zinc blende sections (15 segments/μm), i.e. ~60 nm per entire wurtzite-zinc blende-

wurtzite system. The single particle computation is than followed by a configuration interaction 

method3 for many-body states calculation and to obtain the excitonic optical (absorption) spectra.  

A calculation for the largest diameter system containing about 5 million atoms is the limit of 

what can be calculated with available computational resources. 
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Supp. Information 4 – Electron and hole states 

 

 

 

 

Figure S3. Single particle energies (left) and the corresponding charge densities for several 

lowest electron (up/blue) and hole (down/red) states in a crystal phase quantum dot system built 

from a single zinc blende section of height (ZB)1  

Figure S3 shows the single particle energies and the corresponding charge densities for several 

lowest electron and hole states in a crystal phase quantum dot system built form a single zinc 

blende sequence, (ZB)1, embedded into a wurtzite nanowire of 32 nm diameter. The left 

isosurface plot (electron density of  3·10-4 and hole 2·10-5 densities) in the figure corresponds to a 

view along the nanowire growth axis and the plot on the right shows the isosurface along the 

nanowire. The single particle structure of the confined electron states in the zinc blende segment 

closely resembles that of self-assembled or nanowire quantum dots. The ground electron state is 

of s-like character, whereas the first and second excited electron states are of p-like character, 

with small (~0.1 meV) p-shell splitting due to the quantum dot symmetry (C3v). The higher 
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electron states are delocalized over the nanowire. The spacing between the s- and p-electron 

states is 6.3 meV and is much smaller than in e.g. InAs/InP nanowire quantum dots. This is due 

to the shallow electron confining potential of the wurtzite – zinc blende conduction band offset 

(129 meV) and the reduced lateral confinement because of the relatively large nanowire diameter. 

The single particle hole states are very different from the electron states. They are delocalized 

over the wurtzite part of the nanowire and the energy spacing between subsequent hole states are 

small due to reduced confinement in wurtzite sections. The ground (h0) and the first excited (h1) 

hole states form a pair of closely energetically spaced states, separated only by 88 μeV. The first 

excited hole states is further separated by 360 μeV from the higher excited hole states.  

The hole states localized in the left and right wurtzite sections of the nanowire are coupled via the 

zinc blende barrier to form an anti-bonding state (ground hole state) and a bonding state (excited 

hole state) delocalized over the entire system. The dipole moment between the ground hole state 

and ground electron state is about four orders of magnitude weaker than the dipole moment 

between the first excited hole state and the ground electron state. 

 

With increasing nanowire diameter, the overall single particle properties remains unaltered, 

however, the inter-level energy differences are significantly reduced. For a nanowire with a 

diameter of 48 nm the spacing between s-like and p-like electron states is 3 meV and the p-shell 

splitting is only 25 μeV. The difference between h0 and h1 is 19 μeV, whereas h2-h1 spacing is 

only 63 μeV. The reduces inter-level spacing will lead to significant configuration mixing. 

 

The single particle configuration is then followed by many-body (configuration interaction, exact 

diagonalization) calculation. Due to computational limits, in this calculation we include three 

lowest electron states (6 with spin), what effectively corresponds to accounting for electron and s-  

and p-shells. On the hole side we include 4 lowest (8 with spin) states. Therefore we account for  

48 configurations to solve the single exciton problem, and 480 configurations for the biexciton. 
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Supp. Information 5 – Z and x/y polarization for different diameter and different crystal 

phase quantum dot configurations.  

 

Figure S4. Calculations for different crystal phase quantum dot configurations. For two different 

diameters we show the results for a zinc blende section of size (ZB)1 incorporated in a symmetric 

((a) and (b)) and asymmetric wurtzite matrix ((c) and (d)). Figure (e) and (f) show a zinc blende 

section of (ZB)4 in an asymmetric wurtzite matrix. 

In Figure S4 we summarize our results of the calculations for different crystal phase quantum dot 

systems. We performed detailed calculations for two different nanowire diameters 32 nm and 48 

nm. One can extract from the figures different trends. For a zinc blende section of (ZB)1 in a 

symmetric matrix one observes a single peak for z-polarized light. When breaking the symmetry 

of the wurtzite matrix, the peak is split into two peaks. This is also the case for larger zinc blende 

structures ((ZB)4), however, the overall oscillator strength is lower. For x/y-polarized lines, the 

intensity is weaker than the z-polarized transition, except for Figure S4f), where the z-polarized 
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and x/y-polarized lines are of the same strength. Also, we notice that the oscillator strength for all 

transitions decreases for increasing diameter. 

 

Supp. Information 6 – Lifetime  

 

 

Figure S5. The measured and fitted lifetime for the (a) exciton and (b) biexciton. Figure (c) 

shows the fit to extract the g2 value from the biexciton. 

Figure S5 shows the fits that we used to extract the lifetimes and g(2)(0). To extract the lifetime of 

the exciton we use the cross-correlation measurements (Figure S5a)) and we use the auto-

correlation measurement of the biexciton for the biexciton lifetime (Figure S5b)). We fit the data 

with a single exponential: 𝑁(𝑡) = 𝐴 (1 − 𝑒
|
𝑡−𝑡0

𝜏0
|
) , where A and t0 are fitting parameters and τ0 is 

the lifetime. For the exciton we extract a lifetime of 10.59  ± 0.63 ns and for the biexciton a 

lifetime of 4.63 ± 0.45 ns. We fit the antibunching peak of the biexciton (Figure S5c)) to extract a 

g(2)(0) 
 of 0.15± 0.02. We observe a small dip at t = 0 ns indicating possible re-excitation of the 

quantum dot.  
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