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ABSTRACT: We investigate the fundamental optical properties of single zinc-blende
InP/ZnSe/ZnS nanocrystals (NCs) using frequency- and time-resolved magneto-
photoluminescence spectroscopy. At liquid helium temperature, highly resolved
spectral fingerprints are obtained and identified as the recombination lines of the
three lowest states of the band-edge exciton fine structure. The evolutions of the
photoluminescence spectra and decays under magnetic fields show evidence for a
ground dark exciton level 0" with zero angular momentum projection along the NC
main elongation axis. It lies 300 to 600 ueV below the +1" bright exciton doublet,
which is finely split by the NC shape anisotropy. These spectroscopic findings are well
reproduced with a model of exciton fine structure accounting for shape anisotropy of
the InP core. Our spectral fingerprints are extremely sensitive to the NC morphologies
and unveil highly uniform shapes with prolate deviations of less than 3% from perfect

sphericity.
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S emiconductor nanocrystals (NCs) feature quantum
confinement effects, leading to size-dependent optical
properties that are ideal for tunable absorbers and emitters in
various fields of applications. Historically, prototypical CdSe-
based core/shell NCs were extensively studied as they offer
bright luminescence through the whole visible spectrum but
present major environmental and toxicity hazards. Indium
phosphide (InP) NCs are a less toxic alternative to Cd-based
NCs,'™ while possessing similar photoluminescence (PL)
properties as a result of a suitable bulk band gap. They have
thus quickly emerged in a variety of technological applications
such as NC-based light-emitting devices,”* solar cells,’
photocatalysts,”” and bioimaging.”

The development of applications with the integration of InP
NCs requires a deep understanding of the fundamental optical
properties of their band-edge excitons, whose recombination is
at the origin of the luminescence. In particular, mapping the
dark exciton states within the exciton fine structure is crucial in
view of potential applications in quantum technologies based
on the coherent manipulation of long-lived spin qubits.”'® In
InP NCs, the electron ground 1S, level is doubly degenerate
with respect to its spin projection of +1/2, and the hole
ground 1S;,, level is 4-fold degenerate with respect to
projections 3/2, 1/2, —1/2, and —3/2 of its total angular
momentum J = 3/2, as for CdSe NCs."" The electron—hole
exchange interaction'” splits the 8-fold degenerate exciton state
of spherical NCs with a cubic (zinc-blende) lattice structure
into a ground optically passive (dark) S-fold degenerate state
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with a total angular momentum of F = 2 and an upper optically
active 3-fold degenerate state with F = 1, as depicted in Figure
la. Breaking of the spherical symmetry in spheroidal-shaped
NCs leads to five band-edge exciton sublevels F, = +2, +1%
+1Y, 0% and 0Y, where F, is the projection of the total exciton
angular momentum onto the spheroid’s cylindrical z axis and
the superscripts L and U respectively denote lower and upper
sublevels. The ground exciton level is optically forbidden
(dark), with F, = +2 for an oblate NC or F, = 0" for a prolate
NC (Figure la). Pioneering spectroscopic and time-resolved
studies on ensembles of InP-based core/shell NCs'* ™"
suggest the presence of a ground dark exciton level located
well below (~ 5—10 meV) the lowest bright exciton level for
InP NCs with a core size of ~3 nm. These levels were
respectively attributed to the +2 and +1" states of oblate
NCs.'*'* However, averaging over NC sizes and shapes as well
as limited spectral resolution inherent in these ensemble
spectroscopic methods may hide subtle spectral features,
making the assignments of the lines to the exciton fine
structure states questionable. From single-dot spectroscopic
measurements coupled to fluorescence line narrowing (FLN)
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Figure 1. Characterization and ensemble optical properties of InP/
ZnSe/ZnS NCs. (a) Energy-level scheme of the band-edge exciton
fine structure of a zinc-blende nearly spherical InP NC. The dark
levels are marked in black, and the bright ones, in red. While states +2
and 0" are truly dark states, states 1" are predicted to have a reduced
(respectively zero) oscillator strength for a nearly spherical
(respectively spherical) NC. (b) Transmission electron microscopy
images of InP/ZnSe/ZnS NCs. (c) Schematic of the core—shell
structure of these NCs and histogram of their sizes. (d) The ensemble
PL spectrum and (e) the PL decay of an ensemble of InP/ZnSe/ZnS
NCs are displayed for various temperatures ranging from 250 to 3.4
K

on InP NC ensembles,'® it was instead proposed that the band-
edge exciton fine structure lies in the nearly spherical regime
and that the single-NC emission lines stem from upper bright
states +1" and 0 located ~6 meV above the F = 2 quintuplet.
However, these assignments remain elusive in the absence of
spectral signatures of dark- and bright-exciton recombination
measured on single InP NCs.

In this work, we investigate the magneto-optical spectro-
scopic properties of single InP/ZnSe/ZnS core/shell/shell
NCs at cryogenic temperature, which leads to unprecedented
spectral fingerprints of the band-edge exciton fine structure.
Using magnetic coupling between bright and dark states,'” we
show direct evidence for magnetic brightening of the dark
exciton ground state, which lies only a few hundred peV below
the lowest bright exciton doublet, in sharp contrast with the
previous reports.””~'® The evolution of the PL spectra and
decays with magnetic fields is well reproduced with a model of
band-edge exciton fine structure accounting for InP-core shape
anisotropy. We infer that the fine structure is in the prolate,
nearly spherical regime and attribute the observed sublevels to
the ground dark 0" state and the +1" states finely split by NC
shape anisotropy. Our spectroscopic results and calculations
set the foundations of refined theoretical models of the exciton
fine structure and its magnetic properties in these nanostruc-
tures.

The InP/ZnSe/ZnS NCs studied here are synthesized along
the lines developed by Won et al.” They are composed of a
nearly spherical zinc-blende InP core with a diameter of 3.3 nm
and a thick ZnSe interlayer with a thickness of ~3 nm that is
further capped by a single layer of ZnS (thickness ~0.4 nm).
They have a polyhedron shape with an average size of ~10.5
nm and a size polydispersity of as low as 10% (Figure 1b and
c). Strong deviations from a spherical shape are observed in the
TEM images due to the difficulty of growing uniform shells.
Nevertheless, those epitaxial shells significantly improve the PL
quantum yield through surface passivation. The absorption and
emission spectra of the ensemble InP/ZnSe/ZnS NCs at room
temperature are presented in Figure S1. When lowering the
temperature from 250 to 3.4 K (Figure 1d), the ensemble PL
spectra of these InP NCs show a blue shift down to 50 K,
which is attributed to the crystal contraction.'®” A first
evaluation of the exciton recombination dynamics in these InP
NCs can be derived from the evolution of their PL decay with
temperature. As shown in Figure le, the PL lifetime is short
(~20 ns), close to room temperature and comparable to that
of prototypical CdSe NCs. The PL decay becomes multi-
exponential at cryogenic temperatures, with a long component
of ~1 s at 3.4 K. As previously observed on CdSe NCs,” this
behavior is a signature of the thermal redistribution of
population between a long-lived, ground exciton state and
the neighboring bright states.

In order to investigate the band-edge exciton fine structure
of these NCs at the single dot level and thus get rid of

a - b c 12
S 107
;. 50.8- .
2 2 2
2 2 £ 06 -
8 8 3
= t £ 204{ . .
S . . .
2.050 E2n.(e)r5;8y(e%/,)066 2.026 Enezrg)??ev) g 0.2
[a]
0.01 .
2048 2052 2056 2060 2064 2024 2028 2036  2.040 202 204 206 208 210

Energy (eV)

Energy (eV)

Emission energy (eV)

Figure 2. Bright exciton splittings in a zero magnetic field. The PL spectra (a) and (b) of two different single InP NCs show doublet and singlet
emission lines at 3.5 K, respectively. Insets: Spectral trails of these NCs over time. (c) Energy splittings of spectral doublets as a function of the
emission energy. The data point with quasi-degeneracy is strengthened by the evolution of the PL spectrum of this NC under magnetic fields, as

shown in Figure 3c.
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inhomogeneities in NC sizes and shapes, the NCs are
dispersed in a poly(methyl methacrylate) (PMMA) thin film
spin-cast on a sapphire coverslip and then photoexcited with a
continuous laser with wavelength 561 nm. The sample is
cooled to liquid helium temperature to reduce the population
of phonons responsible for homogeneous broadening of the
emission lines. At zero magnetic fields, the PL spectrum is
composed of two sharp, resolution-limited lines, as exemplified
in Figure 2a. The spectral trajectories of these doublets, built
with consecutive PL spectra (inset of Figure 2a), show
evidence of identical spectral excursions and intensity
fluctuations over time. We thus infer that these lines stem
from the same single NCs and attribute them to the zero-
phonon recombination lines (ZPLs) of the two lowest bright
exciton sublevels. As an exception (~10% of the NCs), the
individual NC whose PL spectrum and spectral trail are
displayed in Figure 2b presents a single ZPL in zero field.
Overall, the bright exciton doublet splittings are distributed in
the range from 0 to 1.1 meV and are presented in Figure 2c as
a function of their exciton recombination energy. The apparent
lack of correlation between these splittings and the emitted-
photon energies suggests that the doublet splittings may not
depend on the NC diameter but originate from NC shape
anisotropy effects, as will be discussed below.

Under external magnetic fields applied in the Faraday
configuration, a third line emerges on the low-energy side of
the doublet and gains weight with increasing fields, as
exemplified in Figure 3a and b. Other examples are presented
in Figure S2 and exhibit similar behaviors. As observed in
single prolate CdSe NCs*"** and single perovskite NCs,”>**
the onset of a new, single ZPL under magnetic fields is the
hallmark of magnetic brightening of a nondegenerate ground
dark exciton level. We thus rule out the possibility that the +2
dark level, which would split under magnetic fields,” is the
ground exciton level in these NCs. The three ZPLs revealed by
magneto-PL spectroscopy are thus assigned to the non-
degenerate ground exciton state 0“ topped by the bright
exciton doublet +1" split by NC shape anisotropy.””***” For
the NC displaying a single line in zero field (the same NC as in
Figure 2b), the application of magnetic fields actually reveals
that this line consists of a bright doublet with a splitting much
less than the resolution limit of the spectrograph (~100 peV),
as demonstrated in Figure 3¢ and d. Over the studied single
NCs, the energy splittings between the lowest dark exciton
level and the center of the bright doublet range from 300 to
600 peV, which is an order of magnitude less than those
extracted from ensembles of InP-based QDs (~6 meV).">™*¢

The magnetic brightening of the dark ground exciton is also
evidenced by the field dependence of the low-temperature PL
decay of single NCs, as exemplified in Figure 4a. In zero field,
the decay is biexponential with a long component (lifetime of
~400 ns) assigned to the dark exciton recombination. With
increasing fields, the long-time component drastically shortens
and gains weight in the PL decay. Indeed, the magnetic
coupling opens a radiative recombination channel for the
ground exciton via admixture in the dark state of the bright
states,”***” as previously observed in CdSe single NCs.”® The
increase of the long-component decay rate I'y with the
amplitude B of the magnetic field is displayed in Figure 4b and
modeled within the framework of a two-level model
accounting for the magnetically coupled 0" and Y states (see
Supporting Information, SI Note 1). In particular, we use
electron and hole Landé factors g, = 1.55 and g, = —1.5 close
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Figure 3. Magnetic brightening of the lowest dark exciton state of
individual InP NCs. (a, c) Evolution of the PL spectrum of two
different single NCs as a function of applied magnetic fields up to 5 T.
The new line emerging on the low-energy side of the spectrum is
assigned to the dark ground exciton state. The relative spectral
positions of the ZPLs with respect to the ZPL assigned to the lowest
bright state are respectively displayed in (b) and (d) as a function of
the applied magnetic field. The fitting curves displayed in (b) and (d)
are obtained using the following parameters of NC nonsphericity and
magnetic field orientation: y, = 0.015, p,,, = 3.4 X 1073 and (6, @) =
(55°, 10°) for (b) and u, = 0.031, Hyy =0, and (6, @) = (32°,0) for
(d), with (6, @) being respectively the polar and azimuthal angles.

to those calculated in a recent study,’® as well as a common set
of field orientation angles and level splittings to reproduce both
the ZPL spectral shifts (Figure 4c) and the PL decay of this
NC.

In order to reproduce these spectroscopic findings, we
model the band-edge exciton fine structure of zinc-blende InP
NCs with the Hamiltonian'"*'~*

o Af~2 S
_n(6) - ;(Jz

-3 -
(@) = g, (°B) o

where 6, (a = %, y, z) are the Pauli matrices and J, represents

the matrices of the angular momentum J = 3/2, g, and g, are
the electron and hole effective Landé factors, uj is the Bohr
magneton, and B is the magnetic field. The characteristic
energies 7, A, and C are calculated using the NC material and
shape parameters (SI Note 2). The first term on the right-hand
side of eq 1 preserves spherical symmetry and describes the
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Figure 4. Evolution of the PL decay and exciton-level energies of a
single NC under magnetic fields. (a) PL decay curves of a single InP
NC under various magnetic fields. The corresponding PL spectra are
displayed in Figure S2b. The increase in the long component decay
rate I} displayed in (b) is a signature of magnetic coupling of the
long-lived dark exciton state with the neighboring bright states. This
evolution is modeled within the framework of the magnetic coupling
model described in SI Note 1 and accounts for the ground dark state
and the lowest bright exciton state, having exciton recombination
rates of IjL and I'y. The PL decay and the PL spectra (c) are
reproduced with a common set of parameters, using I'y = 0.021 ns™",
Tt =25 us™", 0=10°% ¢ = 0° g, = 1.55, and g, = —1.5.

electron—hole exchange interaction,'”*>** which splits the

band-edge exciton into the 3-fold degenerate bright level with
F =1 and the 5-fold degenerate dark level with F = 2, as
depicted in Figure la. The second term introduces a
cylindrically symmetric perturbation resulting from a uniaxial
deformation that transforms the NC shape from spherical to
spheroidal.”* As sketched in Figure 1a, this term further splits
the exciton sublevels with respect to the quantum number |F,|.
It also mixes states +1" and +1Y, thus leading to the partial
brightening of +1" (Figure 1a). The resulting energy levels for
InP/ZnSe core/shell NCs are shown in Figure 5 with blue

dashed lines as functions of the parameter y = Zz;—:, where a

= b and ¢ are the semiaxes along x, y, z of the InP spheroid
core having the same volume as a sphere of diameter 3.3 nm.
The third term of eq 1 is responsible for further reduction of
the NC shape symmetry, whereby the NC shape is stretched
along the x direction and simultaneously squeezed along the y
direction while preserving its elongation along the z
direction.’ It leads to splitting of the sublevels with F, = +1
into states X and Y polarized along x and y directions in zero
magnetic field. The energy levels calculated for such InP/ZnSe
core/shell NCs are shown in Figure 5 with red solid lines for

“=b — 0.003, with a and b
a+b

now being distinguished for a triaxial ellipsoid. Let us note that
our choice of z for the main deformation axis of the NC shape
implies that lu,| < |yl The splittings due to NC shape
nonsphericit}r are further affected by the anisotropic exchange
. . 3 . . .

interaction,”” which can be neglected for the exciton quintuplet
F = 2 with low oscillator strength. It is also worth noting that
given the conduction and valence band offsets between the InP

an x, y anisotropy parameter Ky = 2
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Figure 5. Band-edge exciton fine structure of a core—shell InP NC
with a zinc-blende crystal structure. The band-edge exciton fine
structure is calculated as a function of the NC-core aspect ratio u,
around the region where the heavy-hole and light-hole exciton
branches cross. The NC core has the same volume as a sphere with a
diameter of 3.3 nm. The black dashed lines give the fine structure of a
NC with no shape anisotropy in the (x, y) plane (4, = 0), while the
solid red curves correspond to the case where p,, = 0.003. Shape
anisotropy in the (x, y) plane (i, # 0) introduces splittings of the
+1% sublevel (into states denoted X and Y) and the +1Y sublevel
(into states denoted X' and Y’) as well as complex level anticrossings
within the F = 2 quintuplet. Inset: Illustration of the spheroidal
perturbations for g, > 0 and p,, > 0.

core and the ZnSe shell,*® our calculations of the electron and
hole wave functions indicate that the hole essentially resides in
the core while the electron, having a much lower effective
mass, is distributed over the core—shell NC (SI Note 2 and
Figure S3). This effect reduces the electron—hole overlap and
thus the strength 7 of the electron—hole exchange interaction
compared to core-only InP NCs. Finally, the last two terms on
the right-hand side of eq 1 account for Zeeman splitting in
external magnetic fields'" and are used to fit the experimental
evolutions of the PL spectra and PL decay under increasing
magnetic fields (Figure 3b and d and Figure 4b and c).

In light of the energy-level diagrams of Figure 5, our
spectroscopic findings over a variety of single NCs show
evidence that the magnetically brightened exciton state is the
nondegenerate ground dark 0" state, which points to a prolate
regime of the InP cores, i.e., yt, > 0. Moreover, the bright—dark
splittings ranging from 300 to 600 peV are consistent with the
fine structure regime of slightly prolate NCs with p, < 0.03.
The X—Y splittings with average ~400 peV point to a tiny
shape anisotropy in the («, y) plane with average y,, ~ 0.003.
These results highlight the power of single-NC spectroscopy to
unveil subtle deviations in NC morphologies and confirm that
the InP NC cores prepared with this synthesis method” are
highly uniform and almost spherical.

In conclusion, our magneto-PL investigations of single InP/
ZnSe/ZnS reveal highly resolved spectral fingerprints of the
three lowest exciton fine structure states. We provide evidence
that they stem from the recombination of the ground dark
exciton 0 and the lowest bright +1* states, whose degeneracy
is lifted by the NC shape anisotropy. The 0" ground state
seems to be a truly dark state from which luminescence is
evidenced only under magnetic fields, as in prolate CdSe
NCs.”" The evolutions of the energy levels and PL decays with
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applied magnetic fields are well reproduced with a model of
band-edge exciton fine structure accounting for the InP core
shape anisotropy. Interestingly, our findings and modeling
allow an alternative interpretation of the previous FLN
experiments performed on an ensemble of similar NCs.'*"
Indeed, in FLN spectroscopy, the monochromatic laser
resonantly excites a small subensemble of the NCs to the
bright states of the exciton branch F = 1. After rapid
nonradiative relaxation to the lowest branch F = 2, the
emission stems from states +1" having weaker oscillator
strengths. The reported shifts (5—10 meV) between the
excitation photon energy and the narrow PL line correspond to
the splitting between branches F = 1 and F = 2, in accordance
with our calculations of the fine structure. Our single-NC
spectroscopic study and calculations will also guide the
development of refined theoretical models to describe the
physical properties of these emerging nanostructures. Further
investigations will aim at exploring the signatures of the
recombination of other charge complexes such as trions and
the biexciton in InP NCs, with a view to investigating the
suitability of these systems as quantum light sources.
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