This is an open access article published under a Creative Commons Non-Commercial No
Derivative Works (CC-BY-NC-ND) Attribution License, which permits copying and
redistribution of the article, and creation of adaptations, all for non-commercial purposes.

Article
Cite This: ACS Photonics 2018, 5, 3353−3362

pubs.acs.org/journal/apchd5

Exciton Fine Structure and Lattice Dynamics in InP/ZnSe Core/Shell
Quantum Dots
Annalisa Brodu,† Mariana V. Ballottin,‡ Jonathan Buhot,‡ Elleke J. van Harten,† Dorian Dupont,§
Andrea La Porta,∥ P. Tim Prins,† Mickael D. Tessier,§ Marijn A. M. Versteegh,⊥ Val Zwiller,⊥
Sara Bals,∥ Zeger Hens,§ Freddy T. Rabouw,† Peter C. M. Christianen,‡ Celso de Mello Donega,†
and Daniel Vanmaekelbergh*,†
†

Debye Institute for Nanomaterials Science, Utrecht University, 3584 CC Utrecht, The Netherlands
High Field Magnet Laboratory, HFML-EMFL, Radboud University, 6525 ED Nijmegen, The Netherlands
§
Physics and Chemistry of Nanostructures, Ghent University, 9000 Ghent, Belgium
∥
Electron Microscopy for Materials Research, EMAT, University of Antwerp, 2020 Antwerp, Belgium
⊥
Department of Applied Physics, Royal Institute of Technology (KTH), 106 91 Stockholm, Sweden

Downloaded via KTH ROYAL INST OF TECHNOLOGY on November 30, 2018 at 12:21:31 (UTC).
See https://pubs.acs.org/sharingguidelines for options on how to legitimately share published articles.

‡

S Supporting Information
*

ABSTRACT: Nanocrystalline InP quantum dots (QDs) hold promise for
heavy-metal-free optoelectronic applications due to their bright and sizetunable emission in the visible range. Photochemical stability and high
photoluminescence (PL) quantum yield are obtained by a diversity of epitaxial
shells around the InP core. To understand and optimize the emission line
shapes, the exciton ﬁne structure of InP core/shell QD systems needs be
investigated. Here, we study the exciton ﬁne structure of InP/ZnSe core/shell
QDs with core diameters ranging from 2.9 to 3.6 nm (PL peak from 2.3 to
1.95 eV at 4 K). PL decay measurements as a function of temperature in the
10 mK to 300 K range show that the lowest exciton ﬁne structure state is a dark
state, from which radiative recombination is assisted by coupling to conﬁned acoustic phonons with energies ranging from 4 to
7 meV, depending on the core diameter. Circularly polarized ﬂuorescence line-narrowing (FLN) spectroscopy at 4 K under high
magnetic ﬁelds (up to 30 T) demonstrates that radiative recombination from the dark F = ±2 state involves acoustic and optical
phonons, from both the InP core and the ZnSe shell. Our data indicate that the highest intensity FLN peak is an acoustic
phonon replica rather than a zero-phonon line, implying that the energy separation observed between the F = ±1 state and the
highest intensity peak in the FLN spectra (6 to 16 meV, depending on the InP core size) is larger than the splitting between the
dark and bright ﬁne structure exciton states.
KEYWORDS: exciton ﬁne structure, InP/ZnSe core/shell quantum dots, acoustic and optical phonons, high magnetic ﬁeld

A

The emission line width of an ensemble of QDs is mostly
related to inhomogeneous broadening,24,25 but also to the
exciton ﬁne structure that fractionates the 8-fold degenerate
1Sh1Se exciton into several states with strongly varying
oscillator strength, spread in energy. Finally, InP QDs also
show a considerable global Stokes shift (on the order of 100−
300 meV)10−13,19−21,26−32 between the absorption peak related
to the band-edge exciton (1Sh1Se) and the corresponding
PL peak of QD ensembles. Although the global Stokes shift
in other QD systems (PbS, CdSe, CdTe) has been shown to
be largely determined by inter-QD energy transfer within the
ensemble and the size dependence of the oscillator strengths,33,34
the nature of the global Stokes shift of InP QDs is as
yet unclear and may be (partially) related to the exciton ﬁne
structure.

fter nearly three decades of research, colloidal nanocrystalline quantum dots (QDs), especially from the
Cd-chalcogenide and Pb-chalcogenide families, have reached a
high level of maturity. Core/shell QDs that are based on a
CdSe core and a variety of shells are already applied in LEDs
for monitors and TV screens.1−5 However, there is a strong
desire in society to replace these systems by Cd-free QDs, which,
ideally, should show the same performance. In the visible spectral
range for which CdSe QDs are the most famous, InP QDs
form one of the most promising heavy-metal-free alternatives.
The optical properties, though, are not yet optimal for optoelectrical applications. First of all, bare InP cores have a low
photoluminescence (PL) quantum eﬃciency.6−14 To solve this
problem, shells of ZnS, ZnSe, and (Zn,Cd)Se have been
developed for InP-based core/shell systems with promising PL
quantum eﬃciencies up to 70%.13−21 Second, optical absorption and luminescence spectroscopy showed that InP QDs
have a broader PL peak than their CdSe analogues.21−23
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RESULTS AND DISCUSSION
Structural and Chemical Characterization. The InP/
ZnSe core/shell QDs were synthesized as described in ref 21.
Most of the results discussed below were obtained on three
samples with diﬀerent InP core diameters (sample 1 with
2.9 nm, sample 2 with 3.1 nm, and sample 3 with 3.6 nm mean
core diameter). Four other InP/ZnSe QD samples (referred to
as samples 4−7) with diﬀerent core diameters and a sample of
bare InP QDs (referred to in the remainder of this paper as
“core-only”) were used for complementary measurements. The
core-only QDs were passivated with Cd-oleate to improve their
chemical stability and thereby prevent surface oxidation. The
core sizes were estimated from the lowest energy exciton peak
position in the absorption and emission spectra (see below for
a discussion of the optical spectra).42 Individual core/shell
QDs were structurally characterized by high angle annular dark
ﬁeld scanning transmission electron microscopy (HAADFSTEM) and energy dispersive X-ray spectroscopy (EDX), as
shown in Figure 1. The InP/ZnSe core/shell QDs are fairly

Both the synthesis of InP QDs from inexpensive precursors21 and the characterization of the optoelectronic
properties are currently under rapid development. However,
up to now, not much attention has been devoted to the exciton
ﬁne structure of InP QDs, despite its fundamental scientiﬁc
relevance and importance in InP-based optoelectronics. Theoretically, the exciton ﬁne structure of zinc blende QDs has
been investigated on the basis of k·p35 and atomistic theories.36,37
The exciton ﬁne structure is determined by a combination of
the electron−hole exchange, the crystal ﬁeld splitting, and the
possible shape anisotropy of the nanocrystals (prolate or oblate).
For prolate-shaped zinc blende nanocrystals, the ﬁne structure
consists of ﬁve levels where the magnitude of the energy
splitting between the levels increases fast with decreasing size,
reaching tens of meV for suﬃciently small QDs (on the order
of 3 nm diameter).35,38 The lowest energy state has a total
angular momentum projection along the nanocrystal axis
F = +2 or −2, which means that its optical generation from the
ground state and radiative decay back to the ground state are
forbidden within the electric-dipole approximation (i.e., it is a
“dark” state). The next higher energy state has F = +1 or −1,
and thus there is an allowed electric-dipole optical transition
between this state and the ground state (i.e., it is a “bright”
state). Furthermore, in the core/shell geometry, which in the
end will be the geometry of practical importance, asymmetric
strain induced by the shell heteroepitaxy15,39 may also aﬀect
the ﬁne structure energy levels.40 Experimentally, the ﬁne structure of InP/ZnS core/shell QD systems has only been studied
by time-resolved PL spectroscopy.41 It was found that there
were two bright states above the dark state and that the energy
separation between the dark F = ±2 state and the lowest bright
F = ±1 state was in the 5−10 meV range, increasing with
decreasing InP core size. The latter eﬀect is directly related to
the size dependence of the electron−hole exchange energy.35,36
Here, we present a thorough study of the exciton ﬁne structure of InP/ZnSe core/shell QD systems. We focus on thick
ZnSe shells because they lead to QDs with high photochemical
stability and high photoluminescence quantum yields. These
systems were synthesized using inexpensive precursors, and
their production is amenable to upscaling.21 The QDs, with
InP core size ranging from 3.6 to 2.9 nm, emit in the visible
range (1.8−2.3 eV) with a PL quantum yield around 40%.
We study their exciton ﬁne structure with several techniques.
PL decay at varying temperatures reveals an energy separation
between the dark F = ±2 state and a higher energy bright state
of about 4−7 meV, depending on the core diameter, with
the energy diﬀerence increasing with decreasing core size.
The Raman spectra of the InP/ZnSe core/shell QDs show
longitudinal-optical (LO) and transverse-optical (TO) phonons from both the InP core and the ZnSe shell. These
phonon modes are involved in the radiative recombination of
the dark F = ±2 exciton state, as we show using ﬂuorescence
line-narrowing (FLN) spectroscopy at 4 K under high magnetic
ﬁelds (up to 30 T) and circularly polarized excitation and
detection. In fact, our results indicate that the most intense
FLN peak is a Stokes acoustic phonon replica rather than a
zero-phonon line. This implies that the energy separation observed
between the F = ±1 state and the highest intensity peak in the
FLN spectra (6−16 meV, depending on the InP core size) is
larger than the splitting between the dark and bright ﬁne
structure exciton states, which can then be estimated to range
from approximately 2 to 9 meV for the samples investigated in
this work.

Figure 1. Chemical and structural characterization of InP/ZnSe core/
shell QDs. (a and b) HAADF-STEM images of InP/ZnSe core/shell
QDs, with an average InP core diameter of 2.9 nm and a total core/
shell diameter of 9.6 ± 1.1 nm (mean ± standard deviation), at
(a) low and (b) high magniﬁcation. The high magniﬁcation depicts
the ZnSe crystal along the [110] direction. (c and d) HAADF-STEM
image of a single InP/ZnSe QD and corresponding EDX maps
providing evidence for an InP core diameter of approximately 3 nm
and a ZnSe shell of 3−4 nm. (e) Elemental line scan along the yellow
line through the InP/ZnSe QD shown in panel c. The core/shell
structure of the QD is clearly resolved, since In and P are present
primarily in the center of the nanocrystal, while Zn and Se are
distributed throughout the QD. The diﬀuse and weaker background
signal of P is ascribed to trioctylphosphine (TOP), which acts as a
ligand.

monodisperse in size and shape. The zinc blende ZnSe shell
grows around the InP core, yielding a truncated tetrahedral
shape of 3−4 nm edge length. The EDX maps conﬁrm that In
and P form the core, and Zn and Se the shell. However,
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Figure 2. Thermally activated PL decay at zero magnetic ﬁeld for the InP/ZnSe core/shell QDs (sample 1). (a) PL decay measured at the PL peak
maximum (which depends on temperature; see Figure S1b), at various temperatures from 4 K (blue) to 200 K (dark red). (b) Plot of the lifetime
of the long component of the decay curves versus the temperature. The ﬁtting (red line) is based on the thermal-occupation model (eq 1) with a
thermal activation energy ΔET between the dark state |d⟩ and an optically active state |d,1⟩ of 5.5 meV. Inset: Schematic representation of the
three-level scheme, with the dark state and thermally activated state with a higher oscillator strength.

(from 190 ns at T ≤ 9 K to ∼30 ns at 300 K, Figure 2b).
Similar results are obtained for the larger core diameters
(Figure S2). We propose here that the long lifetime component in our measurements reﬂects radiative recombination
from a thermal equilibrium between a thermally activated brighter
state |d,1⟩ and the lowest dark state |d⟩. In this model the initial
fast lifetime component (at t < 10 ns) of the biexponential PL
decay is ascribed to emission from higher energy levels shortly
after the laser pulse and prior to thermalization. The decay rate
of the system at thermal equilibrium (Γtot) as a function of
temperature is given by

alloying of the core/shell interface cannot be excluded.
Chemical-element analysis yields an estimated elemental
ratio of In:P:Zn:Se = 3:4:49:44 (Figure 1c,d).
Basic Optical Characterization. The samples were characterized by their absorption and PL spectra (Supporting Information, Figures S1 and S2). The absorption spectrum at room
temperature of sample 1 shows a deﬁned peak at 2.18 eV due
to the 1Sh−1Se transition. The 1Sh−1Se PL peak is red-shifted
by 120 meV with respect to the 1Sh−1Se absorption transition
and has a full width at half-maximum of 170 meV. The PL peak
of our InP-based QDs is considerably broader than for instance
that of CdSe QDs emitting in the same spectral region (100 meV
at the ensemble level).23,43 The PL peak of sample 1 (Supporting
Information, Figure S1b) shows a considerable red-shift
when the temperature is increased from 4 K (peak maximum
at 2.137 eV) to room temperature (peak maximum at 2.03 eV),
due to expansion of the crystal lattice with increasing temperature.44 Figure S1c shows the PL spectra for the three samples
investigated in this work with a red-shift of the 1Sh−1Se
exciton transition with increasing InP core size due to reduced
quantum conﬁnement. We have measured the ﬁne structure of
the 1Sh−1Se exciton for the three diﬀerent core sizes. In the
following, we will show the results obtained with the smallest
core size (sample 1), of which the structural characterization is
shown in Figure 1. Additional data for the other core sizes are
provided in the Supporting Information (Figures S2−S11).
Study of the Exciton Fine Structure by Photoluminescence Decay Measurements at Variable Temperature. Previous studies on the PL decay dynamics of the
1Sh1Se exciton in InP QDs showed that the PL decay becomes
faster with increasing temperature.41 This thermally activated
PL decay reﬂects the presence of a lowest energy dark state
that dominates radiative decay at low temperatures and a higher
energy brighter state that is thermally populated at elevated
temperatures. To better understand the energy level structure
involved in this thermally activated PL, we performed a
detailed study of the PL decay dynamics of the three InP/ZnSe
core/shell QDs as a function of the temperature.
Figure 2a shows the PL decay transients for sample 1 (the
full data set of the PL decay can be found in the Supporting
Information, Figures S2−S5). At low temperatures (<10 K),
the decay is biexponential with a slower lifetime component
that becomes considerably faster with increasing temperature
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where kB is the Boltzmann constant, ΔET is the energy
diﬀerence between the dark state |d⟩ and the brighter state
|d,1⟩, and τD and τA are the lifetimes of the lower energy dark
and the higher energy “brighter” state, respectively (see inset in
Figure 2b).
Figure 2b shows the evolution of the long lifetime component as a function of temperature. From 10 mK to 8 K
(Figure S5) the lifetime stays constant (similar behavior in
samples 2 and 3; Figures S3−S5). The lifetime becomes
gradually shorter as the temperature is increased above 8 K
until a plateau is reached at around 100 K (Figure 2b). The
results were ﬁtted with eq 1, with ΔET, τd, and τA as ﬁtting
parameters (red line in Figure 2b; see Methods section below
for details on the ﬁtting procedure). The results are well described
by eq 1, yielding an energy diﬀerence ΔET between the optically
active state |d,1⟩ and the dark state |d⟩ of 5.5 meV. The PL
decay dynamics of samples 2 and 3 are also well described by
eq 1, with energy separations between the dark and thermally
activated “brighter” state of respectively 4.9 and 4.3 meV
(Supporting Information, Figure S4). These energies are
slightly smaller than the 5−7 meV found in ref 41 for InP/ZnS
of similar core size.
This analysis was repeated with four extra samples with different core sizes (samples 4−7). The results clearly show that
the energy diﬀerence ΔET between the |d⟩ and |d,1⟩ excited
levels increases with decreasing QD size (Supporting
Information, Figure S6). The energy separation ΔET between
the |d⟩ and |d,1⟩ levels obtained from the temperature dependence
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they are due to optical transitions from the same F = −2 state
(Figure 3c). We conclude that these three peaks diﬀer in terms
of coupling to diﬀerent phonons. This assignment is corroborated by our Raman spectroscopic study presented below
(Raman Spectroscopy section).
In essence, the temperature dependence of the exciton PL
decay time and the magnetic ﬁeld dependence of both the
FLN and the degree of circular polarization (DCP) of the PL
(Supporting Information, Figure S7) are similar to those of
CdSe QDs35,45−47 that have an F = ±2 ground state, which
indicates that the InP/ZnSe QDs studied here also have a
F = ±2 ground state.
A second feature becomes evident from 10 T and up: a
sharp optical transition that originates from zero ΔE shifts
rapidly to lower energies with respect to the F = +1 state (the
reference) with increasing ﬁeld (Figure 3b). This optical
transition must reﬂect emission from the bright F = −1 state
(as has been observed for CdSe QDs),45,46 shifting to lower
energy with respect to the reference because of the Zeeman
splitting, ΔE = gμBJ·B, where g is the Landé gyromagnetic
factor (g-factor), μB is the Bohr magneton (μB = 5.79 ×
10−2 meV T−1), and J = L + S is the total angular momentum
with L the orbital angular momentum and S the intrinsic spin
(angular) momentum. From this linear Zeeman splitting, we
deduce a Landé gyromagnetic factor g = 3.48 for the F = ±1
state. Similar results are obtained for the other two samples
(Supporting Information, Figures S8−S10).
To understand the line widths of the bright and dark exciton
emission in our FLN measurements, we note that the bright
exciton emission in our FLN measurements in magnetic ﬁelds
is shifted with respect to excitation due to the Zeeman eﬀect.
The splitting energy is only dependent on the g-factor, which is
not strongly dependent on QD size (see Figures S8−S10). The
bright exciton FLN peak is therefore sharp. The dark exciton,
on the other hand, emits by coupling to acoustic phonons,
as we will show in more detail below. The acoustic phonon
energy depends on QD size. The FLN peak from the dark
exciton is therefore inhomogeneously broadened.
Figure 4 presents the results obtained for excitation of the
bright state with σ− circularly polarized light and detection of
the σ+ circularly polarized emission. In this case, the F = −1
level is predominantly excited, and it will therefore be the
reference state in the spectra (marked in red in Figure 4b).
In Figure 4a, again three broad peaks are observed. Note that
in this conﬁguration, with increasing magnetic ﬁeld, the Zeeman
splitting between the F = +1 state to the F = −1 cannot be
observed since with this polarization the F = +1 state cannot be
excited. Instead the ﬁrst intense peak (−11 meV at 0 T) shows
the presence of two components, one at almost constant
energy with respect to the reference (F = −1 state) and a
second smaller component (a shoulder of the highest energy
peak, emphasized in Figure 4a with the black arrow in the 30 T
spectrum) shifting to higher energy with increasing magnetic
ﬁeld. This smaller component is related to the relaxation (after
the photoexcitation into the optically bright F = −1 state) and
the subsequent recombination from the dark F = +2 state,
which occurs prior to the total relaxation of the system to the
lowest F = −2 state. The component at constant ΔE is instead
related to the recombination from the lowest energy dark level
F = −2. This level only emits purely σ−-polarized light for QDs
with their anisotropic axis parallel to the ﬁeld, whereas QDs
aligned perpendicularly to the ﬁeld emit unpolarized light.47
As a result, within an ensemble of randomly oriented QDs the

(T-dependence) of the PL decays and the microscopic nature
of these levels will be discussed in more detail in the ﬁnal
section of this paper.
Fluorescence Line-Narrowing Spectroscopy. We performed size-selective spectroscopy using FLN experiments at
4 K to reduce the inhomogeneous line broadening of the
observed nanocrystals. Using monochromatic laser light with
photon energy matching the low-energy side of the lowest energy
absorption peak, a small subensemble of the sample, with a
certain core size, is excited. The optical transition is from the
ground state to a ﬁne structure state of the 1Se1Sh exciton with
high oscillator strength, thus necessarily the bright F = ±1
state. By applying an external high magnetic ﬁeld between
0 and 30 T, it is possible to induce a sizable Zeeman splitting
of spin-degenerate states, which, combined with circularly
polarized excitation, allows us to predominantly excite either
the F = −1 or +1 states and therefore to resolve unambiguously the nature of the states.
Figure 3 presents the results obtained for excitation with σ+
circularly polarized light, predominantly exciting the upper F = +1

Figure 3. Fluorescence line-narrowing (FLN) spectroscopy at 4 K
upon excitation of the bright F = +1 state with σ+ light of 2.1 eV.
(a) FLN spectra showing the σ− emission at variable magnetic ﬁelds.
The excited state at 2.1 eV (the excitation laser energy) is taken as
reference and set to 0 meV. The main peak is related to emission from
the dark state coupled to an acoustic phonon; the lower energy peaks
are related to optical phonon replicas. (b) Zoom-in of the spectra at
small ΔE, showing σ− emission from the F = −1 bright state, shifting
to lower energy due to the Zeeman eﬀect (panel c). All spectra are
vertically shifted for clarity. (c) Energy level scheme showing the
bright F = +1 state (marked in red) that is excited (blue arrow) and
the σ− emissions from the bright F = −1 and dark F = −2 states
(green arrows). The phonon states are omitted for clarity.

state (marked in red in the scheme shown in Figure 3c), and
detection of the σ− circularly polarized emission. Figure 3a
shows the FLN spectra, excited at 590 nm (2.1 eV). The FLN
spectra are referenced to the energy of the laser excitation, or in
other words, the bright F = +1 state is set at energy zero. At 0 T,
three intense peaks are resolved, red-shifted with respect to this
reference: the ﬁrst at −11 meV, the second at −34 meV, and
the third at −49 meV. Upon applying the magnetic ﬁeld, the
three peaks gradually shift to lower energies with respect to the
reference. Interestingly, the magnitude of the shift is the same
for all three peaks (viz., 3 meV at 30 T), which implies that
3356
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Figure 4. Fluorescence line-narrowing (FLN) spectroscopy at 4 K
upon excitation of the bright F = −1 state with σ− light of 2.1 eV.
(a) FLN spectra showing the σ+ emission peaks at variable magnetic
ﬁeld. The state at 2.1 eV (the excitation laser energy) is taken as
reference and set to 0 meV. The main peak (marked by the dashed line)
is due to emission from the F = ±2 states coupled to an acoustic
phonon; the other two peaks are related to optical phonon replicas. (b)
Energy level scheme showing the bright F = −1 state (marked in red)
that is excited (blue arrow) and the emissions from the dark F = ±2
states (green arrows).

Figure 5. Raman and FLN spectra recorded at 4 K for InP cores and
InP core/shell QDs with a mean core diameter of 2.9 nm. (a) Raman
spectra, obtained with a 488 nm laser line, of InP QDs (blue) and
InP/ZnSe core/shell QDs (red). The peaks in the 300−400 cm−1
range are assigned to the LO and TO phonon modes of the InP QDs
and the InP core in the InP/ZnSe core/shell QDs. The group of peaks
around 190−260 cm−1 is assigned to the ZnSe phonon modes. Two
of them are LO and TO modes. (b) Lorentzian ﬁts of the LO and TO
phonons of the InP QDs. (c) Zoom-in of the ﬁrst two Raman peaks
related to the ZnSe and InP optical phonons of the InP/ZnSe core/
shell QD sample. The dashed lines indicate energies that are relevant
for comparison with the FLN spectra. (d) FLN spectrum of the same
InP/ZnSe core/shell QD sample.

F = −2 levels also partly emit σ+-polarized light. This explains
why the integrated emission intensity in this experiment
(detecting σ+-polarized light; Figure 4) is lower by a factor 2
than when detecting σ−-polarized light (Figure 3).
In Figure 4a it is also evident that the second (34 meV at
0 T) and the third peak (49 meV at 0 T) become broader with
increasing magnetic ﬁeld, following the same trend as the
highest energy peak. We conclude again that the three peaks
are emissions from the same exciton ﬁne structure states
(F = ±2) but involving coupling to diﬀerent phonons. We will
provide evidence below that the highest intensity peak is in fact
an acoustic phonon replica originating from the coupling of the
dark exciton state with a conﬁned acoustic phonon mode.
Raman Spectroscopy. In order to study the phonon
modes involved in the FLN process we carried out Raman
scattering measurements on both InP/ZnSe QDs (sample 1)
and core-only InP QDs of comparable size. Figure 5a presents
the Raman spectra of both InP/ZnSe and core-only InP QD
samples. For both samples, the sharp peak at approximately
520 cm−1 originates from the crystalline silicon substrate.48
The Raman spectrum of the core-only InP QDs (in blue)
shows two well-deﬁned peaks at 311 and 342 cm−1 (ﬁtting in
Figure 5b), which can be assigned to the TO and LO phonon
modes of InP, as reported for bulk InP49 and InP core-only
QDs.50
In the Raman spectrum of the InP/ZnSe core/shell QDs
(in red), we identify directly the LO and TO phonon modes of
the InP lattice (315−380 cm−1), which are shifted to higher
energy due to the compressive strain imposed by the ZnSe heteroepitaxial shell (the lattice parameter of zinc-blende ZnSe is smaller
than that of InP, viz., 5.668 and 5.869 Å, respectively). A second
intense group of peaks is found between 200 and 260 cm−1.
These peaks are present only in the Raman spectrum of
the InP/ZnSe core/shell QDs; we therefore assign them to

ZnSe phonons. According to the literature, two of these peaks
are the LO and TO phonon modes of bulk ZnSe.51 This
multiple-peak structure around 220 cm−1 in the ZnSe Raman
spectrum might originate from a splitting of the LO and TO
modes due to the strain. Double Raman processes of the InP
and ZnSe phonons are also visible at higher energy in the
Raman spectra (>400 cm−1).
The zoom-in of the ﬁrst two groups of peaks of the InP cores
and InP core/shell QDs (respectively Figure 5b and c)
highlights the complex shape of the Raman peaks, which is
rather broad likely due to the complexity of the QDs. Indeed
defects in the crystal structure of InP and ZnSe can introduce
perturbations in the system, resulting in a back-folding of the
dispersion curve toward Γ and a concomitant increase of
the density of phonon states.52 The broadening can also be
enhanced by double-phonon processes, more likely around
100 cm−1 in ZnSe and 100−200 cm−1 in InP due to the
high density of the states at these energies at the edge of
the Brillouin zone.49,51,53 Another contribution to broadening
of the Raman peaks is a distribution of phonon energies in
the QD ensemble. Indeed, phonon energies can be inﬂuenced
by interfacial strain, possible alloying in the InP−ZnSe core/
shell heterointerface, and also the shape54 and size50 of the
QDs.
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Figure 6. Comparison of the thermal activation energies obtained from PL decay measurements and the dark−bright splitting obtained from the
FLN spectra. (a) Comparison of the results of the activation energy obtained from the time-resolved PL decay at varying T (orange diamonds) and
the energy splitting obtained from the ﬂuorescence line-narrowing (blue triangles). The x-axis displays the monitored PL emission peak energy or
the emission energy in FLN, both at 4 K. (b) Overview of all possible recombination processes in InP/ZnSe QDs.

Understanding the Role of the Phonons in the
Radiative Recombination of Excitons in InP QDs.
In Figure 6, we compare the energy splittings obtained from
the T-dependent PL decay measurements (see also Figure 2)
with those obtained from the FLN spectra. The former experiments provide a thermal excitation energy ΔET for emission,
which is plotted in Figure 6a as a function of the PL peak
energy. The latter experiments give the energy diﬀerence
ΔEFLN between the excitation energy (i.e., the position of the
bright F = ±1 state) and the highest intensity peak in the FLN
spectra, which we plot also as a function of the FLN peak
emission energy. ΔEFLN would correspond to the dark−bright
splitting ΔEbd under the assumption that the highest intensity
FLN peak is a zero-phonon line. However, we will show below
that this assumption is inconsistent with our observations and
that this transition is in fact an acoustic phonon replica.
The energy splitting ΔEFLN from FLN measurements
decreases from 16 meV to 6 meV with decreasing absolute
peak emission energy, hence with increasing size of the
InP core. The energy separation ΔET obtained from the
T-dependent decay measurements also decreases with increasing
size of the InP core, but over a much smaller range from 7 to
4 meV. This remarkable diﬀerence implies that these two
energy scales have diﬀerent origins, which will be discussed in
detail below. The energy ΔET is ascribed to coupling of the
dark state |d⟩ with thermally activated conﬁned acoustic
phonon modes (state |d,1⟩).55 We calculated the energy of
the conﬁned acoustic phonon modes as a function of the InP
QD radius using Lamb theory56,57 and found an agreement
with our experimental ΔET values (Supporting Information,
Figure S11). This is in line with recent work on other QDs
(CdSe, CdTe, PbSe, InAs,55,58 ZnSe,59 and CdTe/CdSe core/
shell heteronanocrystals60). We note that acoustic phonon
replicas have also been directly observed recently in the FLN
spectra of self-assembled, vertically aligned arrays of CdSe/
CdS dot-in-rod nanorods.61 Nevertheless, the mechanism
behind the acoustic phonon-mediated brightening of the
dark exciton state is not yet well understood. A possible mechanism is that the deformation potential arising from coherent
conﬁned acoustic phonon modes elastically distorts the nanocrystals, resulting in a transient mixing between bright and

dark states, which enhances the radiative recombination
rates.59,60,62,63
To understand the nature of the ΔEFLN splitting, it is
necessary to consider the phonon modes available in the
InP/ZnSe core/shell QDs studied here and their role in promoting optical transitions. Figure 5c and d show that the
phonon modes of the ZnSe shell (24−32 meV) and InP core
(39−47 meV), observed in the Raman spectra, nearly agree
with the phonon energies obtained from the phonon replicas
observed in FLN spectra (respectively 24 and 39 meV, mean
value). Clearly, the phonon energies observed in the FLN
spectra are slightly smaller (by 3−4 meV) than the mean value
of the peaks in the Raman spectra. We explain these small
energy diﬀerences in terms of the conﬁned acoustic phonon
modes observed also in the T-dependent PL decay. The complete process involved in the radiative recombination monitored
in the FLN spectra (Figure 5d) can be understood assuming an
energy scheme as shown in Figure 6b. The scheme is composed of a ground state |g⟩ and the two lowest excited states:
a lowest energy dark state |d⟩ with projection of total angular
momentum F = ±2, followed by a higher energy bright state
|b⟩ with projection of total angular momentum F = ±1. Several
phonon modes involved in the transitions are also represented
in the scheme: ZnSe optical phonons (centered at 27 meV),
InP optical phonons (centered at 42 meV), and conﬁned acoustic
phonon modes of the QDs having an estimated energy of
4−7 meV, depending on the core diameter.
In our FLN experiment, the resonant excitation brings the
QDs in the bright state |b⟩ with F = ±1. Since the experiment
is performed at 4 K (equivalent to 0.3 meV), the recombination of excitons that have decayed to the dark state F = ±2
should take place only from this dark state. All possible recombination processes are labeled in Figure 6b with the dark red
numbers. Transition 1 from the dark state is formally forbidden
within the eﬀective mass and the electric-dipole approximations,35 but can be activated by coupling with phonon modes.
Transition 2 corresponds to a transition assisted by coupling to
a conﬁned acoustic phonon mode (i.e., an acoustic phonon
replica), which appears as the highest intensity line in the FLN
spectra. This interpretation implies that ΔEFLN corresponds to
ΔEbd plus the energy of the acoustic phonon mode that is
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coupled to the dark F = ±2 state. We assume that this phonon
mode is the same one responsible for the thermal activation
involved in the T-dependence of the PL decay dynamics. The
diﬀerence between the two processes is that the acoustic
phonon replica observed in the FLN spectra is due to a Stokes
process in which a phonon is created, while the T-dependence
of the PL decay is due to an anti-Stokes process, in which
phonons are annihilated.
The ﬁrst allowed transition (2) occurs at an energy of −ΔET
with respect to the energy of the dark F = ±2 state. Other
possible transitions involve the excitation of optical phonons,
either as a single-phonon process or with additional coupling to conﬁned acoustic phonon modes: transitions 3 and 4
involve ZnSe optical modes, while 5 and 6 involve InP optical
modes. The transitions 3 and 4 occur at energies −ΔEZnSe
and −(ΔEZnSe + ΔET), while 5 and 6 occur at −ΔEInP and
−(ΔEInP + ΔET) (where ΔEZnSe and ΔEInP are the opticalphonon energies in ZnSe and InP). Transitions 3 and 4 are
separated by only ΔET, so they appear in the FLN experiment
as a single broad peak with center energy −(ΔEZnSe + ΔET/2)
with respect to the dark F = ±2 state. The same holds for
transitions 5 and 6, which constitute an FLN peak at −(ΔEInP +
ΔET/2). Hence, with respect to the highest intensity FLN peak
(transition 2), coupling to optical phonons in ZnSe (transitions
3 and 4) results in a peak shifted by −(ΔEZnSe − ΔET/2) and
coupling to InP phonons (transitions 5 and 6) in a peak shifted
by −(ΔEInP − ΔET/2). This explains why the diﬀerences
we observe between peak energies in FLN (Figure 5d) are
slightly smaller (by ΔET/2 = 3−4 meV) than the opticalphonon energies that we observe in the Raman spectra
(Figure 5c).

performed using an aberration-corrected cubed FEI Titan
60-300 electron microscope operated at 120 kV. Energy dispersive X-ray spectroscopy (EDS) measurements were performed
on an FEI Osiris electron microscope operated at 200 kV.
Acquisition time for EDS measurements was ∼500 s. To avoid
contamination growth during the experiment, the TEM grid
was kept at 80 degrees for 4 h and then transferred directly
inside the microscope. In order to check whether the heat
treatment changed the internal structure or not, diﬀraction
patterns have been acquired before and after the treatment.
Temperature Dependence of the Time-Resolved
Photoluminescence. The time-resolved PL measurements
were performed on a set of QD ensemble samples. The excitation was provided by a pulsed diode laser, operating at 375 nm
with a repetition rate of 100 kHz for all samples.
The time-resolved PL spectra were obtained by a timecorrelated single photon counting detector where the average
count rate was kept at 3% of the laser repetition rate. This low
excitation ﬂuence was used in order to maintain single-photon
statistics and avoid multiexciton formation.
The time-resolved PL measurements were performed monitoring the PL peak wavelength. The PL peak wavelength was
selected, at each temperature, based on PL measurements, and
the signal was dispersed by a monochromator (1200 grooves/mm
grating, blazed at 500 nm) and detected by a fast photomultiplier
tube. For both PL and time-resolved PL measurements, the PL
was ﬁltered through a 460 nm long-pass ﬁlter to eliminate
scattered laser light. The QD solutions were contained in a quartz
cuvette and mounted in a continuous He-ﬂow cryostat allowing
for measurements down to 4 K. In addition, measurements down
to 10 mK were performed on QD ﬁlms (see sample preparation)
using a Bluefors dilution refrigerator at KTH in Stockholm.
Magneto-optical Measurements in High Magnetic
Fields. Optical experiments at low temperatures and high magnetic ﬁelds were performed at High Field Magnet Laboratory
(Radboud University), using two spectroscopic techniques:
polarized PL and FLN spectroscopy. For these experiments the
samples used were QD ﬁlms (see sample preparation). The
samples were mounted in a titanium sample holder on top of a
three-axis piezo-positioner. The laser beam was focused on the
sample by a singlet lens (10 mm focal length). The same lens
was used to collect the PL emission and direct it to the
detection setup (backscattering geometry). The samples and
optical probe were mounted inside a liquid-helium bath
cryostat (4.2 K) inserted in a 50 mm bore Florida-Bitter electromagnet with a maximum ﬁeld strength of 30 T. All optical
experiments were performed in Faraday geometry, i.e., with both
incident and scattered light parallel to the magnetic ﬁeld direction.
Polarized PL measurements were performed in time-integrated
and time-resolved conﬁguration, using the same excitation source,
in continuous or pulsed excitation mode. The excitation was
circularly polarized with the use of a linear polarizer and a
Babinet Soleil compensator.
The PL light was guided through a 0.3 m long single grating
spectrometer (300 grooves/mm grating) and detected by a
liquid nitrogen cooled charge couple device (CCD) for timeintegrated measurements and by an avalanche photodiode
connected to a single-photon counter (time-correlated single
photon counting) in the time-resolved conﬁguration. The
emitted photons were detected in crossed and co-polarization
relative to the laser polarization by using a linear polarizer and
a lambda-quarter-wave plate. Cut-oﬀ optical ﬁlters were used in
excitation and detection.

■

CONCLUSION
In conclusion, we presented a detailed study of the ﬁne structure of InP/ZnSe core/shell QDs using FLN experiments in a
varying magnetic ﬁeld, combined with T-dependent PL decay
and Raman spectroscopic analysis. We observe that the lowest
energy ﬁne structure exciton state is an F = ±2 dark state, from
which radiative recombination is assisted by coupling to conﬁned acoustic phonons with energy ranging from 4 to 7 meV,
depending on the core diameter. The FLN spectra are explained
by coupling of the dark exciton state to LO, TO, and conﬁned
acoustic phonon modes of the core/shell QDs. Our data
indicate that the highest intensity FLN peak is an acoustic
phonon replica rather than a zero-phonon line, implying that
the splitting between the dark and bright ﬁne structure exciton
states (estimated around 2−9 meV, depending on the InP core
size) is smaller than the energy separation observed between
the F = ±1 state and the highest intensity peak in the FLN
spectra (6−16 meV).

■

METHODS
Sample Preparation. InP/ZnSe QDs with diﬀerent core
diameters were synthesized, following the method reported in
ref 21. Core-only InP QDs were synthesized following the
method of ref 64. The QD samples were washed by precipitation with methanol, isolated by centrifugation, and redispersed in toluene and 1-dodecanethiol. To achieve a QD ﬁlm,
the solution was deposited using a drop-cast method on a crystalline silicon substrate.
HAADF-STEM and Energy Dispersive X-ray Spectroscopy. High-resolution HAADF-STEM measurements were
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The FLN measurements were performed using a narrow
excitation source, achieved by using a tunable jet-stream dye
(rhodamine 6G) laser and a 0.3 m long single grating spectrometer (1200 grooves/mm grating). This monochromatic
laser beam was circularly polarized by means of a linear polarizer
and a Babinet-Soleil compensator.
High-resolution FLN emission was detected in crossed polarization mode relative to the laser polarization by using a linear
polarizer and a lambda-quarter-wave plate. The resonant-PL
emission was analyzed by a 0.5 m long triple-grating spectrometer (three 1800 grooves/mm holographic gratings) in subtractive mode, equipped with a liquid nitrogen cooled CCD
camera (Symphony-Horiba).
Raman Spectroscopy Measurements. Raman scattering
measurements on InP core and InP/ZnSe core/shell samples
(see sample preparation above) have been performed at High
Field Magnet Laboratory (Radboud University). To achieve low
temperatures, samples were placed in high vacuum (10−6 mbar)
inside an optical 4He cryostat (Microstat Oxford). Samples
were probed in backscattering geometry with an incident laser
line at 488 nm from a solid-state laser. To prevent both
excessive laser heating and sample damages, a low laser power
of 30 μW was used. The scattered light was ﬁltered by a
RazorEdge ultrasteep long-pass edge ﬁlter and analyzed by a
1 m long single grating (1200 grooves/mm) FHR-1000 Horiba
spectrometer equipped with a nitrogen-cooled PyLoN CCD
camera (Princeton Instruments). The resolution of our measurements was 1 cm−1.
Fitting Procedure of the Exciton PL Decay Curves at
Variable Temperatures. The ﬁtting procedure is outlined in
the Supporting Information Figures S3−S5. If the long
component of the PL decay curve is ﬁtted with a biexponential
(Figure S3, blue points), we observe that the slowest time
constant decreases with the increasing of T from 4 to 20 K.
At higher T the time constant starts to increase again as a function of T. This is attributed to T-activated multiple trapping/
detrapping resulting in “delayed” emission.65 For this reason,
we decided to use only a limited part of the PL decay curves,
which should describe unperturbed exciton emission. It is
shows in Figure S4, where we ﬁtted single-exponential decay to
the time range dominated by direct radiative decay. This time
range, however, varies with temperature. The exact time range
taken into consideration for each temperature and the criterion
used to determine it are described in the Supporting Information (Figure S4).
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