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Abstract

The fine structure of exciton states in colloidal quantum dots (QDs) results from
the compound effect of anisotropy and electron-hole exchange. By means of single-dot
photoluminescence spectroscopy, we show that the emission of photo-excited InP /ZnSe
QDs originates from radiative recombination of such fine-structure exciton states. De-
pending on the excitation power, we identify a bright exciton doublet, a trion singlet

and a biexciton doublet line that all show a pronounced polarization. Fluorescence line



narrowing spectra of an ensemble of InP /ZnSe QDs in magnetic fields demonstrate that
the bright exciton effectively consists of three states. The Zeeman splitting of these
states is well described by an isotropic exciton model, where the fine structure is dom-
inated by electron-hole exchange and shape anisotropy only leads to a minor splitting
of the F' = 1 triplet. We argue that excitons in InP-based QDs are nearly isotropic
because the particular ratio of light and heavy hole masses in InP makes the exciton

fine structure insensitive to shape anisotropy.



Colloidal quantum dots (QDs) are quasi-spherical semiconductor nanocrystals in which
an electron-hole pair is confined in a volume with dimensions smaller than the exciton Bohr
radius of the corresponding bulk material. Under such strong confinement conditions, the
conduction- and valence-band edge are reduced to a set of quantized eigenstates that describe
electron and hole motion. While these states can be calculated using different theoretical
frameworks, ! a multi-band effective mass approximation has the advantage of providing
analytical expressions in which semiconductors are characterized by a limited set of param-
eters — which are often known for the corresponding bulk material — and the QD diameter
is implemented as a continuously changing variable.? In the case of zinc blende or wurtzite
semiconductors, which include II-VI and III-V materials such as CdSe, CdTe and InP, this
approach leads to a two-fold degenerate lowest conduction-band state and a fourfold degen-
erate upper valence-band state.? As highlighted in Figure 1a-b, these degeneracies reflect the
angular momentum of the Bloch states that make up the electron states at the edge of the
conduction band (s = 1/2) and the valence band (j = 3/2), respectively.? The eigenstates of
electron-hole pairs or excitons are then conveniently expressed using direct products of the
two different conduction-band (electron) and four different valence-band (hole) states as a
basis, see Figure 1c.

Quantum dots of both wurtzite and zinc blende semiconductors have a set of fine structure
eigenstates with different eigenenergies that can be described by linear combinations of the
8 direct product exciton states. In the case of spherical zinc blende QDs, for example, the
electron-hole exchange interaction splits the exciton levels in an optically dark low energy
quintuplet and a high energy, bright triplet that are exciton eigenstates with total angular
moment F' = j+ s of 2 and 1, respectively (see Figure 1d). A further splitting of the exciton
levels is obtained for QDs with an internal symmetry axis or quantization axis z, which can be
the c-axis for QDs with the wurtzite structure or the rotation axis for QDs with a spheroidal
shape. In such cases, 5 different fine structure levels are obtained, each characterized by a

given projection |F,| along the quantization axis. Continuing with the example of a zinc
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Figure 1: (a) Outline of the edges of (blue, VB) the valence-band and (red, CB) the conduc-
tion of a zinc blende semiconductor around the center of the Brillouin zone, showing the (lh)
light hole, (hh) heavy hole and (so) split off VB. (b) Representation of the CB and VB Bloch
states at the I' point, highlighting the degeneracy of both states in relation to their s = 1/2
and j = 3/2 angular momentum. Bright colors represent occupied states, semi-transparent
colors empty states. (c) Overview of the 8 exciton states obtained as direct products of a CB
electron and a VB hole state. The direct product states are labeled using the z-component of
the total angular momentum F' of the exciton. Transitions from the ground states to states
boxed with a dashed line are spin forbidden. Again, bright colors represent occupied states
and semi-transparent colors empty states. (d) Exciton eigenenergies calculated as a func-
tion of the anisotropy splitting energy A using an exchange splitting parameter n = 2 meV.
States are labelled by means of the angular momentum projection quantum number F), along
the quantization axis. Full lines represent bright states, dashed lines dark states. Note that
exchange couples the two F, = 0 states to yield a bright (singlet) state and a dark (triplet)
state. In the isotropic case, only the three F' = 1 states are bright, whereas the five I’ = 2
states are dark as indicated by the filled and open circles.

blende QD, shape anisotropy thus makes the subset of heavy hole or light hole excitons the
lowest energy states, a situation typically seen with self-assembled QDs.* In either case, a
dark exciton ground state is obtained, in combination with a twofold degenerate bright state
at slightly higher energy, an energy difference often described as the dark-bright splitting.
For CdSe-based colloidal QDs, multiple studies have shown that the multi-band effec-
tive mass description of exciton states agrees with the experimental characteristics of these
states. First, the observation that CdSe QDs exhibit longer radiative lifetimes at cryogenic

temperatures, was assigned to the presence of a lowest energy dark exciton state.® Next, a



more detailed study interpreted the different exciton features visible through fluorescence
line narrowing (FLN) and photoluminescence excitation spectroscopy using the combined
contributions from electron-hole exchange, crystal and shape anisotropy to the exciton fine
structure.® These reports were complemented by microphotoluminescence (u-PL) on single
CdSe-based QDs, which confirmed the presence of a lowest dark state and allowed for a
direct measurement of the dark-bright splitting from the respective emission lines.”® More
recently, this body of work was extended by the analysis of the emission of wurtzite CdSe
QDs in magnetic fields, both at the level of ensembles and single QDs. These investiga-
tions highlighted the additional contribution of lateral shape anisotropy,®!? and resulted in
estimates of the electron and hole g-factor.!!

Importantly, restrictions on the use of Cd in consumer appliances have led researchers
to investigate more recently InP-based QDs as a possible alternative to CdSe QDs. For InP
QDs, however, the nature of the emissive state remains unclear. In line with the exciton
model, time-resolved and fluorescence line narrowing photoluminescence studies confirmed
the presence of a lowest energy dark state and a higher energy bright state, with a 5-10 meV
dark-bright splitting, %' Other reports, however, suggest that the photoluminescence may
involve transitions between a conduction-band electron and a trapped hole.* In particular, a
distribution of shallow hole traps may account for the persistently broad photoluminescence
of InP QD ensembles and the remarkably large Stokes shift of the photoluminescence. On
the other hand, studies using either photon-correlation Fourier spectroscopy in solution or
u-PL have shown that single InP/ZnSe QDs have an emission line at room temperature
that is ~ 50 meV wide, not unlike CdSe-based QDs.!>1¢ Such discrepancies call for a more
in-depth study on the InP QD fine structure, such that experimental data can be compared
to predictions of the multiband effective mass model.

Here, we investigate the exciton fine structure of InP/ZnSe core/shell QDs by a combina-
tion of cryogenic single QD p-PL and FLN spectroscopy on QD ensembles in magnetic fields.

We show that the emission spectrum of single InP/ZnSe QDs exhibits three characteristic
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Figure 2: (a) Overview transmission electron microscopy (TEM) micrograph, showing
InP/ZnSe QDs with a mean diameter of 10.2+0.9nm. (c) High resolution TEM micrograph,
attesting to the crystallinity of the InP/ZnSe QDs used in this study. (b) Representation of
(blue) absorption and (red) emission spectra of the ensemble of the InP/ZnSe QDs studied
here.

features, which we assign to the bright exciton, trion and biexciton emission. For the exam-
ple shown, the exciton and the biexciton appear as doublets split by ~ 1 meV, whereas the
trion emission consists of a single line for which the phonon sidebands can be well resolved.
Moreover, the polarization of the trion emission closely tracks that of the high energy line
in the exciton doublet. While a bright doublet could result from lateral anisotropy in the
x — y plane,® which would split the bright F, = £1 level, the FLN spectra of InP/ZnSe QD
ensembles show that the bright exciton consists effectively of 3 states that can be split by
a magnetic field. This finding indicates that the bright exciton in InP/ZnSe QDs exhibits
the fine structure of a nearly isotropic exciton that is split dominantly by electron/hole ex-
change and where the minor effect of shape anisotropy results in the bright, zero-field exciton
doublet observed for single InP/ZnSe QDs.

For this study, we synthesized InP/ZnSe QDs according to the method proposed by
Tessier et al..'” In brief, we reacted indium chloride and tris(di-ethylaminophosphine) in
oleylamine to form InP QDs, which were shelled by ZnSe by adding zinc stearate and tri-
octylphosphine selenium to the reaction mixture (see Supporting Information S1). As shown
in Figure 2a, this resulted in a dispersion of crystalline InP/ZnSe QDs featuring an overall

diameter of 10.2 & 0.9 nm. At room temperature, we retrieved the first exciton absorption
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Figure 3: (a) (top) u-PL map recorded on a single InP/ZnSe core/shell QD at cryogenic
temperatures (5 K) showing emitted intensity as a function of the photon energy and mea-
surement time under low power excitation. A doublet emission feature labeled X is clearly
visible. (bottom) Time integrated spectrum highlighting the spectral doublet and the en-
ergy splitting § of 1.2 meV. (b) The same under higher excitation power, showing a temporal
switch between the doublet X and a singlet emission line labeled T. Both features are retained
in the integrated spectrum. (c) The same under even higher excitation power, showing a
similar doublet-singlet switch as in (b) and the simultaneous occurrence of a second doublet
labeled XX shifted by 9.5 meV to lower energy as compared to doublet X. (d) Integrated
intensity of the X and XX doublets as a function of excitation power. (e) Scheme showing
that in a biexciton-exciton-ground state emission cascade, the biexciton line and the exciton
line will exhibit the same splitting.

maximum at 2.09 eV (594 nm) and the exciton emission at 1.97 eV (629 nm) with a linewidth
of 150 meV, see Figure 2b. The photoluminescence quantum yield of the dispersed InP/ZnSe
QDs studied here was determined at ~65%.

For single QD spectroscopy, we dropcast a nanomolar dispersion of InP/ZnSe QDs in
a 1% solution of polystyrene-toluene on quartz coverslips, which was mounted in a PL
microscope (see Supporting Information S2). Using continuous wave excitation at 473 nm
while keeping the temperature set at 5 K, we observed various characteristic features in

the emission spectrum of a single InP/ZnSe QD. At relatively low excitation power, the



image trace and the corresponding integrated spectrum feature a spectral doublet centered
at 1.992eV and split by an energy difference of 6 = 1.2meV, see Figure 3a. Note that acoustic
phonon sidebands (PSB) are visible on either side of the doublet line. Upon increasing the
excitation power, the time trace represented in Figure 3b features an abrupt, temporal
interruption of the doublet emission that leads to a single, narrow emission line 16.5 meV
to the red of the doublet line. This singlet line exhibits clear phonon sidebands at either
side of the central emission line. These sidebands account for 30% of the total emission and
have a maximum intensity shifted by 1.1 meV with respect to the main emission line, an
energy shift that agrees with the vibrational modes of small InP nanocrystals.® As outlined
in Supporting Information S3, we estimate a sample temperature of 9 K from the intensity
ratio of the Stokes and anti-Stokes emission bands. A similar switching between emission
spectra characterized by a doublet line and a single line was observed in a u-PL study on
CdSe/ZnS QDs by Fernee and coworkers.'® Assigning the doublet to exciton emission and
the singlet to trion emission, these authors interpreted the switching between the exciton
and the trion emission to the random trapping of a band-edge carrier in a localized state.
Interestingly, at even higher power, the switching between the doublet at ~ 1.992eV and
the singlet line persists, yet the doublet line now concurs with a second, low-intensity doublet.
This second doublet is shifted by 9.5 meV to lower energy and features the same splitting o
of 1.2 meV (see Figure 3c). Moreover, the intensity of the higher-energy doublet as recorded
using continuous-wave excitation scales sub-linear with the excitation power, whereas the
intensity of the additional, lower-energy doublet exhibits a supra-linear excitation power
scaling. As indicated in see Figure 3d, fitting both power-dependent intensities to a power
law yields two exponents with a ratio of 2.204-0.25. Both observations support the assignment
of the higher-energy doublet at ~ 1.992 eV to the bright exciton (X), and the lower energy
doublet to the biexciton (XX). As outlined in Figure 3e, one indeed expects the transition
from the biexciton to the exciton to yield an emission line that is the energetic mirror image

of the bright exciton recombination. In that case, the singlet line can be assigned to a trion



transition (T), not unlike previous studies on single CdSe/ZnS QDs.' The exciton doublet
of single CdSe/ZnS QDs, on the other hand, was interpreted in terms of the exciton dark-
bright splitting, where the high energy line of the doublet corresponds to the bright exciton
and the low energy line to the dark exciton recombination. However, in the case of InP/ZnSe
QDs emitting at a similar photon energy as the QDs studied here, the dark exciton was only
observed through a broad, phonon-coupled emission feature shifted 5-15 meV to the red of
the bright exciton.!® Clearly, this observation supports the assignment of the high energy
doublet in the case of InP/ZnSe QDs to a bright exciton doublet rather than a bright-dark
combination. Possibly, the combination of strong broadening and long radiative lifetimes
makes the dark exciton indiscernible in the emission spectrum of single InP/ZnSe QDs. In
addition, the competition between radiative recombination of the bright exciton and cooling
into the dark exciton state may account for the lower than expected power scaling of the
exciton and biexciton emission with increasing pump power since the presence of a dark
exciton will promote non-radiative Auger recombination.

To corroborate the assignment of the three emission features to the exciton, the trion
and the biexciton, we further analyzed the polarization of the different emission lines. To
do so, we successively passed the emitted light through a rotatable half-wave plate and a
calcite beam displacer separating the linearly polarized components along and orthogonal
to the displacement. Both parts were transmitted through the input slit of an imaging
spectrometer at different positions along the slit and detected by the same CCD camera.
Figure 4a shows the thus recorded spectra I and I, for a fixed orientation of the half-
wave plate — characterized by an angle 6 and thus a polarization rotation ¢ = 26 — under
excitation conditions where the X, T and XX emission features are present. One sees that
all the emission lines exhibit a pronounced polarization. Interestingly, the polarization of
the lines constituting the X and XX doublets are each others mirror image. As outline in
Figure 3e, where the color coding agrees with the polarization analysis of 4a, this result

is expected when both lines involve the same set of split bright exciton states. The trion
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Figure 4: (a) Time-integrated emission spectrum of a single InP/ZnSe QD under excitation
conditions that lead to exciton, trion and biexciton emission as recorded in (blue) the per-
pendicular and (red) the parallel channel. The inset shows a zoom on the biexciton doublet.
For clarity, an offset of 150 photo-electrons/s was added to the parallel trace. (b) Zooms on
the trion emission for different orientations of the half-wave plate as recorded in the perpen-
dicular and parallel channel. The polarization rotation introduced by the half-wave plate is
given by the angle ¢ = 26, where 6 gives the rotation of the half-wave plate relative to a
reference. (c¢) Color value/hue representation of the emission spectrum of a single InP/ZnSe
as a function of time. The hue represents the degree of polarization as indicated, whereas
the brightness (value) is proportional to the logarithm of the signal intensity. The indicated
angles ¢ represent the temporary orientation of the half-wave plate as outlined above. (d)
Relative intensity measured in the perpendicular channel as a function of the orientation of
the half-wave plate for (filled blue dots) the low energy peak of the exciton doublet, (filled
red circles) the high energy peak of the exciton doublet, and (open red circles) the trion.
Lines represent best fits to Eq 2.

polarization, on the other hand, appears to coincide with that of the high energy line of the
X doublet. Focusing on the trion line, Figure 4b highlights that the intensities measured in
both channels systematically change while rotating the half-wave plate. Starting at ¢ = 60°,
the trion emission intensity is highest in the parallel channel. Upon rotating the half-wave
plate to ¢ = 110°, one sees that the intensities in both channels become about equal, while

the highest intensity is recorded in the perpendicular channel at an angle ¢ = 154°.
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Using the intensity I and I, recorded in both channels, we can define a degree of

polarization (DOP) as:
Iy —1,

DOP =
IH + 1,

(1)

Figure 4c shows an emission time trace recorded on the same InP/ZnSe QD as analyzed in
Figure 3, but represented as a value/hue plot, where the color value and hue correspond to
the total emission intensity and the DOP at each time point and emission energy. The figure
highlights first of all the systematic difference in polarization of the two lines of the bright
exciton doublet. Second, thanks to the switching between exciton and trion emission, it can
be seen that the polarization of the trion indeed tracks the polarization of the high energy
line of the exciton doublet. Both observations are confirmed in Figure 4d, which represents
the relative intensity in the perpendicular channel for the two exciton lines and the trion as a
function of the rotation induced by the half-wave plate. The full lines in Figure 4d represent

fits of the different traces to the expression:

I 1

I +1, 2 + Apop sin (2(¢ — ¢o)) (2)

As shown in Figure 4d, such fits yielded a DOP amplitude Apop in the range 0.25-0.3 for the
different transitions. Moreover, the angular difference between the two lines of the exciton
doublet amounted to 57 4 3°, whereas the polarization angle of the triplet line and the high
energy line of the exciton doublet was only shifted by 11 + 3°.

As argued above, the observation that the PL of a single InP/ZnSe QDs randomly
switches at high illumination power between a spectrum showing two doublet lines, com-
mensurate in terms of energy splitting and polarization, and a singlet line indicate that this
PL results from recombination of band-edge charge carriers rather than trapped carriers.
The multiband effective mass model of the band-edge exciton fine structure provides two
possible interpretations of a bright doublet in QDs with a zinc blende crystal structure.

First, as shown in Figure 1d, pronounced shape anisotropy brings either the light hole or

11
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Figure 5: (a) Sequence of splitting of the exciton states when z axis anisotropy dominates,
for a case where the light hole exciton is lowered in energy. In that case, a bright exciton
doublet can result from additional anisotropy in the x — y plane. (b) Sequence of splitting
of the exciton states when exchange dominates. In that case, a bright exciton doublet can
result from a minor z-axis anisotropy. In both figures, n is the exchange parameter and
A the anisotropy energy for the ground state exciton,? whereas full lines represent bright
exciton states and dashed lines are dark exciton states.

heavy hole exciton states down in energy, which are both 4-fold degenerate states that are
further split by exchange interaction to give exciton states with a fixed component of the
angular moment F), along the quantization axis z. This situation is detailed in Figure 5a for
the case where the light hole is lowest in energy. This yields a fine structure in which a bright
F, = +£1 exciton doublet is separated from the F, = 0 dark ground state by the exchange
interaction and from the higher energy bright F, = 0 exciton singlet by thrice the exchange
interaction.?’ Additional anisotropy in the xy plane will split this isolated F, = %1 exciton

910 emitting light linearly polarized along the x and y axis.?! When the

in two components,
heavy hole states are lowest in energy, a similar situation arises where the lowest-energy
bright state is an F, = 41 exciton that will be split by lateral anisotropy. Second, when the
exchange interaction dominates, shape anisotropy will merely split the upper bright triplet
in two components, a first with angular momentum F, = 0 and a second with angular mo-
mentum F, = +1 (see Figure 5b). Such excitons will emit light linearly polarized along the

z-axis and light circularly polarized within the xy plane, respectively. Finally, while shape

anisotropy makes the low energy F, = +1 exciton bright through coupling with the high
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energy F, = £1 exciton, this effect remains negligible for small deviations from the isotropic
case. Hence the representation of the lower energy F, = +1 exciton by a dashed line in
Figure 5b.

To determine the overall degeneracy of the bright exciton — 2-fold with a minor splitting
due to anisotropy in the xy plane or 3-fold with a minor splitting due to anisotropy along
the quantization axis z, see Figure 5 — we analyzed the emission of an ensemble of InP /ZnSe
QDs by FLN spectroscopy in a magnetic field. For this study, a sample with a peak emission
at 2.12 eV at 4 K was used (see Supporting Information S4), which we pumped resonantly at
2.06 eV using a monochromatic laser source. While not exactly identical, these experimental
settings are in good correspondence with the single InP/ZnSe QDs discussed before. As
outline in Supporting Information S4, FLN spectra were acquired in Faraday configuration
with the excitation light parallel to the direction of the magnetic field. The excitation light
had a o circular polarization, which dominantly excites the F, = +1 state in the given
configuration, while we detected emitted light with ¢~ polarization.

Figure 6a represents the FLN spectra acquired in the absence of a magnetic field us-
ing the excitation conditions described above. Note that we use the energy difference
AFE = hweze — hwe,, between the excitation and emitted photons as the horizontal axis.
The three broad features labelled C, D and E in the FLN spectrum were assigned previously
to (C) the phonon activated dark exciton emission, and replicas of this transition involving
the additional emission of (D) ZnSe or (E) InP LO phonons.'® Using the latter two as a
yardstick, we estimate the bright-dark splitting in these InP/ZnSe QDs at AEp; = 6 meV
(see Figure 6a). In Figure 6b, we show the low energy part of various FLN spectra obtained
on the same InP/ZnSe QD ensemble, while increasing the magnetic field from 10 to 30 T.
Interestingly, we observe two additional features that shift to lower energy relative to the
F, = +1 state with increasing magnetic field. A first, labeled as A, can be discerned for fields
of 18 T and higher and shifts from AE = 2.25 meV to 3.58 meV at 30 T (see Supporting

Information S4). A second, labeled B, appears first at fields of 10 T. This feature shifts more
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Figure 6: (a) Fluorescence line narrowing (FLN) spectrum of an ensemble of InP/ZnSe QDs
excited using 2.06 eV, o* polarized light. The energy difference AE measures the energy
loss of the emitted phonons relative to 2.06 eV. Using the energy of the ZnSe and InP optical
phonon as a yard stick, the indicated features are assigned to (C) acoustic phonon replica
of dark state emission, (D) ZnSe LO phonon replica of dark state emission, and (E) InP LO
phonon replica of dark state emission. From this analysis, we obtain a bright-dark splitting
energy AFEp; = 6 meV. (b) FLN spectra of the same InP/ZnSe QD ensemble in different
magnetic fields as indicated. The dashed line highlights the two additional emission features,
labeled A and B, that appear in the spectra, whereas the short vertical lines indicate the
estimated shift of each feature relative to the excited level. (c) Energy shift of the features A
and B with respect to the photo-excited F, = +1 state. The full lines represent the result of
a global fit to the expression of the isotropic exciton model, using g, as the only adjustable
parameter (AE,; = 6meV, g. = 1.6, g, = —1.925). The thin dashed line is an extrapolation
of the experimental data.

strongly with increasing field strength, from 2.48 meV at 10 T to 5.35 meV at 24 T. For
the largest fields, the feature is reduced to a mere shoulder on top of the rising side of the
phonon-assisted dark exciton emission, making unreliable any determination of the energy
shift. For both features, Figure 6¢c summarizes the energy shift as a function of the magnetic
field, where we label the energy at which feature A and B are retrieved as AE; g and AE; _4,
respectively.

The observation of two emission features, shifting to lower energy with respect to the
excited F, = 41 bright state shows that in the absence of a magnetic field, the excited
bright exciton consists of 3 different, nearly degenerate states. This result strongly contrasts
to similar measurements on wurtzite CdSe QDs, which showed a bright exciton doublet.”

We thus conclude that the spectral doublet of the single InP/ZnSe QD analyzed in Figure 3
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should be seen as a nearly isotropic exciton subject to minor splitting in a singlet and a
doublet state due to anisotropy along the quantization axis z.

For an isotropic exciton, the energy splitting AE, g = By — Ey and AE, 1 = By — E_,4
between the 3 bright exciton states depends on the applied magnetic field according to (see

Supporting Information S5):

.+ e+
AE o= —gnupB + %‘3772 + (-7 5 I 15 B)? — \/4772 + (2 5 I 15 B)? (3)

_ge+gh
2

.+
ppB)? — \/3772 +(n+?2 5 I B (4)

AFEy 1 = —2g,upB + \/3772 +(n
Here, the exchange parameter 7 corresponds to a quarter of the bright-dark splitting between
the high energy F' =1 and the low energy F' = 2 states (see Figure 5b),% ¢, and g, are the
gyromagnetic ratio of the electron and the hole, and pp is the Bohr magneton. In writing
Eqgs 3 and 4, we took as a convention that for g, positive, the energy of hole states with
the angular momentum parallel to the magnetic field is lowered, whereas for g. positive, the
energy of electron states with angular momentum anti-parallel to the field is lowered.?? Unless
lgn| < |ge/, the first term in Eqs 3 and 4 will be dominant, and a negative g, is needed to make
the F, = +1 state the high energy state. As shown in Supporting Information S6, keeping
7 fixed at 1.5 meV yield satisfactory global fits of the experimental data to Eqs 3 and 4, yet
such fits do not allow for an accurate determination of g. and g separately. We therefore
sought best fits while keeping g. fixed at values in the range 1.0 — 2.0, which encompasses
the electron g-factor for bulk InP and values reported for self-assembled InP-based QDs.2?
Figure 6¢ represents such a fit, where we took ¢g. = 1.6, a value previously reported for
InP/(In,Ga)P self-assembled QDs,?* and obtained a best fit for g, = —1.93 £ 0.03. As
outlined in Supporting Information S6, sweeping g, from 1.0 to 2.0 has only a minor impact
on the best fit for g;, which we accordingly estimated at g, = —1.9 £0.1. Interestingly, this
number is in reasonable agreement with the estimate of g, = —1.49 we calculated using the

expression proposed by Efros et al. (see Supporting Information S7).2 Similarly negative
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values have been predicted for multiple spherical II-VI QDs,?? and a value of g, = —0.73
was derived from Faraday rotation measurements in the case of wurtzite CdSe QDs.?*

Looking at Figure 6¢ in detail, it appears that the isotropic exciton model slightly under-
estimates the energy splitting AE; o between the F, = +1 and the F, = 0 state. At least, a
linear fit to the experimental data yields a line lying systematically higher than the global
fit. This could reflect a minor splitting of the three F' = 1 exciton states at zero field, in line
with the bright exciton doublet measured on a single InP/ZnSe QD. Given the slightly larger
than expected AFE  splitting, the low energy line of the doublet would then correspond to
the F, = 0 state and the high energy line to the F, = +£1 states. Such an assignment can
explain the different polarization of both lines since the F, = 0 state emits linearly polarized
light with an electric field along the quantization axis, whereas the F, = £1 states emit
circularly polarized with the electric field in the xy plane. Note that the particular viewing
angle on a given QD can make that circularly polarized emission appears as partially linearly
polarized in the detection system used, and that the phase difference between both emission
lines differs from 90°. Interestingly, in the case of isotropic QDs, theoretical work indicates
that the negative trion ground state emits circularly polarized light since the hole occupies
either the j, = 3/2 or j, = —3/2 heavy hole level.?> The positive trion, on the other hand,
has a mixed ground state that leads to set of recombination pathways emitting either circular
or linear polarized light.?® Hence, the correspondence between the polarization of the high
energy exciton doublet line and the trion singlet line might point towards emission from the
negative trion. Such a conclusion need, however, the confirmation from a more in-depth
study of these emission lines, for example to account for artefacts induced by the viewing
angle on a given QD.

Both through single QD PL and FLN spectroscopy, we give evidence that radiative
exciton recombination contributes to the photoluminescence of InP/ZnSe QDs. While this
finding does not rule out trap-related emission pathways,'* it does highlight that trap-related

emission is not the dominant recombination process in these QDs. More in general, the
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observation that excitons in InP/ZnSe QQDs are nearly isotropic is far from trivial. In the case
of CdSe QDs, for example, little difference was observed between the exciton fine structure
of nanocrystals with a wurtzite or a zinc blende crystal structure.?® Whereas wz-CdSe is
intrinsically anisotropic, it was argued that relatively small deviations from a spherical shape
can account for the similar anisotropy of the exciton in zb-CdSe QDs. Similary, an exciton
model including exchange and shape anisotropy was used to describe the emission features
of single zinc blende CdTe QDs.?" Both examples suggest that deviations from an isotropic,
spherical shape are to be expected in the case of colloidal QDs, and it is not clear why
InP QDs should be an exception here. According to the exciton description developed by
Efros, however, the impact of deviations from a spherical shape on the exciton fine structure
depends on the light hole to heavy hole mass ratio § = my,/mpy. Interestingly, the model
predicts that the fine structure of the exciton will be insensitive to shape anisotropy when
£ = 0.14, which means that under such conditions also prolate or oblate ellipsoids will host
isotropic excitons.?" In the case of InP, 8 depends on the direction in reciprocal space, yet
an average of 3 over the (100), (110) and (111) directions yields 3 = 0.149.2® In contrast,
for wz-CdSe, the hole mass ratio amounts to 0.28,% a value at which the impact of shape

1.20 Possibly, having an average hole mass

anisotropy on the fine structure is about maxima
ratio close to the critical value of 0.14 is what makes that InP-based QDs host nearly isotropic
excitons.

In summary, we have investigated the emission of InP/ZnSe QDs using a combination of
cryogenic micro-photoluminescence spectroscopy of single InP/ZnSe QDs and fluorescence
line narrowing spectroscopy on an ensemble of InP/ZnSe QDs. We show that the emission
is related to exciton recombination, where the spectrum of a single InP/ZnSe features a
bright exciton doublet, a trion singlet and a biexciton doublet. FLN spectra recorded versus
magnetic field strength demonstrate that this bright exciton doublet reflects a minor devi-

ation from the 3-fold degenerate, isotropic bright exciton expected in spherical QDs with a

zinc blende structure. We assign the observation of nearly isotropic excitons in InP/ZnSe
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QDs to the InP average hole mass ratio § of 0.149. In contrast with CdSe (5 = 0.28),
this number is close to the value of 0.14 at which the exciton fine structure is insensitive to
shape anisotropy. ?° From a fundamental perspective, isotropic excitons are highly interesting
model systems for experimental studies and theory development. Different from anisotropic
excitons, isotropic excitons have a fine structure solely determined by the exchange split-
ting. This makes the bright-dark splitting of isotropic excitons ideally suited to compare the
predicted size-dependence of the exchange interaction with experimental data. In addition,
the interaction between an isotropic exciton and an external field is independent of the QD
orientation. As exemplified by the FLN study shown here, this makes that ensemble mea-
surements in external fields are not compounded by orientation averaging, such that material
characteristics can be determined in a direct manner from the analysis of ensembles. We
therefore believe that the observation of nearly isotropic excitons in InP-based QDs opens a

new direction to investigate the exciton fine structure in nanoscale semiconductors.
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