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ABSTRACT: The low-temperature emission spectrum of CdSe
colloidal nanoplatelets (NPLs) consists of two narrow lines. The
high-energy line stems from the recombination of neutral excitons.
The origin of the low-energy line is currently debated. We
experimentally study the spectral shift, emission dynamics, and
spin polarization of both lines at low temperatures down to 1.5 K
and in high magnetic fields up to 60 T and show that the low-
energy line originates from the recombination of negatively
charged excitons (trions). This assignment is confirmed by the
NPL photocharging dynamics and associated variations in the
spectrum. We show that the negatively charged excitons are considerably less sensitive to the presence of surface spins than the
neutral excitons. The trion binding energy in three-monolayer-thick NPLs is as large as 30 meV, which is 4 times larger than its value
in the two-dimensional limit of a conventional CdSe quantum well confined between semiconductor barriers. A considerable part of
this enhancement is gained by the dielectric enhancement effect, which is due to the small dielectric constant of the environment
surrounding the NPLs.
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The optical properties of colloidal nanostructures depend
strongly on their shape. In recent years, there has been

increasing interest in colloidal nanoplatelets (NPLs), which are
atomically flat, two-dimensional semiconductor layers with
several monolayers thickness that resemble free-standing
quantum wells and exhibit excellent optical properties.1,2

Nanoplatelets made of CdSe show spectrally narrow ensemble
emission and short spontaneous recombination times, which
potentially make them among the most efficient colloidal
luminophores.3

An electron−hole pair photogenerated in a high-quality
nanostructure usually recombines by emitting a photon.
Alternatively, one of the photoexcited carriers can escape from
the nanostructure and become trapped by surface states or traps
in the surrounding material, as observed for spherical CdS and
CdSe nanocrystals (NCs).4,5 Thereby the nanostructure
becomes charged by the remaining electron or hole. In some
cases, both the electron and holemight be trapped on the surface
from which they subsequently return back to the nanostructure
after different detrapping times.4,6 Photoexcitation of singly
charged nanostructures generates charged excitons, also known
as trions because of their composition of three carriers. Trions
can be either negatively charged (consisting of two electrons and
one hole) or positively charged (composed of one electron and
two holes).
Negatively and positively charged trions have been intensively

studied in epitaxially grown quantum well (QW) structures
since 1993.7 Comprehensive information on their properties,

including their spin, in QWs based on GaAs, CdTe, ZnSe, etc.,
has been accumulated, largely by using magneto-optical
spectroscopy at cryogenic temperatures. In small colloidal
NCs, the trion photoluminescence (PL) is completely sup-
pressed by the efficient nonradiative Auger recombination.8

Trion PL was observed in colloidal CdSe/CdS NCs9−12 and
dot-in-bulk structures,13 where Auger processes are suppressed
by the thick shell.14−17 In bare CdSe NPLs, the nonradiative
Auger recombination time of biexcitons was measured to be on
the order of 0.25 ns,18 which is significantly longer than in CdSe
NCs. This suggests that the Auger recombination time of trions
in CdSe NPLs is on the order of 0.5 ns, which is sufficiently long
to allow observation of trion band-edge PL from NPLs.
The interpretation of the band-edge emission in CdSe NPLs

is controversial. Their PL spectrum at cryogenic temperatures
typically consists of two well-resolved lines. The high-energy line
was proven to arise from neutral exciton recombination,19,20

while the origin of the low-energy line is still actively debated.
Among the considered options are LO phonon assisted exciton
recombination,21 trion emission,21 emission from excimer states
in neighboring NPLs,22 and recombination from ground s−type
exciton state.23 In our recent paper on the fine structure of
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neutral excitons in CdSe NPLs,20 we presented arguments in
favor of the trion interpretation of the low-energy line. However,
this was a side aspect of that paper. Here we present a systematic
in-depth study of the low-energy PL line in CdSe NPLs.
There are several experimental approaches that can be used to

identify and distinguish between exciton and trion emission in
colloidal NCs:

(i) The recombination dynamics of excitons and trions are
typically quite different. The exciton dynamics are
strongly modified by temperature and magnetic field
due to mixing of the ground state, which is optically
inactive (dark) excitons, with higher-lying, optically active
(bright) exciton states. In contrast, the trions are always
optically active so that the trion PL is insensitive to these
factors.

(ii) The PL polarization in external magnetic field is
controlled by the spin state of the exciton complex. For
neutral excitons, it is determined by its g-factor, gX, to
which the electron (ge) and hole (gh) g-factors contribute.
In contrast, the Zeeman splitting of trions is given only by
gh for negatively charged trions or by ge for positively
charged trions. Note that the optical transitions of the
trions split with gX, as they are contributed also by the
Zeeman splitting of the resident carrier left after trion
recombination.

(iii) The different spin structure of excitons and trions can lead
to different interactions with surface spins, which can be
detected via polarized emission.24

(iv) Because the formation of trions necessarily requires the
presence of resident charge carriers, photocharging
provides an additional tool to identify the presence of
trion states. The efficiency and time evolution of
photocharging can be studied by a variety of experimental
techniques, including PL spectroscopy, pump−probe
Faraday rotation,4,5 or spin-flip Raman scattering.25

(v) The spectral shift of the low-energy PL line can help to
distinguish between trion emission and LO phonon
assisted recombination of dark excitons. One can analyze
the spectral shifts as a function of NPL thickness and
compare them with LO phonon energies. Note that the
LO phonon energies are only weakly dependent on the
NPL thickness, while the exciton and trion energies
increase strongly with decreasing NPL thickness due to
quantum confinement and dielectric enhancement.

(vi) In single-NC measurements, the exciton and trion PL
lines exhibit different Zeeman splittings and polarizations
in magnetic field. Also, they obviously have to show an
anticorrelated behavior: only exciton emission is possible
from neutral NCs, while only trion emission is possible
from singly charged NCs.26−28

(vii) In has been shown recently that the low-temperature
emission spectra of individual CdSe/CdS NPLs may
contain several emission lines, which are identified as
recombination of the negatively charged excitons
accompanied by a shakeup process of the resident
electron.12

In this paper, we exploit several of these approaches to study
ensembles of bare-core CdSe NPLs at cryogenic temperatures
(down to 1.5 K) and in high magnetic fields up to 60 T. We
confirm that the low-energy emission line in the studied CdSe
NPLs originates from negatively charged trions.
We study bare-core CdSe NPLs with thicknesses of 3, 4, and 5

monolayers (MLs). Some information on their optical proper-
ties, exciton parameters, and spin-dependent properties can be
found in refs 20, 24, and 25. Here, we focus on the origin of the
low-energy emission line and use the 5 ML sample for
presentation of results collected with the various experimental
techniques. The results for the other samples are given in the
Supporting Information.

Photoluminescence and Absorption Spectra. Figure 1a
shows the photoluminescence (PL) spectrum (red)measured at
T = 4.2 K, which consists of two lines with the high-energy line
(X) at 2.319 eV attributed to the exciton.20 The absorption
(blue line) and PL excitation (PLE) (violet squares, detected at
2.28 eV) spectra coincide well.21 They have a maximum at 2.332
eV from which the exciton emission is Stokes shifted by 13 meV.
The low-energy emission line (T) is shifted by 18 meV to lower
energies relative to the exciton. The X−T energy difference
increases in the thinner NPLs: 20 meV in the 4 ML and 30 meV
in the 3 ML NPLs (see Figure 1c and Supporting Information
Figure S1). Note that the excellent agreement between the PLE
and absorption spectra highlights that both peaks in the PL
spectrum originate from the same NPL population.

Recombination Dynamics. One can distinguish excitons
from trions by their different fine structure (Figure 1b). The
ground (dark) exciton state |F⟩ has net angular momentum
projection ±2 onto the quantization axis and is optically
forbidden in the electric-dipole approximation. The bright

Figure 1. Photoluminescence, absorption, and PLE spectra. (a) Photoluminescence (red), absorption (blue), and PLE (violet squares) spectra of 5
MLNPLsmeasured atT = 4.2 K. The exciton (X) and trion (T) lines in emission are marked by arrows. (b) Top: Exciton fine structure: |A⟩ and |F⟩ are
the bright and dark exciton states, and |G⟩ is the unexcited crystal ground state. ΓA and ΓF are the bright and dark exciton recombination rates, γ0 is the
relaxation rate from the bright to the dark state, and γth = γ0NB is the thermal activation rate of the reverse process, whereNB = 1/[exp(ΔEAF/kBT)− 1]
is the Bose−Einstein phonon occupation. Bottom: Trion level structure: |T⟩ is the negatively charged trion, and |e⟩ is the resident electron left after
trion recombination. ΓT = τT

−1 is the trion recombination rate. (c) Splitting between the exciton (X) and low-energy (T) lines, equal to the trion
binding energy. The LO phonon energy of 25.4 meV is marked by the dashed line.
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exciton state |A⟩ with angular momentum projection ±1 is split
from |F⟩ by the bright-dark energy splitting, ΔEAF, which
increases from 3.3 to 6 meV going from the 5 ML to the 3 ML
thick NPLs.20 This exchange splitting determines the exciton PL
dynamics at low temperatures when kBT≪ ΔEAF, with kB being
the Boltzmann constant: the fast initial decay on a time scale of
30 ps due to relaxation from the bright to the dark state is
followed by a slow (τF = 58 ns) decay due to the nominally
forbidden dark state recombination (Figure 2b, pink).
In contrast, the trion ground state does not exhibit any fine

structure splitting, because the two identical particles (e.g., the
electrons in a negative trion) form a spin-singlet state. Radiative
recombination is allowed for this spin configuration, and
therefore, the ground state of a trion is always bright29 (Figure
1b, bottom). Our measurements demonstrate that the low-
energy line exhibits a multiexponential decay, shown by the
green line in Figure 2b, and the black dashed line shows the
corresponding fit. The initial fast component with τT = 450 ps
covers about two decades of the signal amplitude decay. We
assign it to the trion radiative recombination. It lasts longer than
the exciton initial decay (see inset of Figure 2b) but much
shorter than the dark exciton radiative decay τF = ΓF

−1 = 58 ns.20

The two further trion components with small amplitudes have

decay times of 3 and 20 ns. Most probably, they are related to
delayed formation of a fraction of trions from initially spatially
separated resident electron and exciton within the same NPL.

Recombination in External Magnetic Fields. Figure 2c
shows the PL dynamics of the low-energy line measured at zero
magnetic field (green) and at B = 15 T (orange). While the
decay rate of dark excitons typically accelerates in an external
magnetic field due to the mixing of bright and dark states20,24

(not shown here), we find that the decay rate of the low-energy
line remains unchanged. This behavior is typical for trion
emission in colloidal NCs.10,13

Temperature-Dependent Time-Resolved PL. Figure 2d
shows the PL decays of the exciton and trion at various
temperatures from 2 up to 50 K. The signals were measured at
the line maxima and integrated across the spectral ranges of
2.321−2.323 and 2.298−2.300 eV, respectively. Increasing the
temperature up to 50 K has no effect on the PL dynamics of the
low-energy line (bottom panel), as expected for trion
recombination.11 In contrast, the exciton line exhibits the
typical temperature-dependent behavior (top panel): the bright
exciton |A⟩ level is populated at higher temperatures, which
converts the two-exponential decay into a single-exponential
decay with the overall rate (ΓA + ΓF)/2≈ ΓA/2, where τA = ΓA

−1

Figure 2. Recombination dynamics. (a) Streak camera image of the photoluminescence of 5 ML NPLs at T = 4.2 K. (b) Photoluminescence decays at
T = 4.2 K for the exciton (pink) and low-energy (green) lines. The dashed line is a three-exponential fit with τT = 450 ps, τ2 = 3 ns, and τ3 = 20 ns. The
relative amplitudes of the respective components are AT = 1, A2 = 0.04, and A3 = 0.01. Inset: Initial decays of the exciton and low-energy emission lines,
taken from panel a. (c) Comparison of the PL decays of the low-energy line at B = 0 (green) and 15 T (orange). The dashed line is the same as that in
panel b. (d) Normalized PL decays at various temperatures for the excitons (top) and trions (bottom), measured at the line maxima with the streak
camera. The dashed line is an exponential fit with τT = 450 ps.

Figure 3.Circular PL polarization in magnetic field. (a) PL spectra of σ+ (red) and σ− (blue) circular polarization and corresponding DCP (cyan) of 5
ML NPLs at B = 15 T and T = 4.2 K. (b) Schematics of the spin level structure and optical transitions for negatively and positively charged trions in a
magnetic field for CdSe-based NPLs with ge > 0 and gh < 0.11 The electron and hole Zeeman splittings are shown by the thin green arrows. The short
black and pink arrows indicate the electron and hole spins, respectively, and the numbers give the trion spin projections. The polarized optical
transitions are shown by the red (σ+) and blue (σ−) arrows. The more intense emission, shown by the thicker arrows, comes from the lowest-energy
trion state with spin−3/2 for the negative trion and with spin−1/2 for the positive trion. (c) Trion and exciton DCP as a function of pulsed magnetic
field at T = 1.5 K.
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= 100 ps is the bright exciton radiative recombination time20 and
ΓF≪ ΓA. One sees in Figure 2d (top panel) that with increasing
temperature the longer component decays faster, while the fast
component decays slower.
Degree of Circular Polarization (DCP). Excitons and

trions differ in their spin level structure and as a result in their
polarized emission in an external magnetic field. One can exploit
this difference to identify the origin of the emission lines and also
to distinguish negative and positive trions. This was demon-
strated for CdSe-based spherical quantum dots10 as well as for
NPLs.11,24

The PL spectrum at B = 15 T is shown in Figure 3a. The
intensities of the right-handed (σ+) and left-handed (σ−)
polarized components, I+ and I−, are shown by the red and blue
lines, respectively. The σ− polarized emission dominates across
the whole spectrum, so that the DCP, Pc = (I

+− I−)/(I+ + I−), is
negative (cyan crosses). The DCP arises from the Zeeman
effect, i.e., the splitting of the spin sublevels of excitons and
trions. For both, the splitting energy is ΔEZ = gμBB, where g is
the g-factor and μB is the Bohr magneton. The selection rules for
the optical transitions from these spin-split sublevels determine
the polarization of the emitted photons. When kBT≪ ΔEZ, the
lowest Zeeman-split sublevel has a higher occupation and
dominates the emission, so that the emission becomes circularly
polarized. Note that for the DCP modeling for ensemble of
NPLs the g-factor anisotropy and various orientations of the
NPLs with respect to the external magnetic field direction need
to be taken into account. The respective formalism for colloidal
nanostructures has been developed in refs 10, 24, and 25.
Figure 3b shows all possible circularly polarized optical

transitions of the trions that are allowed in the electric-dipole
approximation, i.e., transitions which change the initial spin by
+1 (σ+, red) or −1 (σ−, blue). Thicker lines indicate transitions
from sublevels with higher occupation, which dominate the
emission. Importantly, in CdSe, the hole and the electron g-
factors have opposite signs, gh < 0 and ge > 0, which mandates
that the electron with spin−1/2 and the hole with spin−3/2 are
the low-energy states. The negatively charged trions comprise
two electrons in a singlet state; therefore, the hole g-factor alone
determines the net Zeeman splitting, so that the lowest sublevel
with dominant occupation is −3/2 (Figure 3b, left). The

emission from this sublevel is σ− circularly polarized. The
positively charged trions have two holes in a singlet state, and
therefore, the electron g-factor alone determines the net Zeeman
splitting (Figure 3b, right). The lowest spin sublevel with
dominant occupation is−1/2, and the allowed optical transition
is σ+ circularly polarized. Hence, by measuring the DCP sign, σ+

or σ−, one can unambiguously distinguish between positively
and negatively charged trions.
As shown in Figure 3, the negative DCP sign for the low-

energy line indicates that it originates from negatively charged
trions. Therefore, we conclude that our bare-core CdSe NPLs
are partially charged, at least at low temperatures. Similar to
CdSe/CdS core/thick-shell QDs10 and CdSe/CdS core/thick-
shell NPLs,11 this charge is negative.
The magnetic field dependences of the DCP are also very

different for excitons and trions. The exciton DCP depends non-
monotonically on the magnetic field strength (Figure 3c, pink
circles). In relatively weak magnetic fields (B ≤ 3 T), the DCP
value quickly increases from zero at B = 0 up to−38% due to the
exchange interaction with surface spins, providing an additional
contribution to the exciton Zeeman splitting Eexch.

24 This
interaction increases the Zeeman splitting, ΔEZ

eff = ΔEZ + Eexch,
so that the net DCP value becomes larger than the value
expected for structures without surface spins. In B > 3 T, the
exciton DCP decreases due to the interplay between
horizontally and vertically oriented NPL subensembles and
saturates at a value of −13% in the magnetic field range 30−60
T. Details of this behavior and its model description are given in
ref 24 and go beyond the scope of the present paper.
On the contrary, the trion DCP value increases linearly with

the magnetic field reaching −0.15 in B = 60 T (Figure 3c, green
squares). We conclude that the interaction with the surface spins
does not play a role for the negatively charged trions. Two
obvious reasons for that are (i) the two electrons in the trion
combine to a singlet state with zero spin and (ii) due to larger
effective mass the hole has smaller wave function density at the
NPL surface compared to the electron, and therefore should
interact more weakly with surface spins.
Note that the very different polarization properties of the

high-energy and low-energy emission lines allow us to exclude
LO phonon assisted exciton recombination and excimer

Figure 4. PL evolution of the 5MLNPLs under illumination with a laser power of 10mW/cm2 atT = 4.2 K. (a) PL spectra measured under continuous
illumination over the course of 1000 s (from green to red). The spectrum acquisition time is 1 s. The exciton intensity decreases, while the trion
intensity increases. (b) Normalized peak intensity of exciton and trion lines over illumination time. (c) Temporal evolution of the total spectrally
integrated PL intensity. In panels b and c, open symbols are measured under continuous illumination and closed symbols are for the sample kept in
darkness except for the short PL acquisition time. The last data points at 6.2 h are acquired after the sample is warmed to room temperature and cooled
again to 4.2 K. This temperature treatment erases the photocharging effect.
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recombination from the possible origins of the low-energy line.
The DCP of the LO phonon assisted exciton recombination is
expected to follow the exciton polarization. One can also expect
the excimer spin properties to be close to those of the exciton, as
the excimer is contributed by the exciton. The role of the surface
spins can be different for the excimers from that for the exciton,
depending on the surface modification in NPL stacks. However,
even in the absence of surface spin effects, we would expect the
intrinsic Zeeman splitting of an excimer to exhibit a much larger
DCP than that of the low-energy line in Figure 3c. Note that in
the 5 ML NPLs ge = 1.62.25

The hole g-factor can be estimated from the magnetic field
dependence of the trion DCP by fitting it with Pc = Pc

eq

tanh(ΔEZ/2kBT), where Pc
eq is the DCP saturation value in

very strong magnetic fields and ΔEZ = 3ghμBB is the hole
Zeeman splitting.11 As we did not reach clear DCP saturation in
any sample (Figure S3a), we chose for the evaluation the two
limiting values of Pc

eq: the largest possible DCP (−1) provides a
lower gh limit, while the highest measured DCP (−0.15 in 5ML)
provides an upper gh estimate. The resulting gh is in the range
from −0.03 to −0.2. These values are in good agreement with
theoretical estimations using a parabolic confining potential (gh
≈ −0.1)11 but differ from the value measured in CdSe/CdS
NPLs with thick shells (gh ≈ −0.5).11
Photocharging Dynamics of NPLs. Our NPLs exhibit

photoinduced modifications of the PL spectra for long-term
laser illumination with 10 mW/cm2. Figure 4a shows PL spectra
measured at various times while continuously excited over a total
span of 1000 s. The exciton PL intensity steadily decreases, while
the trion intensity grows. The time evolution of the trion and
exciton peak intensities are given in Figure 4b. The strong initial
changes saturate after 20 min of illumination (open symbols).
The exciton fraction in the total PL intensity decreases from 50%
at zero time to 27% after 2 h, while the trion fraction increases
from 50 to 73% (Figure S4). It is natural to assign this effect to
the NPL photocharging, as the trion emission is due to singly
charged NPLs. The photocharging is very stable at low
temperatures and persists in the darkness for at least 5 h. The
closed symbols in Figure 4b are measured for the sample kept
without illumination except for the very short measurement
times for recording the PL when the laser is unblocked.
However, heating the sample up to room temperature erases the
photocharging. When the sample is cooled down again to T =
4.2 K, the exciton and trion intensities are restored, as one can
see from the data points at 6.2 h. The sum of the PL intensities of
the exciton and trion lines is also sensitive to photocharging. It
decreases by about 15% under illumination but recovers after
warming to room temperature (Figure 4c). The nearly complete
recovery indicates that the observed changes are not caused by
sample degradation under illumination.
Trion Binding Energy. The energy separation between the

exciton and trion lines can be interpreted as the trion binding
energy Eb

T. As one can see in Figure 1c, it increases from 18 to 30
meV with reducing NPL thickness from 5 ML down to 3 ML.
This is the expected behavior for charged excitons, for which the
binding energy increases with reduction of the dimensionality
from 3D to 2D. Importantly, the shifts between the exciton and
trion lines do not match the LO phonon energy of 25.4 meV22,30

(see the dashed line in Figure 1c). This rules out the assignment
of the low-energy line to an LO phonon assisted exciton
recombination mechanism.
It is instructive to compare the trion binding energy in CdSe

NPLs with that in epitaxially grown quantum wells (QWs),

where trions and excitons can also be considered as quasi-two-
dimensional. There is no reliable information on trions in CdSe-
based QWs. However, it was shown in ref 31 that the trion
binding energy in QWs based on various other semiconductors
including GaAs, CdTe, and ZnSe shows a universal behavior
when it is normalized to the bulk exciton Rydberg energy, Ry, of
the corresponding materials. In that paper, experimental results
for QWs of different widths were collected and compared with
model calculations. In the quasi-2D limit of very thin QWs, the
exciton binding energy is Eb

X = 4Ry and the trion binding energy
is Eb

T = 0.48Ry, which results in Eb
T/Eb

X = 0.12.31,32 This situation
is obviously an idealization, as the Coulomb interaction is always
acting in three dimensions, leading to a reduced enhancement of
the binding energies. Moreover, in these epitaxial structures,
where the QW is embedded from both sides in semiconductor
material, dielectric enhancement is typically neglected, as the
dielectric constants of QW and barriers are assumed to be
homogeneous. It becomes relevant, however, when the QW is
moved toward the surface.33

In bulk CdSe, Ry = 15 meV.34 By normalizing the trion
binding energy in our NPLs to this value, we get Eb

T/Ry = 1.2−2,
which is up to 4 times larger than that in the epitaxial QWs. Such
an increase originates from the dielectric enhancement effect for
exciton complexes.20,35 Dielectric enhancement occurs in
structures where the excitons are localized in a material with
large dielectric constant, surrounded by a material with
considerably smaller dielectric constant. Our NPLs are
composed of CdSe with a dielectric constant of 6 (the high-
frequency value) to 8.4 (the low-frequency value).20 The
dielectric constant of the surrounding organic ligands is about 2.
The dielectric enhancement effect is taken into account by the
attraction of the exciton electron to a hole image charge and of
the exciton hole to an electron image charge.36,37 For the studied
CdSe NPLs, we have measured exciton binding energies of
160−200 meV for 5−3 ML NPLs (details will be published
elsewhere), which agrees well with the theoretically estimated
values38 and is about 3 times larger than the ideal 2D limit of the
QW case, 4Ry = 60 meV. Interestingly, the ratio of the trion to
exciton binding energy is only weakly affected by the dielectric
enhancement effect and remains in the range Eb

T/Eb
X = 0.11−

0.15. We conclude from the above considerations that both the
exciton and trion binding energies in NPLs are drastically
enhanced (about 3−4 times compared to the 2DQW limit) due
to dielectric enhancement.
In summary, we used several experimental approaches to

uniquely identify the origin of the low-energy emission line in
CdSe nanoplatelets as the emission from negatively charged
excitons (trions). The recombination dynamics and its changes
with temperature and magnetic field, spectral changes, and spin
polarization induced by a strong magnetic field contributed to
the identification. The trion binding energy varies from 18 meV
in 5 ML NPLs to 30 meV in 3 ML samples; its large value is to a
great extent provided by dielectric enhancement.

■ METHODS
Samples. Bare-core CdSe colloidal nanoplatelets with

thicknesses of 3, 4, and 5 monolayers were synthesized
according to the protocol reported in ref 1. They consist of
several (3−5) CdSe monolayers plus an additional Cd layer, so
that both NPL surfaces are Cd-terminated. The detailed
characterization of the samples is given in ref 20. The samples
studied here are from the same batches as in refs 20 and 25
(identical sample labels) and ref 24 (sample 1 corresponds to 4
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ML, and sample 4, to 5 ML). For low-temperature measure-
ments, the NPLs were drop-cast onto quartz plates.
Absorption Measurements. For the absorption spectra

measurements at T = 4.2 K, the samples were immersed in a
liquid helium bath optical cryostat and illuminated by an
incandescent lamp with a broad spectrum. The transmitted light
was dispersed by means of a 0.55 m spectrometer and detected
by a liquid-nitrogen-cooled charge-coupled-device (CCD)
camera.
Photoluminescence Excitation (PLE) Spectra Meas-

urements. For the PLE spectra measurements at T = 4.2 K, the
samples were excited with laser pulses with a pulse duration of
∼2.5 ps, a line width of ∼0.23 nm, a repetition frequency of 30
kHz, and an average excitation density of 100 mW/cm2. The
laser wavelength was tuned across the corresponding exciton
transitions. To reduce the scattered laser light, the PL was
filtered with a corresponding band-pass filter and then with a
0.55 m spectrometer before being detected with a CCD at the
low-energy tails of the spectra, e.g., at 2.28 eV in 5 ML NPLs.
Magneto-Optical Measurements in dc Magnetic

Fields. The samples were mounted in a titanium sample holder
on top of a three-axis piezo-positioner and placed in the variable
temperature insert (2.2−70 K) of a liquid helium bath cryostat
equipped with a superconducting solenoid (magnetic fields up
to 15 T). The measurements were performed in the Faraday
geometry (light excitation and detection parallel to the magnetic
field direction). The photoluminescence was excited using a
pulsed diode laser (photon energy 3.06 eV, wavelength 405 nm,
pulse duration 50 ps, pulse repetition rate between 0.8 and 5
MHz) with a weak average excitation density of 10 mW/cm2.
The PL was detected in backscattering geometry, dispersed with
a 0.55 m spectrometer and measured either by a liquid-nitrogen-
cooled CCD camera or a Si avalanche photodiode. The PL
circular polarization degree was analyzed by a combination of a
quarter-wave plate and a linear polarizer.
Magneto-Optical Measurements in Pulsed Magnetic

Fields. The samples were mounted on a custom fiber-coupled
probe in a helium bath cryostat with a long tail extending into the
bore of a 65 T pulsed magnet. The experiments were performed
at T = 1.5 K. The pump laser light was directed to the sample
using a 600 μm diameter multimode optical fiber; the same fiber
was used to collect the emitted PL. Thin film circular polarizers
were used to select σ− and σ+ polarized PL. Full optical spectra
were acquired every 1 ms continuously throughout the magnet
pulse using a fast CCD camera. To switch between σ− and σ+

polarization, we switched the direction of the current in the
magnet.
Time-Resolved Measurements with an Avalanche

Photodiode. The samples were excited with a pulsed diode
laser (see above). The PL decay was measured with a Si
avalanche photodiode connected to a conventional time-
correlated single-photon counting setup. The instrumental
response time was about 200 ps.
Time-Resolved Measurements with a Streak Camera.

The NPLs were excited by a frequency-doubled mode-locked
Ti-sapphire laser (photon energy 3.06 eV, wavelength 405 nm,
pulse duration 2 ps, repetition rate 76 MHz). Time-resolved PL
spectra were recorded by a streak camera attached to a 0.5 m
spectrometer, providing a temporal and spectral resolution of
≲5 ps and ≲1 nm. The samples were immersed in the variable
temperature insert of a bath cryostat (2−60 K temperature
range); the average excitation power was 10 mW/cm2.
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Mateŕiaux, ESPCI, CNRS, 75231 Paris, France

Benoit Dubertret − Laboratoire de Physique et d’Etude des
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