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ABSTRACT: At cryogenic temperatures, the photoluminescence spec-
trum of CdSe nanoplatelets (NPLs) usually consists of multiple emission
lines, the origin of which is still under debate. While there seems to be
consensus that both neutral excitons and trions contribute to the NPL
emission, the prominent role of trions is rather puzzling. In this work, we
demonstrate that Förster resonant energy transfer in stacks of NPLs
combined with hole trap states in specific NPLs within the stack trigger
trion formation, while single NPL spectra are dominated by neutral
excitonic emission. This interpretation is verified by implementing copper
(Cu+) dopants into the lattice as intentional hole traps. Trion emission
gets strongly enhanced, and due to the large amount of hole trapping Cu+ states in each single NPL, trion formation does not
necessarily require stacking of NPLs. Thus, the ratio between trion and neutral exciton emission can be controlled by either
changing the amount of stacked NPLs during sample preparation or implementing copper dopants into the lattice which act as
additional hole traps.
KEYWORDS: CdSe nanoplatelets, photoluminescence, trion, exciton, copper doping, single nanoplatelet spectroscopy, FRET

Quasi two-dimensional colloidal semiconductor nanoplatelets
(NPLs, also known as colloidal quantum wells (CQWs)) can
be synthesized with a precise thickness of only a few atomic
layers leading to a strong vertical quantum confinement.1,2

CdSe-based NPLs show excellent electronic and optical
properties, such as ultra narrow absorption and emission
lines,3 high quantum yield,4 giant oscillator strength5 and
ultralow threshold lasing6 and have been proven themselves as
excellent candidates for numerous applications, including
lasers,7 light emitting diodes,8 photodetectors9 and photo-
transistors.10 Doping the NPLs adds an additional degree of
freedom for tuning their optoelectronic properties and
extending the range of applications. Among the several
successfully implemented transition metal dopants into CdSe
NPLs, copper doping results in midgap states, which lead to a
long lifetime Stokes-shifted emission,11−14 essential for
applications including, e.g., luminescent solar concentrators
with near-unity efficiency15 and photocatalysts.16

Due to their large oscillator strength, their monodispersity,
and their ability to stack densely, NPLs have proven
themselves as a platform for an ultraefficient Förster resonant
energy transfer (FRET), a nonradiative dipole−dipole
interaction between donors and acceptors.17 In a stack of
NPLs an exciton in a certain NPL recombines and transfers its
energy nonradiatively to a neighboring NPL (funneling).
Hereby, the transfer efficiency is determined by the spectral

overlap of emission and absorption of the two NPLs and their
distance. If donors and acceptors are from different species
(e.g., NPLs consisting of a different number of monolayers)
the energy transfer is called hetero-FRET, which can be
directly accessed.18 In case donor and acceptor are from the
same species (e.g., NPLs with the same number of monolayers,
homo-FRET), the overlap of emission and absorption from the
donor and the acceptor, respectively, is significantly enhanced,
i.e. the Stokes shift is very small. This drastically increases the
FRET efficiency, which can lead to an exciton transfer via
FRET of up to 500 nm within a stack before the excitons are
recombining radiatively.19 This exciton diffusion through a
stack of NPLs has been argued to lead to a quenching of the
photoluminescence (PL)20,21 or even to a collective blinking of
a single stack of NPLs.22

It has been shown that at temperatures below 100 K the PL
spectrum of CdSe NPLs consists of two or even three well
separated emission lines.23−25 One line is usually attributed to
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the neutral exciton emission, whereas the origin of the other
lines is still under debate. Possible explanations that have been
given are phonon modes,23 higher excitonic states,26,27

excimers,28 free excitons,29 or biexcitons.30 Recently, several
publications provided strong arguments to attribute the low
energy line of the multiplet to a negative trion emission.25,31,32

A work that observed three peaks in one spectrum is published
by Antolinez et al.32 Here, the energetically highest line is
attributed to an exciton transition, the middle one to the trion
and the lowest energy line to an electron shakeup line of the
trion, as detailed by the same group.33 In contrast to the
excitonic ground state, the trionic ground state is a spin singlet
state that does not exhibit exchange splitting,34 which leads to
one major advantage compared to the excitonic one: with no
dark/bright state splitting, trion emission is a favorable
characteristic for single photon emitters that are used in
quantum information applications. Therefore, developing a
comprehensive understanding of the recombination mecha-
nisms in NPLs, in particular the role of trion formation, its
radiative emission, and methods to control it are critical for
future applications.

In this work, we investigated 4 monolayer (ML) thick
undoped and Cu-doped CdSe core NPLs by a plethora of
optical spectroscopy techniques. Comparing ensemble meas-
urements to single particle spectroscopy of undoped NPLs, we
demonstrate how Förster resonant energy transfer (FRET) and
hole trap states in stacks of NPLs induce enhanced trion
emission, while single NPLs spectra are dominated by neutral
excitonic emission. Time resolved photoluminescence spec-
troscopy of NPL films with different layer thickness is used to
understand the dynamics of trion formation and p-state
emission, respectively. We confirm trap assisted trion
formation by adjusting the thickness of a NPL film and
intentional copper doping, respectively, paving the path for
deliberately tuning trion formation and emission.

Sample preparation including the synthesis of 4 ML CdSe
NPLs (thickness: ∼1.2 nm)35 and in situ Cu-doped CdSe
NPLs are detailed in the method section and can be found
elsewhere.13,15,30,36,37 To identify the dominant emission lines
of the NPLs, we compared temperature-dependent emission
and absorption spectra of drop casted thick films (Figure 1).
The absorption is dominated over the entire temperature range
by a low energetic heavy hole exciton transition (∼2.45 eV at
290 K) and a high energetic light hole exciton transition (∼2.6
eV at 290 K) as expected.4,38,39 The PL, however, shows at 50
K two clearly distinguishable emission lines that are energeti-
cally below the absorption resonance of the heavy hole exciton.
With rising temperature, the low energy emission line
apparently vanishes. As the absorption resonance of the
heavy hole exciton clearly follows the high energy emission
line, we conclude that the high energy line of the emission
doublet is of neutral excitonic origin (X0). Obviously, the low
energy line of the doublet does not originate from electroni-
cally coupled quantum wells in the NPL stacks as an electronic
coupling would also imply a shift in the absorption spectra.
Thus, the low energy line of the doublet can be attributed to
trion emission (X−), in agreement with literature.25,31,32

The detailed normalized temperature-dependent macro-PL
spectra of a drop cast film of 4 ML thick, undoped CdSe NPLs
are shown in Figure 2a. With increasing temperature, the ratio
between trion and exciton emission decreases continuously,
which is explained by thermally activated nonradiative Auger
recombination that directly competes with radiative trion

emission.32 A detailed explanation of the competing recombi-
nation mechanisms in this material system is given below.

The film thickness dependent micro-PL spectra of the same
batch of NPLs are depicted in Figure 2b (top). The total
thickness in the figure ranges from ∼350 to ∼10 nm as
confirmed by confocal optical microscopy (Figure SI1).
Interestingly, the film thickness has a strong influence on the
PL signatures: The larger the film thickness, the more
dominant the trion emission in comparison to the exciton
one. This raises the question, whether collective effects caused
by stacking the NPLs are boosting trion emission. It must be
noted that in addition to the two main emission lines, a third

Figure 1. Comparison of the temperature-dependent absorbance
(Abs) and photoluminescence (PL) spectra of 4 ML thick CdSe
NPLs. Indicated energy values mark the Stokes shift of the
emission lines with respect to the heavy hole absorption peak.

Figure 2. a) Temperature-dependent normalized PL spectra of 4
ML thick CdSe NPLs. Dashed line is a guide to the eye
emphasizing the center between the neutral exciton (X0) and the
trion emission line (X−) with rising temperature. b) Top: Film
thickness dependent normalized PL spectra of the same batch of 4
ML CdSe NPLs at T = 4 K for film thicknesses of ∼350 to ∼10 nm
(topography details are provided in Figure SI1). Dashed line is a
guide to the eye to distinguish between the neutral exciton and the
trion emission. Bottom: histogram of the occurrence of the
emission peak positions of 90 single NPL spectra at T = 4 K.
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emission feature appears at the higher energy side of the
spectrum at approximately 2.53 eV for smaller film thicknesses
(Figure 2b), which will be discussed in more detail below.

To completely prevent interactions between NPLs and their
stacking, single NPL spectroscopy is a powerful tool (detailed
sample preparation in SI). A histogram of the peak positions
collected from 90 different single NPL spectra is shown in
Figure 2b (bottom, see Figure SI2 for some exemplary
spectra). Interestingly, the single NPL spectra are clearly
dominated by neutral excitonic emission with negligible trionic
emission.

Since we expect the energetical lowest emission line to
originate from a trion, we aim to test for trionic behavior. One
strong indication of trion emission is photo charging via laser
illumination that is expected to lead to an enhancement of the
trion emission compared to the excitonic one due to hole
trapping, e.g., by surface defect states.31 We compare photo
charging in thick NPL film (thickness ∼350 nm, sample 1)
having a large amount of NPL stacks with a thin film
(thickness ∼10 nm, sample 2) with negligible stacking, and
measured them under the exact same conditions (see SI for
preparation and experimental details). Confocal microscopy
topography measurements have been used to extract the
respective film thickness (Figure SI1).

The change of the PL emission during 300 s of laser
illumination at T = 7 K is presented in Figure 3a (thick film,
sample 1) and Figure 3b (thin film, sample 2). For a better
understanding, the three main peaks that can be observed in
these two samples are named according to our assignment.
The trion X− is the low energy line and the neutral exciton X0

is the medium one, whereas the high energy line is named X*.
Note that X* is not observed in the thick film and X− is
neglectable in the thin film.

In the case of the thick film, photo darkening for the exciton
is observed, while at the same time, the trion emission is
getting stronger. This is indeed in accordance with the
expected behavior for those two lines and supports the
assignment of the X0 and X− lines as outlined above and
discussed in ref 31. The behavior for the thin sample differs
significantly from that of the thick one. Here, photo darkening
is observed for both, X0 and X* emission, which strongly
suggests that none of the two main peaks in Figure 3b
originates from a trion emission. Thus, they might have an
excitonic origin. The origin of X* could potentially be related
to excitons formed from the p-states of electrons and holes,
respectively, as it was argued by Achtstein et al.26 Another
argument against trion formation in the thin film is the
different energy spacing between X− and X0 (26 meV, Figure
3a) and X0 and X* (32 meV, Figure 3b). We can safely
conclude that the exciton (X0) is always visible, while the trion
(X−) is only visible in thick films, and the emission from a
higher energetic state (X*) is only visible in thin films.

The tentative assignments of the three peaks need further
proof. Each recombination mechanism follows a specific
radiative decay rate, which can be accessed by time-resolved
fluorescence (TRPL) spectroscopy. For that purpose, we
performed TRPL spectroscopy on the exact same samples
discussed in Figure 3a,b directly after the photo charging
experiments. Streak camera images of the emission from thick
and thin films are depicted in Figure 3c,e, respectively. Figure
3c shows the PL traces of X− (lower energy, longer decay
time) and X0 (higher energy, shorter decay time) emission,
whereas Figure 3e visualizes the PL traces of X0 (lower energy,
longer decay time) and X* (higher energy, shorter decay time)
emission. Selected PL spectra at specific times are shown in

Figure 3. PL spectra of (a) a drop casted thick film (sample 1) and (b) a diluted and spin coated thin film (sample 2) of the same batch of 4
ML thick CdSe NPLs at 7 K, measured under the same conditions. Peaks are named as X− (trion), X0 (exciton), and X* (higher excitonic
state). Measurements have been performed between 0 s (blue) and 300 s (red) of laser illumination with an integration time of 0.5 s per
spectrum (a, thick film) and 1 s per spectrum (b, thin film), respectively. (c) Color plots of TRPL spectra at 7 K of the thick film (X− and X0

are visible) and (e) of the thin film (X0 and X* are visible), respectively. (d, f) Corresponding decay curves extracted from the data shown in
(c, e), respectively, averaged over ±1 meV around the given energy.
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Figure SI3. Associated normalized PL decay curves for specific
energies are depicted in Figure 3d,f, respectively.

Based on the photo charging studies of the thin film (Figure
3b), we assigned the X* line to neutral p-like higher excitonic
states, in accordance with literature.27,40 After excitation, a fast
relaxation from these p-states into the ground s-states via
phonon-assisted scattering is expected.26 Indeed, the X* PL
decay in Figure 3f) is dominated by a short time constant (τ ≈
21 ps). In addition, there is an offset of 26 ps between the PL
maxima of X0 and X* emission, which fits well with the lifetime
of the short component of the X* line. Both hints to a very fast
transfer from the higher excitonic p-states to the excitonic
ground s-states. Ayari et al. solved the rate equations for the
specific case of an upper p-state and a lower s-state and their
results fit nicely to our TRPL data of the thin film.41 In the
work of Achtstein et al.26 it is claimed that the splitting
between ground and excited states depends on the lateral NPL
sizes. In our case the energy splitting is 32 meV, which would
lead to an NPL area of approximately 175 nm2, which is in
good agreement with our NPL sizes of (15.3 ± 0.9) x (13.7 ±
1.6) nm2 as confirmed by TEM images (Figure SI4).

The radiative trion lifetime is expected to be in the range of
several 100 ps.31 Indeed, for the thick film, the trion (X−)
decays approximately monoexponentially in the observed time
frame with a lifetime τ ≈ 450 ps (Figure 3d, black curve). In
contrast, the neutral exciton (X0) decay consists of a short
component (τ1 ≈ 55 ps) and a long one (τ2 ≈ 800 ps) (see
Figure 3d, red curve). These two components are often
attributed to a fast relaxation of the exciton from the bright
into the dark state (bright dark splitting ∼5 meV for 4 ML
CdSe NPLs),24,25 followed by the slow recombination from the
dark state that leads to the long component if the temperature
is below 10 K.25,31,42 In our case, however, the X0 emission in
the thin film (Figure 3f, red curve) decays monoexponentially
with a lifetime of τ ≈ 140 ps. This apparently contradicts to the
interpretation that the biexponential decay of the neutral
exciton X0 seen in the thick film (Figure 3d) is related to the
interplay between bright and dark exciton emission.

Interestingly, in the thick film, the neutral exciton X0 decays
directly after excitation, whereas there is an offset of ∼80 ps
until the trion emission X− reaches its maximum. I.e. at time
zero there is no trion formed yet, but formation takes some
time. We thus attribute the fast decay component of the
neutral exciton decay (Figure 3d) to trion formation, i.e. trions
form out of neutral excitons in thick NPL layers. In contrast,
trion formation is inhibited in thin NPL layers.

These results show unambiguously a strong influence of the
film thickness and thus of the coupling between the NPLs on
the photoluminescence, particularly the trion emission. To
fathom how a thick film can lead to enhanced trion emission, it
is necessary to understand that NPLs tend to self-assemble into
stacks if the conditions are appropriate. For the thick films
formed by drop casting, the amount of NPLs on the substrate
is much higher and the time to form a superstructure is very
long, which leads to a stacking of the NPLs (see Figure SI4,
NPLs have been drop casted onto a TEM grid). By spin
coating the NPL onto the substrate as done for the thin film,
the NPLs are driven apart from each other and tend to be
more isolated. Thus, we suppose that the main difference
between a “thick film” and a “thin film” is the varying ratio of
stacked and individual NPLs and the height of NPL stacks.

Importantly, in a stack of NPLs an additional ultrafast
mechanism of Förster resonant energy transfer (FRET) needs

to be considered,18 which leads to an ultraefficient exciton
transfer between the stacked NPLs and is not present in
isolated NPLs. The transfer happens nonradiatively via
dipole−dipole exchange interactions. It has been shown that
the heavy-hole exciton transition dipoles in NPLs are strongly
in-plane oriented. This results in a directed out-of-plane
emission that favors the efficiency of the transfer.43 For an
efficient FRET, a spectral overlap of the absorption spectrum
of the transferring donor material and the emission spectrum
of the receiving acceptor material is necessary. Due to the low
Stokes shift, CdSe NPLs fulfill this condition excellently. It has
been shown that exciton migration via homo-FRET (i.e.,
FRET between the same species) like in our case can be over a
range of more than 100 nm with an exciton transfer time of 3
ps.20 Moreover it is important to know that CdSe NPLs are
prone to have defect states due to poor surface passiva-
tion44−46 or Cd vacancies,47−49 that can efficiently trap the
holes.20,50

Taking the above-mentioned effects into account, the
enhanced trion emission in thick films, i.e., stacked NPLs,
can be explained. The proposed model is shown in Figure 4.
Assuming an exciton generation in a NPL inside a stack, the
fastest mechanism that is present in the system is homo-FRET.
A NPL with defect states can trap the hole of the migrating
exciton efficiently.51 The more extended the NPL stack the
more likely a hole is getting trapped, and the electron stays in
the same NPL as the only free charge carrier, since FRET is
now suppressed. If now a second exciton is generated
somewhere in the NPL stack, it can get transferred through
the stack via FRET and might at some point reach the NPL
with the trapped hole and the free electron. In that case, a
three-particle state forms, consisting of two electrons and one
hole. This trion is pinned to that specific NPL by the trion
binding energy and an efficient FRET to a neighboring platelet
is less likely due to the enhanced Stokes shift of trion emission
and exciton absorption. This three-particle state can now either
recombine nonradiatively via Auger recombination or
radiatively as a trion. Hole trapping and formation of a
three-particle state has already been shown to quench exciton
PL at room temperature, since the Auger pathway is faster than
the radiative trion pathway under those conditions.20,22 Since it
has been shown experimentally in isolated NPL stacks that the
FRET range can be as high as 500 nm,19 we expect trion
formation to increase the more NPLs are present within a
stack, if the stack is smaller than the FRET range of about 500
nm.

With this model idea, we can now explain the origin of the
three different emission lines as shown in Figures 2 and 3. The
enhanced trion emission in stacked NPLs at low temperatures
is due to the higher probability that a hole gets trapped in a
distinct NPL of a stack and that a second exciton is excited in
the same stack. As depicted in Figure 4, the second exciton can
then be transferred to the NPL with the trapped hole and
combine radiatively as a trion. This scenario can also explain
the transient decay of exciton luminescence observed in drop-
casted “thick” films, in which the short component of the
exciton emission represents the dynamics of trion formation
via FRET of a photogenerated exciton to a NPL with a trapped
hole (Figure 3d). This fast component is not present for
neutral exciton emission X0 in the isolated NPL (see Figure
3f), since without FRET trion formation is less likely. Thus, the
decay of the neutral exciton emission in “thin” films is due to
radiative recombination, probably overlaid by some transfer of
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the bright exciton into the dark state. The reason why the p-
state is only visible for isolated NPLs (see Figure 3b) might
very well be that FRET is more efficient for higher excitonic
states, which decreases the probability of a radiative emission
of a p-state. This is caused by the larger overlap of CdSe
absorption and p-state emission, which favors FRET.

The vanishing of the trion emission at elevated temperatures
as seen in Figure 2a originates in a changing ratio of the
lifetimes of the two pathways (radiative trion or nonradiative
Auger recombination). First, the trion recombination rate at 5
K is significantly faster than at room temperature,52,53 which
makes the radiative path at low temperatures more likely.
Second, the Auger recombination rate can increase with rising
temperature. This is e.g. shown in core/shell quantum dots,
where the thermal energy can delocalize one of the electrons of
the trion to the surface leading to surface-assisted Auger
recombination.54 Additionally, an increase of the temperature
can lead to a thermal detrapping of the captured hole, which
can then lead to the formation of a biexciton complex that

consists of four particles and possesses an Auger recombination
rate approximately double the one from a trion.55

In the light of our findings, we may recap the emission
characteristics of CdSe NPLs reported in literature. Achtstein
et al.26 embedded the NPLs in a polymer matrix to avoid any
aggregation or FRET effects and found a distinct p-state
luminescence like it is the case for our thin film samples
(Figure 3b), where aggregation is suppressed. Shornikova et
al.,31 however, drop-casted the NPLs onto a substrate and
observed prominent trion emission. Self-assembled NPL stacks
can form as a result of the drop casting, and FRET can take
place, which supports trion emission, in agreement with our
results.

If hole trap states are responsible for the enhanced trion
emission, it should be possible to intentionally dope the NPLs
with a hole trapping element like copper, which is incorporated
as Cu+, to enhance trion emission. In the investigated sample
the average number of copper dopants is about 200 (i.e., Cu/
Cd atomic concentration of ∼1.2%) according to ref 37, where
the same synthesis recipe was used. This dopant concentration
ensures that hole trapping by Cu+ states is the dominant
mechanism compared to hole trapping by defects, while at the
same time prevents Cu−Cu interactions. In Figure 5a) the

band edge PL at 10 K of a thick film of undoped 4 ML CdSe
NPLs (data from Figure 2a) is compared to that of a 4 ML
Cu:CdSe NPL film, that has been prepared in exactly the same
way. An extended energy range of the PL spectra showing the
copper transition is depicted in Figure SI5. Interestingly, the
trion to exciton ratio is significantly enhanced in the doped
sample, as expected by our model idea. The adapted model for
copper doped systems is shown in Figure 5b). In contrast to
undoped NPLs, in which not all NPLs have hole trap states,

Figure 4. Model for a FRET-induced trion emission in a stack of
self-assembled NPLs. Photogenerated electron−hole pair can
funnel through the stack via ultrafast homo-FRET. Specific NPLs
exhibit intra gap states that trap holes, leaving an electron behind.
If a second exciton is excited in the same stack and reaches that
NPL, a negatively charged trion arises (two electrons and one
hole). Two pathways are possible at that point: nonradiative Auger
and radiative trion recombination. Probability of both pathways
depends on their respective recombination times, that can be
changed by external parameters (e.g., temperature).

Figure 5. (a) Comparison of the macro PL spectra of an undoped
(blue) and a copper doped (green) 4 ML CdSe NPL thick film at T
= 10 K that were prepared with the same preparation route. Trion
emission is enhanced upon doping. Peak position of the exciton
(Eex) is the same for both samples, whereas the trion binding
energy for the doped sample (Etr,doped) is smaller than for the
undoped one (Etr,undoped). (b) Extension of the model of Figure 4:
copper states can serve as intentional hole traps to enhance the
probability of a three-particle state. (c) Histogram of 199
evaluated single-particle doped NPL spectra at T = 4 K and the
occurrence of their respective peak positions (dark green). Red
line depicts the cumulative fit of the histogram with two Gaussian
functions with given center energy of 2.49 eV for the trion (X−,
yellow) and of 2.508 eV for the exciton (X0, orange) peak,
respectively.
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now every NPL contains Cu+ states close to the valence band.
Thus, each NPL can trap a hole to change the oxidation state
to Cu2+, which drastically increases the probability of trapping
holes. This trapped hole can now either recombine via metal to
ligand charge transfer (MLCT) with the conduction band
(CB) electron, which leads to the characteristic broad red
emission of copper dopants (see Figure SI5). Alternatively, a
second exciton is generated in the same stack of NPLs before
recombination via copper states occurs, resulting in a trion and
a trapped hole.

In a stack of undoped NPLs, two conditions need to be
fulfilled for observing trion emission: (i) the first excited
exciton needs to be transferred to a NPL with a trap via FRET
and (ii) a second exciton needs to be excited in the same stack
as long as the first hole is trapped. In a stack of doped NPLs,
condition (i) is always fulfilled since in our samples the average
number of Cu+ ions per NPL exceeds 1 by far as mentioned
above. Accordingly, hole traps exist for all NPLs and due to the
long lifetime of the copper state (∼2.7 μs at 17 K)13 compared
to other radiative channels at cryogenic temperatures, there is a
high probability that a second exciton is generated in the same
stack before MLCT recombination takes place. Thus, trion
emission gets more likely. A further proof for the model is that
the ratio between trion emission and copper emission is
strongly power dependent even at low power densities,
although copper states should not saturate in this specific
case (see Figure SI5). For small excitation power densities,
recombination via MLCT is more likely to happen before a
second exciton reaches the trapped hole, whereas at high
excitation power densities, the second exciton reaches the
trapped hole before MLCT can happen and the trion intensity
rises. A similar enhancement of the trion emission has already
been reported for chemically doped CdSe NPLs with electron
donors.56,57

Due to the high amount of hole trap states in Cu:CdSe
NPLs, we expect an enhanced trion emission even for single
NPLs since FRET is not necessary to reach a trap state. For
that purpose, we evaluated the PL spectra of 199 different
copper doped single NPLs (see Figure SI6 for exemplary
spectra). The results are shown in Figure 5c in a histogram that
can be compared to that of the undoped NPLs in Figure 2b
(bottom). To elaborate the effect of trion emission, we fitted
the data of the histogram with two Gaussian functions with
fixed center energy derived from the ensemble spectrum in
Figure 5a (X−: 2.49 eV, X0: 2.508 eV). The resulting
cumulative fit is depicted with a red line and represents the
data very nicely. This lets us conclude that the histogram
derived from the single NPL spectra cannot be described by
neutral excitonic emission only, but trion emission significantly
contributes to the single particle spectra of Cu+-doped CdSe
NPLs, confirming our model idea. Interestingly, the proof of
enhanced trion emission in single Cu-doped NPLs due to hole
trapping is a strong indicator that Cu is indeed incorporated as
Cu+ into the CdSe lattice.

In summary, we identified three different low temperature
emission pathways in 4 ML CdSe NPLs that are strongly
dependent on the amount of NPL stacks in the observed
system. Trion luminescence is shown to distinctively depend
on the amount of hole traps in the system that are accessible by
FRET, leading to enhanced trion formation if stacks of NPLs
are present. In contrast, isolated NPL show dominantly neutral
exciton emission. This model idea is confirmed by implement-
ing copper into CdSe NPLs for creating intentional hole traps,

leading to enhanced trion formation. Our results can thus
consistently explain the controversial findings in literature for
the low temperature NPL emission spectra.

METHODS
Materials. Sodium myristate (≥99.0%), cadmium nitrate tetrahy-

drate (≥99.0%), trioctylphosphine (TOP, 90%), copper(II) acetate,
cadmium acetate dihydrate (Cd(OAc)2 × 2H2O, 98%), selenium
(99.99%), oleic acid (OA, 90%), 1-octadecene (ODE, 90%), n-hexane
(≥97.0% and ≥99.0%), methanol (≥99.7%) and ethanol (absolute)
were purchased from Sigma-Aldrich.
Synthesis of 4 ML CdSe Core NPLs. Four ML CdSe core NPLs

were synthesized according to the recipe in the literature with minor
modifications.58 Beforehand, cadmium myristate was prepared
according to a detailed recipe in the literature.58 In a typical synthesis
of CdSe core NPLs, 360 mg of cadmium myristate, 24 mg of Se and
30 mL of ODE were mixed in a 100 mL flask. The solution was
degassed at 95 °C for 1 h and then the flask was flushed with the
argon gas and the temperature was set to 238 °C. At a temperature
between 190 and 195 °C, when the solution color turns into golden
yellow, 190 mg of Cd(OAc)2 × 2H2O was swiftly added to the
solution. The flask was kept at 238 °C for 6 min for a complete lateral
growth of the NPLs and then 1 mL of OA was injected into the
solution while the flask was quenched in a water bath. The solution
was diluted with 8 mL of hexane and centrifuged at 6000 rpm for 6
min to precipitate out the heavy unwanted species. To precipitate the
NPLs, extra amount of ethanol was added to the supernatant and the
solution was centrifuged at 6000 rpm for 6 min. Finally, the
precipitated NPLs were redispersed in 2 mL of hexane and kept for
further use.
Synthesis of 4 ML Cu:CdSe NPLs. Cu:CdSe NPLs were

synthesized following an in situ synthesis protocol similar to the
CdSe core NPLs.15 First, copper precursor was prepared by dissolving
7.5 mg of copper(II) acetate in 2.5 mL of ODE and 1 mL of TOP.
The solution was mixed for an overnight in the glovebox. The
synthesis procedure for Cu:CdSe NPLs is largely similar to the CdSe
core NPLs, except that before the addition of of Cd(OAc)2 × 2H2O,
150 μL of the Cu precursor was added slowly to the solution. The rest
of the synthesis procedure was the same as CdSe core NPLs.
Preparation of NPL Films. Samples for the macro-PL spectra

(Figures 1, 2a and 5a) and the micro-PL spectra of the thick film
(Figure 3a) were prepared by drop casting 50 μL undiluted source
dispersion (dispersant: n-hexane) onto a 300 nm SiO2/Si substrate.
Confocal microscopy information (e.g., thickness, homogeneity, and
schematics of the whole sample) can be found in Figure SI1a,b.
Samples for the micro-PL spectra of the thin film (four thinnest spots
in Figures 2b and 3b) were prepared by diluting the source dispersion
by a factor of 10 and spin coating 40 μL diluted dispersion onto a 300
nm SiO2/Si substrate (see Table SI1 for detailed parameters).
Confocal microscopy information (e.g., thickness, homogeneity, and
schematics of the whole sample) about the thin film can be found in
Figure SI1c,d.

To achieve a local variation of the film thickness (three thickest
spots in Figure 2b), an additional drop of that diluted dispersion was
placed onto the 300 nm SiO2/Si substrate like shown in Figure SI1e−
h. For that purpose, the pipet tip was dipped into the diluted
dispersion and cautiously brought in contact with the sample. This
leads to a droplet with decreasing thickness from center to edge.

Both samples shown in Figure 3 (sample 1, not diluted, 50 μL drop
casted, see Figure 3a,c,d and sample 2, diluted by a factor of 10, 40 μL
spin coated, see Figure 3b,e,f) were prepared and measured at the
same day with the same batch of NPLs. The spin coating (sample 2)
forces the NPLs to the outside of the substrate and leads to a uniform
thin film (center ∼10 nm, corner ∼100 nm), whereas the drop casting
(sample 1) lets the NPLs assemble themselves and leads to a thick
film (center ∼350 nm, corner ∼300 nm). Further process steps like
mounting in the cryostat and performing TIPL and TRPL
experiments were also performed equally at the same setup and at
the same day.
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Single particle samples (Figures 2b and 5c) were prepared by
diluting the source dispersion by a factor of 1000−10,000 without
adding any polymers and spin coating them onto a 300 nm SiO2/Si
substrate (Table SI1).
Absorption Spectroscopy (Figure 1). For optical absorption

measurements, an UV2550 ultraviolet−visible spectrophotometer
from Shimadzu was used. For that purpose, NPLs have been drop
casted onto quartz substrates. Temperature adjustment between 10
and 300 K was achieved by using a JANIS ST-500 cryostat.
Transmission Electron Microscopy (TEM, Figure SI4). TEM

images were obtained using Tecnai G2 F30 microscope. The samples
were prepared by drop-casting a 100x dilute NPLs solution on the
copper grid.
Macro-PL Spectroscopy (Figures 1, 2a, and5a). Macro-PL

spectra were recorded with a fluorescence spectrophotometer
Fluorolog-3 (FL3−22) with a Picosecond Photon Detection Module
(PPD 850) by Horiba Scientific with a xenon lamp operating at 450
nm as excitation source. Temperature adjustment between 10 and 300
K was achieved by using a JANIS ST-500 cryostat. Excitation and
detection are simultaneously performed across the whole length of the
substrate (power density: 400 μW/cm2).
Micro-PL Spectroscopy (Figures 2b, 5c, SI2, SI5, and SI6).

Photoluminescence spectra were recorded with a μ-PL spectroscopy
setup consisting of a confocal microscope (Attocube attoCFM I,
microscope LT-APO-Vis, NA: 0.82), inserted into a closed-cycle
cryostat (minimum sample temperature: T = 4.0 K), which leads to a
laser spot diameter of approximately 1 μm on the substrate. The
sample chamber was filled with helium as an exchange gas to ensure
the thermal coupling with the cooling environment. The excitation
source was a 450 nm diode laser (PicoQuant LDH-D-C-450), that
was combined with a cleanup filter (Thorlabs FBH450/10−25) and
long-pass edge filter (Semrock - EdgeBasic BLP01−458R-25). Spectra
were recorded using a liquid nitrogen-cooled charge-coupled device
(CCD) camera (Horiba Symphony I, back-illuminated deep depletion
1-LS) in combination with a monochromator setup (Horiba Triax
550). This leads to a spectral resolution of 1.0 meV. Thickness
dependent spectra in Figure 2b were recorded with a power density of
5.7 kW/cm2 and single platelet spectra with varying excitation power
densities ranging from 12 W/cm2 to 5.7 kW/cm2. The spectra were
corrected for the spectral sensitivity of the setup.
(Time-Resolved) PL Spectroscopy (Figures 3 and SI3). PL

spectroscopy was performed with a pulsed frequency doubled
titanium-sapphire laser (Coherent Mira 900-D, frequency of 76
MHz, pulse width of 100 fs) with a laser wavelength of 405 nm
(average power density: 450 W/cm2). The time integrated (TI) PL
spectra of the samples were collected with an iHR320 mono-
chromator and a Symphony II CCD camera from HORIBA Scientific
(spectral resolution: 1.3 meV). Time-resolved (TR) PL spectra were
recorded under the same conditions with a Hamamatsu C5680 streak
camera system operated in photon counting mode. For temperature
adjustment, a Janis ST-300 cryostat cooled with liquid He was used.
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