Letter
pubs.acs.org/NanoLett

Cite This: Nano Lett. 2019, 19, 8495−8502

Observation of Electron Shakeup in CdSe/CdS Core/Shell
Nanoplatelets
Felipe V. Antolinez, Freddy T. Rabouw,† Aurelio A. Rossinelli, Jian Cui,‡ and David J. Norris*
Optical Materials Engineering Laboratory, Department of Mechanical and Process Engineering, ETH Zurich, 8092 Zurich,
Switzerland

Downloaded via UTRECHT UNIV on December 12, 2019 at 12:58:06 (UTC).
See https://pubs.acs.org/sharingguidelines for options on how to legitimately share published articles.

S Supporting Information
*

ABSTRACT: While ensembles of CdSe nanoplatelets
(NPLs) show remarkably narrow photoluminescence line
widths at room temperature, adding a CdS shell to increase
their ﬂuorescence eﬃciency and photostability causes line
width broadening. Moreover, ensemble emission spectra of
CdSe/CdS core/shell NPLs become strongly asymmetric at
cryogenic temperatures. If the origin of these eﬀects were
understood, this could potentially lead to stable core/shell
NPLs with narrower emission, which would be advantageous
for applications. To move in this direction, we report timeresolved emission spectra of individual CdSe/CdS core/shell
NPLs at 4 K. We observe surprisingly complex emission
spectra that contain multiple spectrally narrow emission features that change during the experiment. With machine-learning
algorithms, we can extract characteristic peak energy diﬀerences in these spectra. We show that they are consistent with electron
“shakeup lines” from negatively charged trions. In this process, an electron−hole pair recombines radiatively but gives part of its
energy to the remaining electron by exciting it into a higher single-electron level. This “shakeup” mechanism is enabled in our
NPLs due to strong exciton binding and weak lateral conﬁnement of the charge carriers. Time-resolved single-photon-counting
measurements and numerical calculations suggest that spectral jumps in the emission features originate from ﬂuctuations in the
conﬁnement potential caused by microscopic structural changes on the NPL surface (e.g., due to mobile surface charges). Our
results provide valuable insights into line width broadening mechanisms in colloidal NPLs.
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NPLs also suﬀer from signiﬁcant nonradiative losses, as
evidenced by their limited photoluminescence (PL) quantum
eﬃciencies and strong ﬂuorescence intermittency on the
single-particle level.13 Thus, applications relying on ensembles
of NPLs typically suﬀer from poor ﬂuorescence quantum yield
(QY) and photostability.
A well-known strategy to enhance QY and photostability of
semiconductor nanocrystals is to coat the active “core” material
with a higher-bandgap semiconductor “shell,” thereby protecting the photoexcited charge carriers from the environment and
passivating surface defects.14−16 To implement this approach
in NPLs, procedures have been developed to overcoat CdSe
NPLs with a CdS shell using colloidal atomic-layer
deposition17,18 or high-temperature continuous growth.19
While the inorganic shell improves the QY and leads to
more stable emission from individual NPLs, it also increases
the room-temperature ensemble emission line width to ∼60
meV. The broadening of the emission line width has been
attributed to increased phonon coupling.19 However, the

ver the past decade, colloidal semiconductor nanocrystals with quasi-two-dimensional (2D) shapes have been
introduced. Although this new class of nanomaterials includes
semiconductor nanoribbons,1 nanosheets,2 and quantum
belts,3 arguably the most heavily studied system has been the
semiconductor nanoplatelet (NPL).4,5 NPLs consist of ﬂat
quasi-rectangular particles that have a uniform and atomically
precise thickness. Amazingly, NPL samples can be synthesized
in which all particles have the same thickness [e.g., 4
monolayers (MLs)]. Because this dimension determines the
energy of photogenerated electron−hole pairs (or excitons),
this uniformity results in extremely narrow ﬂuorescence line
widths (e.g., ∼35 meV for 4 ML CdSe NPLs).6−8 Thus,
compared to samples of quasi-spherical quantum dots, for
which residual size distributions always broaden the emission
spectra, NPLs provide better color purity for applications in
displays, lighting, and lasers.
The underlying photophysical properties of NPLs are largely
governed by the strong electron−hole interaction of the
exciton. Due to the dielectric-conﬁnement eﬀect,9 the exciton
binding energy is large, and stable excitons and biexcitons exist
at room temperature. This has implications for applications,
e.g., in decreasing the threshold in lasers.10−12 Unfortunately,
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ensemble line width remains broad and is strongly asymmetric
even at cryogenic temperatures,18 where phonon coupling
should be suppressed. This observation has tentatively been
attributed to inhomogeneities in composition, strain, surface
passivation, or dimension18 but could also originate from
imperfect shells.
Here, we investigate the origin of the broad and asymmetric
ensemble emission of CdSe/CdS core/shell NPLs at cryogenic
temperatures using single-particle spectroscopy. We ﬁnd that
individual NPLs display emission spectra containing an
unexpectedly complex series of narrow emission peaks, which
change dramatically every few seconds. We use machinelearning algorithms to analyze large numbers of emission
spectra eﬃciently and with minimal user input. Speciﬁcally, we
rely on k-means clustering, an unsupervised machine-learning
algorithm for pattern recognition, that has applications in many
ﬁelds including computer vision20 and biology.21 Our machinelearning strategy allows for the reconstruction of high signal-tonoise spectra in addition to their corresponding decay
dynamics. From our analysis, we attribute the observed
emission peaks to a negative trion (a three-particle state with
two electrons and one hole). The complex series of emission
features is then consistent with a shakeup process, whereby the
trion decays radiatively by electron−hole recombination to one
of several possible excited states of the remaining electron. We
propose that spontaneous ﬂuctuations of the electrostatic
potential in the NPL, for example, due to mobile surface
defects or surface charges, change the coupling of the trion
ground state to these diﬀerent ﬁnal single-electron states,
leading to the strong and sudden spectral shifts that are
observed.
For our experiments, we start with CdSe/CdS core/shell
NPLs prepared according to a published protocol.19 This
synthesis yields NPLs that are roughly square in shape with a
∼20 nm lateral size. The CdSe cores are 4 ML thick and are
uniformly coated with ∼12-ML-thick CdS shells. We deposited
these particles on a Si chip with a 3 μm thick thermal-oxide
layer (see section S1 in the Supporting Information). The
sample was then mounted in a closed-cycle helium cryostat
and measured under vacuum at a temperature of 4 K. Figure 1a
shows the low-temperature photoluminescence (PL) spectrum
recorded from an ensemble of NPLs (blue line) excited with a
405 nm laser (see Figure S1 and section S2 in the Supporting
Information for details of the optical setup). The ensemble
emission spectrum at 4 K is shifted to higher energy with
respect to the room-temperature emission, as expected from
lattice contraction. The pronounced tail on the low-energy side
of the emission peak is also consistent with prior measurements on similar nanocrystals.18 More surprisingly, the
emission spectrum of a representative individual NPL with a
1 s exposure time (red line) features a series of sharp peaks.
To investigate further the emission behavior of individual
NPLs, we recorded a series of emission spectra over 3 min.
Each spectrum was collected with a 100 ms exposure time.
Figure 1b shows the resulting spectral time series, representing
a time-dependent emission spectrum for a single NPL that was
excited with the 405 nm picosecond-pulsed laser. In these data,
complete switching of the emission spectrum, including the
positions and amplitudes of all emission peaks (e.g., at 42 s) is
observed. In addition, the time series shows instances of
simultaneous spectral diﬀusion of all emission peaks, for
example, at 120 s. Interestingly, the total emission intensity as a
function of time (Figure 1c) remains fairly steady (ﬂuctuations

Figure 1. Photoluminescence from CdSe/CdS core/shell NPLs. (a)
Emission spectrum (1 s exposure) of a representative individual (red
line) CdSe/CdS core/shell NPL compared to the ensemble emission
spectrum (blue line) at 4 K. (b) The emission spectrum from an
individual NPL as a function of time, where each time frame is
accumulated over 100 ms. Intensity is shown as a color scale in
arbitrary units. (c) Total emission intensity of the time series shown
in panel b. (d) Decay trace constructed by building a histogram from
all photon arrival times recorded simultaneously with the time series
in panel b. The resulting data can be ﬁt well with a single-exponential
lifetime of τ = 2.22 ns with a constant background level corresponding
to 178 counts per second.

within 30%) while the emission spectra undergo these changes
(such as in the time period between 42 and 90 s). This
suggests that the sudden spectral shifts have a diﬀerent origin
than the commonly observed phenomenon of blinking of
individual nanocrystals, which typically involves strong
intensity ﬂuctuations and is usually ascribed to spontaneous
charging and discharging of the nanocrystal.22
By sending half of the photons to the spectrometer and half
of the photons directly to an avalanche photodiode, we can
record photon arrival times while collecting the spectral time
series. Figure 1d shows the time-resolved PL decay histogram
constructed from all photon arrival times recorded simultaneously with the data in Figure 1b,c. Fitting the resulting decay
trace yields a single-exponential lifetime of τ = 2.22 ns. A
constant background of 178 counts per second is responsible
for <0.5% of the total photon counts. The extracted lifetime is
signiﬁcantly longer than the ∼200 ps lifetime of CdSe core
NPLs at cryogenic temperatures,13,23 which can be ascribed to
reduced electron−hole overlap because of electron delocalization in the CdS shell and weaker Coulomb interaction due to
lower dielectric conﬁnement. However, the lifetime that we
measure is signiﬁcantly shorter than the value of ∼7 ns that has
been measured for similar NPL heterostructures at T = 20 K.18
In single-nanocrystal experiments, time traces of the PL
intensity are often used to assign particular emission intensity
levels to diﬀerent nanocrystal emission states.24,25 In our case,
this type of analysis is not possible because the emission
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Figure 2. Spectral sorting with k-means clustering. (a) Same time-dependent emission spectra shown in Figure 1b. (b) With machine learning, the
spectral time series in panel a can be sorted into a given number of emission clusters (color coded and numbered 1 through 12). (c)−(e) Average
emission spectra for three of the clusters (2, 8, and 11) identiﬁed by machine learning. (f) Boxplot correlating the total emission intensity with the
number of emission peaks per cluster. The horizontal line inside the box indicates the median value, the box extends from the lower to upper
quartile values of the data, and the whiskers highlight the span of the data points. (g) Histogram of all peak energy diﬀerences observed in the data
set from Figure 1b. (h) Histogram of observed peak energy diﬀerences for a diﬀerent individual NPL (see Figure S2 in the Supporting Information
for the corresponding spectral time series).

intensity ﬂuctuates by only ∼30% (Figure 1c) even as the
individual NPL is clearly undergoing changes in its emission
spectrum. We therefore applied machine-learning algorithms
to distinguish the emission states in the measured spectra for
our NPLs with minimal user bias.26 We employed a speciﬁc
implementation of the k-means clustering algorithm27 available
in the Python programming language.28 This allowed us to sort
the 1800 individual frames shown in Figure 2a, where the
number of clusters was the only user input. We arbitrarily
chose 12 clusters, but as long as a suﬃciently large number
(>10) was chosen, very similar results were obtained. Each of
the resulting 12 clusters in Figure 2b groups all spectral frames
with similar emission spectra, even if they were not recorded
consecutively. By averaging all frames within each cluster,
spectra can be obtained for each cluster with a high signal-tonoise ratio (Figure 2c−e). In this particular data set, we
observe that the NPL switches between states having two to
four dominant emission features. While the averaged spectra
from some clusters are quite distinct, groups of clusters exist
that exhibit peaks that are only spectrally shifted but are
otherwise very similar (e.g., clusters 5 and 6).
In general, several eﬀects could explain why the PL spectrum
displays multiple peaks: (1) emission from multiple nanocrystals in the focus (or multiple optically independent regions
within the same particle29), (2) coupling to optical and
acoustic phonons,30 (3) simultaneous emission from several
ﬁne-structure states,31 (4) rapid switching between diﬀerent
nanocrystal charge states,30 and (5) biexciton cascade
emission.32 The last three possibilities would lead to
multiexponential PL decay dynamics33−37 and can therefore
be excluded based on the data presented in Figure 1d. As we
will now discuss in the next few paragraphs, two of the other

possibilities (multiple NPLs in focus and phonon coupling)
can also be eliminated as the primary cause of the multiple
emission peaks.
From just a single spectral frame, it is diﬃcult to extract the
number of observed emission peaks and their energy
diﬀerences accurately. Therefore, we ﬁrst use a peak-ﬁnding
algorithm with minimal user input to count the number of
peaks present in each frame based on the averaged emission
spectrum of the corresponding cluster. Then, we ﬁt each frame
in the cluster separately with that particular number of
Lorentzian peaks (see section S3 in the Supporting
Information). Figure 2f shows the correlation between the
total emission intensity and the number of emission peaks that
are observed for a particular frame. We do not observe a
positive correlation between the number of emission peaks and
the overall intensity (if any, a negative correlation exists, which
will be discussed later). Based on this, and the observation of
simultaneous switching and spectral diﬀusion of all emission
peaks in the spectral time series (Figure 1b), we exclude the
possibility that the multiple emission peaks arise due to
collection of signal from several independent NPLs.
Phonon coupling generally leads to one or several series of
phonon replicas in single-particle PL spectra, with characteristic energy separations corresponding to the phonon modes
involved. To check if particular peak energy separations occur
frequently in our multipeaked spectra, we created a histogram
of all peak energy separations observed in the data set. Figure
2g shows a histogram of the separations for the NPL described
above (Figures 1 and 2a−e). The histogram in Figure 2h is
constructed from the spectral time series of a diﬀerent
individual NPL on the same substrate (Figure S2 in the
Supporting Information). While clearly some energy diﬀer8497
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ences (particularly around 10 and 20 meV) appear more often
than others, peak energy diﬀerences corresponding to the
longitudinal-optical (LO) phonon at 25 meV for CdSe or 35
meV for CdS do not appear prominently. In contrast, when we
repeat the analysis from Figure 2 on published data from an
individual CdSe/CdS core/shell quantum dot38 (see Figure S3
in the Supporting Information), we see clear evidence of peak
energy diﬀerences related to the LO phonon. While a peak
energy diﬀerence of 10 meV in the histogram of our CdSe/
CdS core/shell NPL in Figure 2g could theoretically originate
from the diﬀerence in LO-phonon energies between CdSe and
CdS, the feature at 10 meV still occurs frequently in a
histogram (see Figure S4 in the Supporting Information)
constructed from only the peak energy diﬀerences with respect
to the highest-energy peak (which would correspond to the
zero-phonon line if the complex spectrum were due to phonon
coupling). Therefore, we rule out optical phonon replicas as
the origin of the multiple emission peaks observed for
individual NPLs.
Experimental studies on spherical quantum dots of the same
CdSe/CdS core/shell composition have shown that these
nanocrystals can obtain permanent negative charge at
cryogenic temperatures under vacuum, presumably due to
photocharging.24,31,39 Permanent charging can be caused by
rapid and eﬃcient hole localization on the CdS shell
surface.40−42 Previous experiments on CdSe/CdS NPLs have
suggested that hole trapping on the surface can leave an
electron that remains delocalized inside the NPL.43 After
eliminating the other possible explanations (1−5) for our
multiple peaks, we propose that our NPLs are also negatively
charged at cryogenic temperatures. This can then explain all of
the observations in terms of emission from negative trions.
Indeed, the nonblinking intensity trace (Figure 1c) and fast
single-exponential decay behavior (Figure 1d) is consistent
with emission from a bright trion ground state.24,33
To explain the multiple emission peaks in our spectra, we
therefore invoke an eﬀect that has not been observed in singleparticle studies of colloidal quantum dots. PL from charged
excitons can show multiple emission lines due to “shakeup”.
This process is a form of Auger coupling between two
electrons in the conduction band and a hole in the valence
band. One of the electrons recombines with the hole while the
other “resident” electron is excited to a higher level in the
conduction band. In contrast to Auger recombination, which is
nonradiative because the resident electron accepts all of the
recombination energy, the resident electron accepts only a
fraction of the energy in the shakeup process. The remaining
recombination energy is emitted as a photon. Depending on
the conduction-band level to which the resident electron is
excited, the photon energy can have multiple discrete values
(Figure 3a). This would explain the observation of multiple
emission peaks. Indeed, shakeup lines have previously been
observed in epitaxial quantum wells.44−46 For quantum dots in
the strong conﬁnement limit, these transitions are forbidden
due to the orthogonality of the electron wave function of the
trion and the excited single-electron wave functions.47
However, in our case, these transitions are expected to be
enabled by the weak lateral conﬁnement of the charge carriers
in the NPLs and the strong binding between the charge
carriers in the trion, which modiﬁes the wave functions.
Potentially, shakeup emission could also be observed from
negatively charged spherical quantum dots, e.g., those with a
thick shell in which charge-carrier conﬁnement is relaxed.

Figure 3. Electron shakeup in negatively charged core/shell NPLs. (a)
When one of the electrons of the trion recombines with the hole in
the valence band, the other electron can accept part of the
recombination energy through Auger coupling. It can be excited
into one of the many single-electron states of the NPL [indexed here
by their quantum numbers (l, m, n)]. (b) Excited-state energies of a
single electron in the particle-in-a-box model as a function of the
CdSe NPL lateral size, with respect to the ground-state energy. The
gray shaded area corresponds to the size estimated for our NPLs by
transmission electron microscopy (TEM). (c) Electron probability
density for the single-electron excited states and the corresponding
shakeup transitions. The black square denotes the lateral extent of the
NPL. For degenerate states, the electron probability densities of both
states are combined.

To check if the peak energy diﬀerences observed in our
experiments agree with the energies expected for electron
shakeup, we calculated the energies of the excited states of a
single electron in the conduction band. In the most simple
approximation, the electron in the NPL can be modeled as a
three-dimensional (3D) particle-in-a-box problem with an
inﬁnite potential barrier. Using the eﬀective mass model48−50
yields energies

ℏ2π 2 ijjj l 2
m2
n2 yzzz
+
+
jj
z
2 j me, Lx 2
me, Ly 2
me, z Lz 2 zz
k
{
where l, m, and n and Lx, Ly, and Lz are the quantum numbers
and dimensions of the NPL in the x, y, and z direction,
respectively. For the in-plane (me,∥) and out-of-plane (me,z)
eﬀective masses, we took values from Rajadell et al.51 Figure 3b
shows the calculated energy diﬀerences between higher-excited
states and the single-electron ground state. The relatively large
NPL lateral dimensions of Lx = Ly = 20 nm lead to small
energy diﬀerences of ∼10 meV between levels. Figure 3c
depicts the wave functions for the lowest-energy singleelectron ﬁnal states. For degenerate states, we have combined
their electron probability densities. Comparing the calculated
energy diﬀerences to the observed peak energy diﬀerences in
Figure 2g,h, we see that the experimental data are indeed
consistent with electron shakeup.
To investigate if the sudden switching of the emission lines
of individual NPLs (Figure 1b) can also be explained by the
shakeup model, the emission from the diﬀerent clusters in
El , m , n =
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Figure 4. Time-dependent decay dynamics and the inﬂuence of spectator charges on the NPL surface. (a) Separate decay histograms for each
cluster in Figure 2 (using the same color scheme). Solid lines are single-exponential ﬁts with the same background level as in Figure 1d. The ﬁtted
values for the lifetime are explicitly written for the cluster with the fastest (purple) and slowest (red) decay. (b) For each frame, a single-exponential
model was ﬁt to the data with a maximum-likelihood estimator and the decay rate is plotted versus the total number of photons collected in the
frame. The color of each data point shows which cluster the frame has been sorted into, and the dashed lines represent isolines of constant radiative
decay rate. (c) Correlation between the number of emission peaks in the spectra and the normalized radiative decay rate, which we assume to scale
linearly with the amplitude of the PL decay trace. The horizontal line inside the box indicates the median value, the box extends from the lower to
upper quartile values of the data, and the whiskers highlight the span of the data points. (d) Correlation between the total decay rate and the mean
emission energy. (e) Single-electron excited-state energies as a function of the NPL lateral size in the presence of a positive charge on the shell
surface. (f) Probability density for the single-electron excited states and the corresponding shakeup transitions for the case with a positive charge on
the NPL surface. The black square denotes the lateral extent of the NPL.

the number of observed emission peaks (Figure 4c). The total
decay rate, however, shows a negative correlation with the
mean photon emission energy (Figure 4d).
These trends can be explained by considering local
ﬂuctuations in the conﬁnement potential of the charge carriers
in the NPL. Such ﬂuctuations can lead to changes in the
emission state,53 most prominently in gradual or sudden shifts
in the spectrum (Figure 1b). Indeed, the rate of Auger
coupling has been shown to depend very sensitively on
changes to the conﬁnement potential.54 Auger coupling
inﬂuences the appearance of shakeup emission lines as well
as the nonradiative recombination. Hence, minor changes in
the conﬁnement potential can result in variations of the
nonradiative decay rate (Figure 4a,b). Simultaneously,
variations in the degree of electron shakeup should occur.
More speciﬁcally, stronger Auger coupling would lead to faster
nonradiative decay and more intense low-energy shakeup lines.
This is exactly the correlation that we observe in Figure 4d
(and consistent with Figure 2f).
Fluctuations in the conﬁnement potential could be caused
by structural dynamics on the NPL surface or the core/shell
interface. In quantum dots and nanorods, surface charges,
oxidation, or changes in ligand coverage are thought to be
responsible for blinking and spectral diﬀusion.55,56 We
hypothesize that the same eﬀects also play a role in our
NPLs and can inﬂuence the trion recombination process. To
consider this possibility, we calculated the single-electron
excited-state energies (Figure 4e) and the corresponding wave
functions (Figure 4f) for the case where a positive surface
charge (trapped hole) is present on the outer CdS shell (see

Figure 2b must be characterized in more detail. Consequently,
we considered how the PL decay dynamics is correlated with
the emission spectrum by sorting the photon arrival times by
cluster. Figure 4a shows the extracted decay dynamics for each
of the 12 diﬀerent emission clusters. This analysis shows a
small but clear variation in total excited-state lifetime of ∼20−
30% for the diﬀerent clusters. To determine the relative
contributions of radiative and nonradiative decay, we ﬁt the
decay trace of each individual frame using a maximumlikelihood estimation52 procedure to the single-exponential
decay function
Φ(t ) = A e−k tott

where A is the amplitude and ktot is the total decay rate of the
NPL. Figure 4b shows the total decay rate ktot of each frame
versus the total number of photons N measured for each frame.
These parameters should be related as
N=C

k rad
k tot

where C is some constant that depends on the detection
eﬃciency of our setup and the excitation power used and krad is
the radiative decay rate of the NPL. Dashed lines in the plot
correspond to isolines of constant radiative decay rate. While
some variation (or ﬁtting uncertainty) in the total decay rate
exists, we observe that the data follow the trend of constant
radiative decay rate. From this, we conclude that, as the NPL
switches between diﬀerent emission states, the radiative decay
rate stays mostly constant while the nonradiative rate varies.
Indeed, the extracted radiative decay rate is not correlated with
8499
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extra electron in the trion is excited into one of several higher
energy single-particle states. Mobile surface defects or surface
charges strongly aﬀect the coupling of the trion ground state to
the diﬀerent shakeup lines, therefore leading to broadening of
the intrinsic ensemble line widths. Identifying strategies to
suppress shakeup lines in core/shell nanoplatelets could
therefore be an important step toward reducing line width
broadening in these materials.

section S4 in the Supporting Information for details of the
model). We ﬁnd that the weak potentials that are induced
modify the energy diﬀerences between the shakeup lines in a
range that is consistent with our experimental results (Figure
1b). Even small changes in the applied potentials can shift the
single-electron energies by several millielectronvolts (compare
Figures 3b and 4e). They also strongly aﬀect the Auger
coupling between conﬁned charge carriers.54
We note that a surface charge rapidly moving between
diﬀerent surface sites by itself cannot explain the multiple
emission peaks observed in Figure 1b. The spectra are
sometimes constant for seconds with ﬁxed relative peak
intensities, which would imply that the surface charge switches
between the diﬀerent possible sites frequently within the
integration time to suppress statistical ﬂuctuations. When all of
the emission peaks suddenly shift together, this would imply
that all possible sites for the surface charge change
simultaneously, which is unlikely.
Our discussion above suggests how the complex emission
spectra of CdSe/CdS NPLs at cryogenic temperatures can be
understood. A question that remains is whether this knowledge
can be exploited to avoid the multiple emission features and
obtain narrower emission from these materials, which extends
to the ensemble level. A potential strategy to avoid shakeup
replicas would be the synthesis of laterally small NPLs, which
would bring them toward the strong-conﬁnement limit in all
three dimensions. In this case, shakeup transitions would be
forbidden due to the orthogonality of the single-electron
ground state and its excited states. However, the 3D strong
conﬁnement of the charge carriers would also result in strong
sensitivity of the exciton (or trion) energies to small diﬀerences
in the NPL lateral size, which would lead to undesirable
inhomogeneous broadening if the lateral-size distribution
cannot be controlled suﬃciently. An alternative strategy for
potentially suppressing shakeup replicas would be to use
thinner CdS shells of only a few monolayers, rather than the
∼12 monolayers present in our samples. Charges on the outer
shell surface would then be closer to the active NPL core,
leading to stronger induced charge-carrier conﬁnement
potentials. Local minima in the potential-energy landscape
could then essentially create quantum dots within the 2D
NPLs.29 However, while the increased conﬁnement would
suppress shakeup emission, it would lead to even stronger
dependence of the spectrum on the location of the surface
charges. This would again result in more pronounced
inhomogeneous broadening and stronger ﬂuctuations of the
spectrum of an individual NPL (compare Figure 1b). Thus,
simple solutions may not exist to avoid broadening in CdSe/
CdS core/shell NPLs due to the shakeup process at low
temperature. However, controlling and reducing the level of
charging of the NPLs may provide a possible route. By
choosing suitable ligands or applying an electrochemical
potential, charging of CdSe quantum dots has been suppressed.57−59
In summary, we report emission spectra from individual
CdSe/CdS core/shell NPLs at cryogenic temperatures. We
ﬁnd an unexpectedly complex series of narrow peaks that
change over time. We analyzed these NPL emission spectra
and their corresponding photoluminescence decay dynamics
using machine-learning algorithms with minimal user input.
We attribute the observed peaks in the spectra to emission
from negatively charged trions combined with a shakeup
process. Upon electron−hole radiative recombination, the
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