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ABSTRACT. Colloidal nanoplatelets (NPLs) are atomically flat, quasi-two-dimensional particles of
a semiconductor. Despite intense interest in their optical properties, several observations concerning
the emission of CdSe NPLs remain puzzling. While their ensemble photoluminescence spectrum
consists of a single narrow peak at room temperature, two distinct emission features appear at
temperatures below ~160 K. Several competing explanations for the origin of this two-color emission
have been proposed. Here, we present temperature- and time-dependent experiments demonstrating
that the two emission colors are due to two subpopulations of uncharged and charged NPLs. We study
dilute films of isolated NPLs, thus excluding any explanation relying on collective effects due to NPL
stacking. Temperature-dependent measurements explain that trion emission from charged NPLs is
bright at cryogenic temperatures, while temperature activation of nonradiative Auger recombination
quenches the trion emission above 160 K. Our findings clarify many of the questions surrounding the

photoluminescence of CdSe NPLs.
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Colloidal semiconductor nanoplatelets (NPLs) are quasi-two-dimensional particles of
semiconductor with an atomically precise thickness.! Because of work over the past decade, wet-
chemical syntheses can now produce batches of high-quality CdSe NPLs in which all particles have
the same thickness,? tunable from 2 to 8 monolayers (MLs).>* This well-controlled size in one
dimension can then lead to narrower absorption and emission line widths than those observed for
spherical CdSe quantum dots (QDs).> For 4-ML CdSe NPLs, which is the most commonly studied
thickness, the full-width at half-maximum (fwhm) of the emission spectrum at room temperature is
less than 35 meV.’> Such narrow emission lines are desirable for applications such as lighting,®
displays,’ and lasers.?

However, despite intense interest in the optical properties of CdSe NPLs, several observations
concerning their photoluminescence remain puzzling. For example, studies on individual NPLs at
room temperature have revealed narrow and spectrally stable emission spectra, but with surprisingly
strong fluctuations in the overall intensity on the time scale of seconds.” Moreover, NPLs exhibiting
bright emission under ambient atmosphere are quenched under vacuum at room temperature, after
which the emission turns brighter again with decreasing temperature.® Most striking, however, is the
temperature dependence of the emission spectrum. At room temperature, the emission spectrum of an
ensemble of CdSe NPLs shows a single narrow peak with negligible Stokes shift with respect to the

10.1T are observed below

lowest-energy absorption feature.>> In contrast, two distinct emission peaks
160 K, with an energy separation ranging from 18 meV for 5-ML NPLs to 38 meV for 3-ML NPLs.'?

Efforts to elucidate the origin of this two-color emission from CdSe NPLs have resulted in four
contradictory interpretations: (i) band-edge exciton emission with a red-shifted longitudinal-optical-
(LO)-phonon replica;!® (ii) emission from the lowest-energy exciton plus a blue-shifted excited
exciton state;'>'* (iii) emission from individual NPLs plus a red-shifted “excimer” peak from
electronically coupled NPL dimers;'> or (iv) emission from neutral excitons plus red-shifted charged
excitons (i.e., trions).'>!® These competing models have striking qualitative differences. Phonon

coupling or excited-exciton emission [interpretations (i) and (ii), respectively] are aspects of the

intrinsic photophysics of NPLs and would then presumably produce two-color emission from every



individual NPL. This has not yet been observed in single-NPL experiments.’ In contrast, in the excimer
model [interpretation (iii)], the two-color emission is a collective effect induced, for example, by the
assembly of NPLs into stacks. Indeed, the two-color spectrum is known to depend on sample
preparation and vary spatially within a sample. The trion-emission model [interpretation (iv)] assumes
that a sample contains two subpopulations of neutral and charged NPLs, which each produce one of
the two emission colors. Recently, Shornikova et al. provided further evidence for this explanation.'®
However, their experiments were performed on NPL films, so collective effects cannot be excluded.
Moreover, the implications of trion emission on the temperature dependence of the NPL emission
spectrum remain unclear. In particular, an explanation for why only a single emission feature can be
observed at room temperature is still needed.

Here, we elucidate the origin of two-color emission from CdSe NPLs at cryogenic temperatures
and explain the implications for the room-temperature fluorescence. The observation of two-color
emission from films of isolated NPLs, as confirmed by correlated optical spectroscopy and electron
microscopy, allows us to exclude the excimer explanation, which relies on interactions between NPLs.

Next, photodarkening!”-18

experiments over a duration of a few minutes reveal a rapid decrease of
intensity of the low-energy emission feature, while the intensity of the high-energy emission feature
stays nearly constant. This behavior indicates that the two emission features are not a consequence of
the intrinsic photophysics of the NPLs. Instead, it points to the presence of two distinct subpopulations
in the NPL sample. Hence, we conclude that only the trion-emission model is consistent with our
experiments. Indeed, temperature-dependent measurements of the two-color spectra support our
interpretation and show an exponential temperature activation of nonradiative Auger recombination
that quenches the red-shifted emission at room temperature. Our findings clarify many of the open
questions surrounding the PL from CdSe NPLs and have broader implications for the temperature-
dependent emission behavior of nanocrystals in the weak-confinement limit.

For our experiments, we synthesized 4-ML CdSe NPLs with ~20 x 20 nm lateral size (see Section

S1 in the Supporting Information). The reaction is arrested by the injection of Cd(oleate)., which

improves colloidal stability and prevents NPL stacking.!” This allows us to prepare homogeneous



films of isolated NPLs where all NPLs lie flat on the substrate (i.e. with their wide facets parallel to
the surface plane). Such films were produced by spin-coating a dilute dispersion in hexane onto the
SiO2 support film of a transmission electron microscopy grid (Figure la). A reference sample
containing a thick NPL film was prepared by drop-casting a more concentrated dispersion onto a Si
chip with a 3-pm-thick thermal-oxide layer (Figure 1b). See Section S1 in the Supporting Information
for a complete description of the sample preparation. The samples were then mounted in a closed-
cycle helium cryostat and measured under vacuum. All samples were excited with a 385-nm light-
emitting diode (LED), and the emission was recorded with an electron-multiplying charge-coupled-
device (EMCCD) camera behind an imaging spectrometer. See Figure S1 and Section S2 in the
Supporting Information for further details.

To test whether collective effects are responsible for the two-color emission of CdSe NPLs, we
compared the emission spectra obtained from thick drop-cast films and from films of isolated NPLs.
Figure 1c shows two emission spectra recorded at a temperature of 4 K close to the sample position
depicted in the electron micrograph of Figure la (see Section S2 in the Supporting Information for
details on how we correlated the two measurements). Both spectra show two clear emission peaks at
2.53 eV (blue arrow) and 2.50 eV (red arrow) plus a weak shoulder at approximately 2.48 eV (gray
arrow). As we discuss below, selective photodarkening of the low-energy emission feature (2.50 eV)
upon sample illumination causes different relative amplitudes of the emission features for the two
spectra. The observation of two-color emission from isolated NPLs (as confirmed by electron
microscopy; cf. Figure 1a) indicates that the second emission feature is not due to NPL stacking, as
argued by the excimer model [interpretation (iii) above]. Nevertheless, we do observe pronounced
differences between the emission spectra of the films of isolated NPLs and thick drop-cast reference
samples. Figure 1d shows two normalized PL spectra, recorded at different positions on the thick NPL
film. Both spectra contain the same two emission peaks at 2.53 eV (blue arrow) and 2.50 eV (red
arrow) as observed from the isolated NPLs but now the lower-energy peak dominates. In addition, the
shoulder at 2.48 eV (gray arrow) is significantly stronger than for the isolated NPLs. While the relative

amplitudes of the three features varies across the sample, we observe that regions where the NPL film



is somewhat thicker tend to show stronger emission intensity from the two lower-energy features (red
and gray arrows). Clearly, while stacking of NPLs (in the film) is not a requirement for the two-color
emission (Figure 1c), it does affect the spectrum (Figure 1d). Such effects due to stacking were
observed previously, leading to the excimer model.!> Our measurement (Figure 1¢) now shows that
two-color emission can occur from a film of isolated NPLs as well.

Previous reports have also examined the relative amplitude of the emission peaks to determine
their origin. However, this can clearly depend on the sample preparation'®!’ (cf. Figures 1¢,d) and, as
shown in very recent photodarkening experiments, changes over a time scale of seconds to minutes.'®
To investigate the time-dependent emission behavior of isolated NPLs without collective effects due
to NPL stacking, we recorded a series of emission spectra over 200 s at a temperature of 4 K from our
film of isolated NPLs. We illuminated the NPLs with an excitation-power density of ~0.3 W ¢m2 at
a position on the sample that had previously not been illuminated, and each spectral frame was
collected with 100-ms exposure time. Thus, the resulting spectral time series in Figure 2a represents
the time-dependent emission spectrum from many (~10°) isolated NPLs simultaneously. While the
peak-energy separation stays constant at ~28 meV, the relative emission intensity of the two features
changes dramatically over time. To quantify this change, we evaluated the intensity from both peaks
separately after background subtraction. In these data (Figure 2b) the intensity of the high-energy
emission remains nearly constant during the time of the experiment, while a strong photodarkening of
the low-energy emission is observed. This suggests that an intrinsic NPL effect, such as emission from
higher-energy excited states due to a phonon bottleneck for thermalization, cannot easily explain the
two emission features because bleaching should then affect both peaks equally.

Rather, the observed changes in the two-color emission spectrum are consistent with two
subpopulations of NPLs in the sample: uncharged NPLs that produce the high-energy emission and
charged NPLs that produce the low-energy emission (see Figure 2¢). With polarization-resolved PL
measurements under strong magnetic fields, Shornikova et al.'?> showed that the low-energy PL feature
in NPLs is indeed consistent with emission from a bright negative-trion ground state. This finding is

initially surprising since trion emission is usually not observed from small CdSe QDs.?’ In QDs, where



the charge carriers are strongly confined in all three dimensions, trion emission is usually quenched
by nonradiative Auger recombination pathways.?' In the Auger process, one electron and one hole
recombine nonradiatively by exciting a third charge carrier (e.g., the extra electron in the trion) into a
higher-energy state through the Coulomb interaction. While this quenches trion emission in QDs,
Auger-recombination rates are negligible at cryogenic temperatures for bulk wide-bandgap
semiconductors such as CdSe because the Auger process requires momentum conservation.??
Similarly, Auger recombination should be suppressed in NPLs at cryogenic temperatures, because the
trions are only weakly confined by the lateral boundaries of the NPL.

If the low-energy PL feature is indeed due to trion emission, Figure 2b indicates that its intensity

rapidly decreases upon photoexcitation. This is in contrast to Shornikova et al.'®

who report an
increase in the trion emission. The discrepancy may be due to a different atmosphere in the cryostat
(vacuum vs helium vapor) or differences in sample geometry. In particular, our sample preparation
method prevents interactions between NPLs and ensures that our measured spectra represent the
intrinsic emission efficiencies of the NPL subpopulations. In the NPL films of Shornikova et al.,'®
rapid energy transfer between NPLs?® can funnel excitations from uncharged to charged NPLs.
Moreover, the different environments of NPLs in a film of isolated NPLs compared to a thick film
may affect photocharging and discharging. Our experiments also indicate that the intrinsic
photodarkening of charged NPLs is stronger than that of uncharged NPLs (Figure 2b). This
observation may be rationalized in two ways. First, charged NPLs may be more prone to
photochemistry than uncharged NPLs. The occurrence of (occasional) Auger recombination of trions
excites the extra charge carrier to a high-energy state. While this excited carrier would usually
thermalize quickly on a picosecond time scale, it can also escape the NPL?* or induce chemical
reactions on the surface, leading to defects in charged NPLs that can quench the luminescence. Second,
trion emission may be more vulnerable to (charged) surface defects than neutral-exciton emission.
When such photoinduced inhomogeneities arise on the NPL surface, the trion may localize there. This

introduces high spatial frequency components in the trion wave function, thus enhancing Auger

recombination and quenching the emission.?> Indeed, we have previously observed that even in



CdSe/CdS NPLs with a protective shell, the fluctuating potential-energy landscape produced by
surface charges affects the trion emission spectrum and dynamics.?® Exciton emission, on the other
hand, should be only weakly affected by the electrostatic potential of charged surface defects. These
two considerations may both contribute to our observation of rapid photodarkening of the trion
emission (Figure 2b).

Therefore, based on our experiments, we conclude that the two-color emission at low
temperatures is caused by subpopulations of charged and uncharged NPLs. These lead to a trion and
exciton emission feature, respectively. However, this then raises the question of how these
subpopulations affect the NPL emission at room temperature. Because the relative amplitude of the
two emission features is the same for different positions on a fresh film of isolated NPLs that has not
been measured previously, we could examine the intensity of the trion and exciton PL as a function of
temperature. Figure 3a shows emission spectra from a film of isolated NPLs at different temperatures
ranging from 4 to 160 K. At every temperature, we measured at a fresh location on the sample (see
Figure S2 in the Supporting Information). We also used spectra that were recorded for no longer than
1 s to minimize the effect of photodarkening. The resulting emission spectra are qualitatively similar
to those reported by Tessier ef al.'® Both emission peaks shift to lower energy as the temperature
increases, and the low-energy emission feature disappears at temperatures above ~160 K.

To quantify the temperature-dependence of the two peaks, we fit each emission spectrum with
two Voigt functions. In Figure 3b, the extracted energies of the two peaks show that both shift by
~45 meV as the temperature increases from 4 to 160 K and that their temperature-dependent positions
can be well fit with the Varshni relation,?’

r2
E(T) = By —azs,
where a and f are constants. The resulting values from the fit, summarized in Table 1, are similar but
slightly larger than the values reported for CdSe bulk and QDs (0.3 to 0.4 meV/K for a and 180 to

320 K for 8),2%2° which could indicate the presence of strain in NPLs.3° Together with the temperature-

independent peak energy separation of AExr =~ 28 meV (Figure 3c), these measurements further



support our assignment of the high-energy peak to ground-state exciton emission and the low-energy
feature to trion emission. The trion should shift together with the neutral exciton emission.?!

As reported previously,>!'® NPL emission spectra at room temperature consist of only one
emission feature. We propose that the temperature dependence of nonradiative Auger rates is
responsible for this observation, in analogy to the temperature dependence of Auger recombination in
bulk semiconductors.?? In bulk semiconductors at low temperature, the Auger recombination rate is
negligible because of the momentum mismatch between the initial trion state and the final high-energy
single-carrier state.’> At elevated temperatures, the momentum mismatch can be bridged either by
thermal excitation of the trion to higher-momentum states (direct Auger recombination) or by coupling
to high-momentum phonons of the lattice (indirect Auger recombination). The rate of both types of
Auger recombination (direct and phonon-assisted) become much faster at elevated temperature.
Because of the weak in-plane confinement of the charge carriers in NPLs, thermal enhancement of the
Auger quenching is thus expected to be visible in temperature-dependent measurements of the NPL
emission spectrum.

To extract the separate exciton and trion PL emission intensities as a function of temperature
(Figure 4a), we integrated the area under each of the two fitted Voigt line shapes from Figure 3a. The
exciton emission intensity, Igyciton, varies only by a factor of approximately two across our
temperature range, which we ascribe to fluctuations in the NPL sample coverage as we measure at
different positions on our films of isolated NPLs. In contrast, the trion emission intensity, Itrion,
decreases by about two orders of magnitude as the temperature increases from 4 to 160 K. Figure 4b
shows the ratio of trion-to-exciton PL intensity, Itrion/IExciton, @S @ function of temperature. As the
temperature increases, Itrion/lExciton decreases monotonically and approximately exponentially,
which is consistent with a strong increase in the nonradiative Auger recombination rate of the trion.
The high-energy exciton emission likely originates from a temperature-independent subpopulation of
uncharged NPLs where no trions are formed. Moreover, these results provide strong evidence for a
temperature activation in the Auger recombination rate of the trion and explains why two-color

emission is observed at cryogenic temperatures but not at room temperature.



After assigning the low-energy peak in the spectrum to trion emission, we can now speculate
about the origin of the lowest-energy feature, which appears as a distinct peak or shoulder (depending
on the film thickness) ~19 meV below the trion peak (gray arrows in Figure 1c,d). This splitting is
inconsistent with the LO phonon frequency in CdSe (26 meV), ruling out a phonon replica as the
origin. By performing the same experiment as in Figure 2 but on thick NPL films (see Figure S3 in
the Supporting Information), we observed a simultaneous photodarkening of this lowest-energy
feature with the trion emission peak. This suggests that the lowest-energy peak is connected to the
trion. We propose that it may be due to a “shakeup” process. This type of emission is not commonly
observed in colloidal nanocrystals but under certain conditions can result in multiple emission lines
from charged excitons. The shakeup process is a form of radiative Auger coupling between one
electron in the conduction band and one hole in the valence band with the additional charge carrier.
The electron recombines with the hole radiatively while, simultaneously, the additional charge carrier
is excited to a higher energy level. In contrast to nonradiative Auger recombination, where the third
charge carrier accepts all of the recombination energy, in the shakeup process it accepts only a fraction
of the energy. Therefore, the PL resulting from a shakeup process is visible at a lower energy than the
trion emission peak. The observation of distinct shakeup satellite peaks requires discrete energy levels
for the final state of the resident charge carrier. In NPLs, such states exist due to the weak lateral
quantum confinement of the charge carriers by the edges of the NPL or by electrostatic potentials due
to surface charges.?® The enhancement of shakeup emission in thick films of NPLs compared to
isolated NPLs may result from the different dielectric environment, which affects the electrostatic
potential experienced by trions in the NPLs.?® Alternatively, different NPL orientations or selective
reabsorption of the higher-energy features may distort the spectrum recorded from thick films, as
previously proposed to explain the enhancement of phonon-assisted exciton emission in samples with
stacked NPLs.!? Shakeup satellites from negative trions, where the final states are higher Landau levels
for the electron, have been observed in two-dimensional quantum wells under the influence of a

magnetic field.*>3* Moreover, shakeup emission has been observed in epitaxial InAs/GaAs quantum



dots.’* However, further investigation is needed to clarify the possible role of shakeup in the emission
spectrum of core-only colloidal NPLs.

In addition to the data presented here, the temperature dependence of nonradiative Auger rates is
also consistent with results reported by other researchers. The reduction in PL intensity when NPLs
are placed under vacuum at room temperature’ can be attributed to the desorption of smaller molecules
such as H>O and O that reversibly bind to the nanocrystal surface under ambient conditions.*> These
molecules have been shown to passivate surface states that can trap photoexcited charge carriers.>¢-3
Thus, the NPLs are more prone to charging under vacuum, which increases nonradiative Auger
recombination and, therefore, decreases PL at room temperature. As the samples are cooled, PL is
recovered because nonradiative trion recombination becomes prohibited by momentum mismatch.

Trion emission at low temperature is also consistent with measurements that showed a decreasing
ratio of low-energy to high-energy PL peaks for decreasing NPL lateral dimensions.'® This can be
explained by the increasing nonradiative Auger rates in laterally small NPLs as high spatial-frequency
components contribute to the trion wave functions. Recently, ligand-exchange protocols have enabled
the synthesis of CdSe NPLs with significantly higher room-temperature PL quantum efficiencies.*8
We believe that better surface passivation may prevent photoinduced charging of these NPLs and
therefore increase their quantum yield due to the absence of extra charge carriers that lead to
nonradiative Auger recombination at room temperature.

In summary, we studied the time- and temperature-dependent two-color emission behavior of
electronically isolated CdSe NPLs. We find that radiative trion emission is responsible for the low-
energy emission feature at ~28 meV below the exciton state. Because we examine films of isolated
NPLs, we can rule out any collective effect due to NPL stacking. The trion emission is bright at
cryogenic temperatures because weak lateral confinement of trions suppresses nonradiative Auger
recombination due to the in-plane momentum mismatch with the final state. Photoinduced creation of
surface defects or trapped charges, however, lead to a prominent increase of the Auger rates at low

temperature on the time scale of seconds to minutes. Temperature-dependent PL spectra confirm our

interpretation and show an exponential dependence of the trion-to-exciton PL ratio. Identifying



strategies to suppress charging could therefore be an essential step toward increasing the PL QY of

colloidal nanocrystals in the weak-confinement regime.
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Eq a B
High-energy feature | 2.5030 + 0.0001 eV | 0.65 £+ 0.03 meV/K 216 17K

Low-energy feature | 2.5308 +0.0002 eV | 0.80 £ 0.07 meV/K 283 +39K

Table 1. Values from the fit of the Varshni relation E(T) = E, — aT?/(B + T) to the temperature-

dependent NPL emission spectra from Figure 3a. The fits are shown as dashed lines in Figure 3b.
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Figure 1. Low-temperature photoluminescence from films of isolated NPLs and drop-cast NPL films.
(a) Scanning transmission electron micrograph of a film of isolated NPLs prepared by spin-coating a
dilute dispersion of square 4-ML NPLs (~20x20 nm lateral dimensions) onto a TEM grid. The bright
spots in the image are individual NPLs. (b) Scanning electron microscopy (SEM) image of a thick
film prepared by drop-casting the stock dispersion onto a Si chip. On these samples, NPL stacking is
clearly observed across the whole sample. Prior to imaging, the sample was dipped in methyl acetate
to remove excess ligands and facilitate SEM imaging. (c¢) Two photoluminescence spectra from films
of isolated NPLs measured close to the sample position shown in panel a at 4 K. The spectra consist
of two dominant emission peaks at ~2.53 eV (blue arrow) and ~2.50 eV (red arrow), and a shoulder
at ~2.48 eV (gray arrow). (d) Two photoluminescence spectra at 4 K recorded at positions with
different film thickness on a drop-cast NPL film. The spectra consist of either two emission peaks and
a shoulder (solid line) or three emission peaks (dotted line). The features are at the same position as

those in the spectra in panel c.
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Figure 2. Photodarkening of the trion and exciton emission. (a) Emission time series at 4 K for a film
of isolated NPLs, where each vertical spectral frame is accumulated over 100 ms. Intensity is shown
as a color scale in arbitrary units. The high- and low-energy emission features are indicated by the
blue and red arrows, respectively. (b) Time-dependence of the total photoluminescence intensity from
the exciton (blue) and trion (red) from the time series shown in panel a. (c¢) When a NPL is charged
and an additional charge carrier is present in the nanocrystal, the photoexcited electron—hole pair can
bind to the delocalized charge to form a trion. At low temperatures, photoluminescence from the trion
state can be observed as a distinct emission feature that lies energetically below the exciton emission

peak.
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Figure 3. Temperature-dependence of the trion and exciton emission features with energies Et and
Ex, respectively. (a) Normalized photoluminescence spectra recorded from the same sample of
isolated NPLs studied in Figure 2. Each spectrum was integrated for no more than 1 s to minimize the
effect of photodarkening. The black dashed lines are the result from fitting two Voigt line shapes to
the spectra. (b) Resulting peak energies from the Voigt fit to the data in panel a. Both the exciton
(blue) and trion (red) emission can be well fit by the Varshni relation as shown by the dashed lines.
(c) Energy separation AExr between the exciton and trion emission features as a function of

temperature.
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Figure 4. Temperature dependence of the trion and exciton emission intensity. (a) Absolute intensity
of the exciton (blue) and trion (red) emission as a function of temperature. (b) Intensity ratio,

Itrion/IExciton» De€tween the trion and exciton emission peaks from panel a.
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