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Abstract

Colloidal semiconductor nanocrystals offer bandgap tunability, high photoluminescence quantum yield,
and colloidal processing of benefit to optoelectronics, however rapid nonradiative Auger recombination
(AR) deleteriously affects device efficiencies at elevated excitation intensities. AR is understood to
transition from temperature-dependent behavior in bulk semiconductors to temperature-independent
behavior in zero-dimensional quantum dots (QDs) as a result of discretized band structure that facilitates
satisfaction of linear momentum conservation. For nanoplatelets (NPLs), two-dimensional morphology
renders prediction of photophysical behaviors challenging. Here, we investigate and compare the
temperature dependence of excited-stated lifetime and fluence-dependent emission of CdSe NPLs and QDs.
For NPLs, upon temperature reduction, biexciton lifetime surprisingly decreases (even becoming shorter
lived than trion emission) and emission intensity increases nearly linearly with fluence rather than
saturating, consistent with dominance of radiative recombination rather than AR. CdSe NPLs thus differ
fundamentally from core-only QDs and foster increased utility of photogenerated excitons and

multiexcitons at low temperatures.
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Semiconductor nanocrystals offer prospective use in optoelectronic applications such as light-emitting
diodes (LEDs) and lasers. As these devices are operated at progressively higher powers to produce
increased light output, nonradiative processes originating from Auger recombination (AR) of biexcitons
occur alongside biexciton radiative recombination and reduce device efficiencies.!® Auger recombination,
in which an electron and a hole recombine and nonradiatively transfer their potential energy to a third
carrier, is a putative mechanism through which e.g. LED efficiency rolls off as injection current is raised>*>
and population inversion is rapidly reduced, hindering lasing.®® In colloidal quantum dots (QDs), AR is
faster than in bulk materials owing both to strong quantum confinement, which increases the electron-hole
wavefunction overlap and Coulombic coupling, as well as the presence of abrupt interfaces.'®'
Furthermore, in QDs, linear momentum is readily conserved owing to discretized energy levels rather than
dispersive bands, such that rates of AR are chiefly prescribed by angular momentum conservation
requirements and density of states considerations.'*!* In contrast, for bulk semiconductors, the three carriers

involved in AR must realize the low likelihood of simultaneously satisfying conservation of energy and

linear momentum on curved dispersion bands.'® As a result, rates of AR in QDs are orders of magnitude
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faster than in bulk semiconductors, leading to ten- to hundred picosecond lifetimes'>!” that impede the use

of semiconductor QDs in devices. Examples of efforts to slow down rates of AR'® and increase multiexciton
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emission include growth of a QD shel interfacial engineering, and doping.?®

Colloidal, two-dimensional semiconductor nanoplatelets (NPLs) offer an advantage regarding the
problem of fast AR rates while preserving other benefits of QDs such as band gap tunability and high
photoluminescence efficiency. NPLs feature reduced rates of AR,**2® which has led to many research
efforts targeting incorporation of NPLs into LEDs and nanoscale lasers.?¢*-3? However, the mix of
quantum-confined and bulk-like dimensions in NPLs along the thickness and lateral axes, respectively,
makes it difficult to predict some photophysical behaviors. Comparison to well-studied epitaxial quantum
wells is also not straightforward. In particular, core-only NPLs experience abrupt and significant changes
in electronic potential owing to proximal organic ligands and solvent whereas epitaxial quantum wells,
which require near-lattice matched semiconductor substrates, present less severe changes in bandgap and
dielectric contrast.*® Furthermore, both experimental and theoretical efforts have yet to agree on the
relationship between AR rate and NPL area and volume.?¢-283435 Despite insightful literature investigations
of AR in NPLs,*** more studies are needed to understand multi-exciton processes in these structures. Most
studies attribute fast recombination lifetimes at elevated fluences to AR based on literature precedent for
QDs; however, disambiguating between AR and radiative recombination requires fluence-dependent PL

that, until now, has not been reported for core-only colloidal NPLs.

In intrinsic bulk semiconductors, temperature reduction slows AR, as satisfaction of momentum
conservation becomes progressively more difficult to fulfill.'>'® In zero-dimensional QDs, carriers
undergoing AR can achieve conservation of linear momentum at any temperature for discretized energy
levels (though total angular momentum still must be conserved) and so AR rates are predicted to be
independent of temperature.!>* In practice, however, some experimental measurements have suggested a
phonon-assisted AR mechanism that leads to temperature-dependent rates for CdSe QDs below 175 °C.#346
These conservation of momentum requirements and their implications regarding AR are summarized in
Figure 1. Given quantum confinement in one, but not all three dimensions, it remains unclear how AR rates
will be affected by temperature in two-dimensional NPLs. Prior work on the temperature dependence of

AR in epitaxial quantum wells indicates weak, if any, temperature sensitivity.*’->

Beyond fundamental relevance, the temperature dependence of AR rates also relates to the low
temperature emission behavior of CdSe NPLs, which despite many investigations remains a subject of
discussion. Below ~100 K, absorption of a single photon leads to dual peak emission in ensembles. While
the higher energy peak is understood to correspond to emission of the neutral exciton, the origin of the

lower energy emission peak is debated>*>® with a majority of reports conveying that it arises from negative



trion emission.’>~*® This excess charge can be introduced via effects such as Auger ionization, in which the
excited carrier promoted during AR gains sufficient energy to escape the particle; surface trapping, in which
a carrier becomes trapped in a mid-gap state created by a surface defect; or n- or p-type doping. The
hypothesis that the lower energy peak corresponds to trion emission suggests that the increased (trion)
emission at lower temperatures is a result of reduced — or even negligible — rates of AR at cryogenic
temperatures, for example as argued by Antolinez et al.>® The temperature dependence of trion emission
thus implies either a temperature dependence for AR, whereby rates of AR might decrease with decreasing
temperature, as is the case for bulk semiconductors, or a temperature-dependent trion concentration. The
only work thus far to measure Auger lifetimes as a function of temperature in NPLs identified a temperature
independent Auger lifetime of ~3 ns for CdSe/CdS core/shell NPLs between 4.5 K and room temperature,

more consistent with 0D structures.>’
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Figure 1. Depiction of Auger processes in bulk, direct bandgap intrinsic semiconductors vs nanocrystal forms and
the impact of temperature on AR rates. In the bottom right, transmission electron microscopy (TEM) of
representative 5.5 ML CdSe NPLs are shown.



In this work, we perform time-resolved photoluminescence (trPL) measurements as functions of
temperature and pump fluence to characterize biexciton lifetime dependencies. Our results indicate that
biexciton lifetimes are temperature-dependent in NPLs. Notably, however, the exhibited temperature
dependence is distinct both from that observed in bulk semiconductors and in QDs; the biexciton lifetime
decreases as temperature is lowered in CdSe NPLs. Through analysis of biexciton emission vs. pump
fluence, we show that this decreased excited state lifetime arises at least in part due to increased biexciton
radiative recombination rates at low temperatures. This work emphasizes that, despite the dominance of
nonradiative multiexciton recombination at room temperature in QDs and NPLs, the behavior of non-zero-

dimensional particles at low temperatures offers unique, technologically useful features.

CdSe NPLs with 5.5 monolayer (ML) thickness (five alternating layers of Cd** and Se?, terminated
by Cd** on either side) were synthesized according to previously published procedures.?%° At room
temperature, 5.5 ML CdSe NPLs exhibit a heavy hole exciton absorption peak at 550 nm and emission
maximum at 554 nm (Figure S1). For comparison, zinc-blende CdSe QDs of a similar band gap were also
prepared.’! CdSe QDs and NPLs were dispersed in a 1:1 mixture of hexanes to methylcyclohexane by
volume at an optical density of 0.2 to 0.3 at 400 nm in a 2 mm sapphire cuvette and loaded into a helium
cryostat. Methylcyclohexane helps the dispersion to freeze as a glassy solid, and addition of hexanes was
found to reduce cloudiness. Time-resolved PL measurements were performed using controlled-fluence 400
nm photons produced via the frequency-doubled output of a 35-fs Ti:sapphire laser operating at 2 kHz.
Photoluminescence was collected, directed through a 420 nm long pass filter, dispersed using a 0.15 m

spectrograph, and directed to a single-photon sensitive streak camera.
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Figure 2. Fluence-dependent time-resolved PL of 5.5 ML thick CdSe NPLs dispersed in a 1:1 mixture of hexanes to
methylcyclohexane. (a) Representative trPL data at 10 K. The color scale indicates number of detected photons per
pixel. (b) Example trPL data at 10 K for a range of indicated fluences, integrated across the wavelength region of
interest shown in (a) and normalized at late time (near 1500 ps). The biexciton lifetime was determined by subtracting
such normalized single exciton dynamics from the higher power data. The result of the subtraction procedure, shown
in the inset, yields monoexponential data that can be fitted to determine the biexciton lifetime. (¢) Biexciton lifetime



as a function of inverse temperature shows that as the temperature drops, biexciton lifetime shortens. Solid line
conveys a fit to the Arrhenius equation with an activation energy of 3.4 meV.

Figure 2 shows trPL measurements of 5.5 ML CdSe NPLs at 10 K acquired in a 2 ns time window
for fluences between 1.1 and 18 pJ/cm?. Raw data (Figure 2a) were integrated across all wavelengths to
examine excited-state dynamics (Figure 2b). When normalized near 1.5 ns, trPL collected at 1.1 and 2.3
uJ/cm? exhibit the same dynamics, suggesting only single photoexcitations per particle. At higher fluences,
differences in intensity appear between t = 0 and 500 ps compared to lower fluence data, consistent with
multiexciton response. Thus, by normalizing the data around 1.5 ns, differences at earlier times emphasize
signal from particles containing biexcitons vs. single excitons present as increased light intensity near t =
0. By differencing the normalized single exciton data collected at low powers, from the data collected at
higher powers, where the average number of generated excitons per particle (N) is such that some of the
excited NPLs contain biexcitons, the biexciton dynamics can be isolated. The differenced dynamics can
then be fit to an exponential function to obtain a biexciton lifetime, the result of which is shown in the inset
of Figure 2b. Data acquired at a power of 1.1 pJ/cm? were used for single exciton dynamics, while data

acquired at 9.2 puJ/cm? here were used to discern biexciton dynamics.

The fitted biexciton dynamics measured for these CdSe NPLs at temperatures of 3, 10, 30, and 295
K appear in Figure 2c. With reduced temperature, the biexciton lifetime shortens, decreasing from 448 +19
ps at room temperature to 305 £8 ps at 3 K. This reduction of lifetime is distinct from both the temperature
dependent scaling of AR lifetimes observed in bulk semiconductors, where AR lifetimes in the latter
become longer as the temperature falls owing to lower probability of satisfying conservation of momentum,
as well as inconsistency with temperature independent QDs. The atypical decrease of biexciton lifetime
with decreasing temperature suggests an alternate mechanism. Rather than nonradiative AR serving as the
dominant recombination mechanism for biexcitons in colloidal NPLs, radiative recombination may instead
become dominant at lower temperatures and can explain the unexpected trend in lifetimes. Importantly,

single excitons also exhibit temperature-dependent trends in NPLs, as has been previously reported.>>

To test this radiative biexciton hypothesis, we conducted fluence-dependent, time-integrated PL
measurements of CdSe NPLs at 10 K and 295 K, then compared the resultant PL intensities to determine
the extent to which multiexcitons decay via radiative pathways. The results of these experiments are shown
in Figure 3. In the single exciton regime where (N) « 0.1, increasing the fluence simply changes the
population of NPLs that are excited with one exciton. In this regime, the graph of the integrated PL intensity
vs. fluence is linear. As we further increase fluence, excitation produces biexcitons in a population of NPLs,
as prescribed by Poisson statistics. Naively, biexcitons radiate at approximately 4x the rate (i.e. with Y the

lifetime) of single excitons, owing to the four possible electron-hole recombination pathways. As such, for
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NPLs with an 8 ns single exciton radiative lifetime at room temperature,®* the biexciton radiative lifetime
would be expected to equal 2 ns. Since observed NPL biexciton lifetimes at this temperature are on the
order of hundreds of picoseconds (tens of picoseconds for QDs, for which single exciton radiative lifetimes
are even longer), biexciton decay must be predominantly nonradiative. Accordingly, Figures 3a and 3c for
NPLs and QDs, respectively, show that the integrated PL intensity saturates with increasing pump fluence,
consistent with multiexcitons predominantly undergoing nonradiative AR and single exciton emission
dominating the measured radiative emission. Saturation occurs according to 1 —p,, where p, is the
Poissonnian fraction of unexcited NPLs. At sufficiently high fluence, essentially all NPLs in the excitation
spot contain at least 1 photoexcitation; however, only one of these photoexcitations leads to efficient

photoluminescence following AR, resulting in the 1 — p, saturation behavior marked in Figures 3a and 3¢

by the dashed lines.
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Figure 3. Static PL intensity of (a, b) 5.5 ML CdSe NPLs and (¢, d) CdSe QDs at (a, ¢) 295 K and (b, d) 10 K as a
function of 400 nm excitation fluence. Samples were dispersed in a 1:1 mixture of hexanes to methylcyclohexane at
room temperature and then frozen as a glassy solid at 10 K. (a) As the excitation fluence of CdSe NPLs at 295 K is
increased, static PL intensity saturates according to 1 — pg (dotted line). Color bar, which scales logarithmically with
(N), indicates the average number of excitons per NPL at each fluence based on a fitted absorption cross-section of
1.2x10"* em?. (b) At 10 K, static PL intensity increases linearly as a function of fluence, indicating that nonradiative
recombination is no longer dominant but rather that multiexcitons undergo radiative recombination nearly as
efficiently as single excitons. (¢, d) As the excitation fluence of CdSe QDs at 295 K is increased, PL intensity saturates.
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A similar behavior is observed at 10 K. Color bar, which scales logarithmically with (N}, indicates the average number

of excitons per NPL at each fluence based on a fitted absorption cross-section of 6.3x107!° cm?.

Figure 3b shows static PL intensity as a function of fluence at 10 K for the same NPL sample over
the same range of fluences. Notably, at 10 K a prominent change in NPL behavior is observed relative to
that at 295 K.%3%4 Instead of saturating as a function of fluence, PL intensity continues to rise approximately
linearly as a function of fluence up through (N) = 20. This linear PL intensity dependence can arise
provided that low temperature emission quantum yield for single and multiexciton state approaches unity,
such that NPLs containing two excitons (and even more than two excitons) undergo efficient radiative
recombination at low temperatures. By comparison, the multiexciton behavior of CdSe QDs remain
predominantly nonradiative upon reducing sample temperature, as shown in Figure 3d with similar

saturation as at room temperature.
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Figure 4. Static PL of 5.5 ML CdSe NPLs dispersed in a 1:1 mixture of hexanes to methylcyclohexane at (a) 295 K
and (b) 10 K. Static PL traces measured as a function of pump intensity, ranging from 0.23 to 790 uJ/cm? ((N) = 0.005
to 18). (a) At 295 K, spectral broadening is observed with a weak peak at lower energy (redder wavelength) observed,
consistent with weak biexciton emission. (b) At 10 K, two spectral features, one corresponding to the neutral single
exciton, and the other commonly attributed to a trion, are observed. Nevertheless, red-shifting owing to biexciton

formation, is also present.

To further probe biexciton emission, we consider the fluence-dependent emission spectra that were
evaluated in the process of generating Figure 3. Due to Coulombic binding energy, biexciton emission in
core-only nanoparticles is red-shifted compared to single exciton emission. Static PL of 5.5 ML CdSe NPLs
measured over a range of fluences spanning single exciton excitation through the multiexciton regime is
reported in Figures 4a and 4b for both 295 K and 10 K, respectively. At 295 K, elevated fluence broadens

the emission spectrum® from the narrower single exciton spectral profile chiefly to lower energy as a ~25



meV red-shifted biexciton that radiates weakly (see Figure S4). As broadly reported in the literature,>*~
36.66-68 two emission bands are observed at low temperature, where the higher energy feature arises from
single exciton radiative relaxation and the lower energy feature, here redshifted by 21.5 meV, has been
argued to originate from negative trion recombination. Notably, trions are expected to radiatively recombine
at twice the rate of the bright spin configuration of single excitons and do not experience spin-forbidden
dark exciton states. A recent report conveys that the redder feature in 5.5 ML CdSe NPLs presents a
temperature independent decay when at or below 50 K with a lifetime of 450 ps, while the single exciton
decays biexponentially presenting a 30 ps bright exciton decay and 58 ns dark exciton lifetime,
respectively.®® The 30 ps bright exciton decay was ascribed to conversion of the single exciton into a triplet-
like dark exciton state. Bright single excitons, then, are expected to radiate at half the trion rate and
corresponding 900 ps lifetime. In our fluence-dependent PL measurements performed at 10 K, as the pump
intensity is increased so that more than one electron-hole pair per NPL is excited, we find a systematic
increase in amplitude of the lower energy PL feature (see Figure S3), in addition to discernible red-shifting
of the lower energy feature. Provided that some fraction of NPLs remain neutral under experimental
excitation conditions, these low temperature observations also convey a ~25 meV biexciton binding energy
(see Figure S4) that is comparable to but larger than that of trions. Importantly, the decay of this emission
is also reliably faster than the trion (as noted in Figure 2¢) with a value that approaches 4 times the estimated
900 ps single bright exciton decay rate. Given the short lifetime and red-shifted emission, the data point to

dominance of biexciton recombination at elevated fluence.

A remarkable feature of Figure 2c is that biexciton radiative recombination exhibits decreasing
lifetime with temperature reduction in CdSe NPLs. Fast radiative decay of single excitons in CdSe NPLs
has been observed previously, where temperature reduction causes a decrease in the observed single exciton
lifetime.®® This trend was justified according to a picture in which the bright singlet state is positioned a
few meV higher in energy than the optically passive dark exciton state, but where enhanced oscillator
strength engenders short radiative lifetimes.*® Since biexcitons should recombine 4x faster than the bright
single exciton spin configuration, such rapid single exciton recombination portends rapid biexciton
recombination that can outcompete nonradiative Auger recombination. For sufficiently low temperatures
whereupon recombination from the dark state imparts a 58 ns lifetime, it is important to note that triplets
do not prolong biexciton lifetime, since spin-allowed recombination is available to the doubly-occupied
electron and hole states. The observed multiexciton decay times are also meaningfully shorter than trion
decay, which is explained by the larger number of carriers involved. Indeed, with biexciton binding energies
for CdSe NPLs reportedly in the range of 9-45 meV,**70 the faster radiative rate at low temperatures could
suggest increased co-localization of exciton pairs within the NPL structure or influence of phonons on AR.

As conveyed by Figure 2¢, under the condition that thermal energy exceeds the roughly approximated
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activation energy of 3.4 meV, biexcitons (as well as trions) become much less radiative and undergo AR
with a rate that exceeds radiative recombination. While 3.4 meV does not correspond to available optical
phonons in CdSe (near 25 meV),”! this energy range may relate to acoustic modes associated with breathing
of the thin dimension of the NPLs or rippling of the large, in-plane dimension of the particle.””’* Whereas
the presented results show enhanced biexciton emission from these core-only NPLs, still further improved
performance may be available via core/shell, gradient alloy, and related interfacial manipulations that have

exhibited suppressed AR,*437

and which have been particularly successful in spherical core/shell quantum
dots.?!"7%7" The especially large oscillator strengths of the bright single exciton in NPLs, which are not found
in typical spherical particles, seem to permit multiexciton recombination at low temperature even in the

absence of such strategies.

In conclusion, we have shown that biexciton lifetimes in CdSe NPLs decrease at cryogenic
temperatures in contrast to predictions of typical Auger recombination behavior. Lifetime measurements
conducted using trPL spectroscopy are complemented by PL intensity vs fluence dependencies. Our
measurements highlight that nonradiative AR, though important at room temperature, does not dominate
biexciton recombination for core-only NPLs at low temperatures. For CdSe NPLs, biexciton radiative
recombination becomes significant at cryogenic temperatures and may approach unity. Furthermore, this
work also highlights the unique photophysics of colloidal NPLs, which fundamentally differ from those of
both bulk semiconductors and zero-dimensional nanocrystals, and continue to warrant further investigation

for integration into optoelectronic devices.
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