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Spectral and dynamical properties of multiexcitons
in semiconductor nanorods+

Krishan Kumar 2 *12° and Maria Wachtler (0 *§°

Multiple exciton dynamics in semiconductor nanocrystals is usually characterized by the observation of
changes in the fast multiexponential kinetics at the band edge transition position in transient absorption
spectroscopy at varying excitation intensities. However, analysis of this complex decay dynamics is not
straightforward and complicated by varying initial distributions of multiple excitons of increasing order
with increasing excitation intensity and the superposition of contributions from multiexciton processes
and charge carrier trapping, which need to be distinguished. In this study, we not only analyse kinetics but
also transient absorption spectra to identify characteristic spectroscopic signatures for the presence of
multiple excitons of varying orders beyond biexcitons in seeded and non-seeded CdS nanorods. Applying
an MCMC (Markov Chain Monte Carlo) sampling approach for global target analysis enables us to deter-
mine the contributions of multiple exciton decay via Auger recombination and the contribution of a
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Introduction

Semiconductor nanocrystals have gained significant attention
due to their tuneable optoelectronic properties.' Besides their
applications as emitters in sensing and imaging,*” in displays,®
as laser media,” and in quantum computation and communi-
cation,® nanocrystals have shown potential in light-harvesting
applications, i.e., photovoltaics® and photocatalysis for solar-to-
fuel conversion as a clean source of energy.'’ A highly interest-
ing property of semiconductor nanocrystals is the formation of
multiexcitons, e.g., via the consecutive absorption of multiple
photons or by multiexciton generation (MEG), whereby multiex-
citons are generated by splitting of a high energy single exciton
to two or more low energy excitons.'™'? Multiexcitons are of
interest in optical amplification’® and could also be beneficial
for charge carrier generation in photovoltaics'® and photo-
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potential population of surface exciton states to the observed decay dynamics.

catalytic processes involving multielectron reactions.'>®

Unfortunately, the lifetime of multiple excitons is limited
through annihilation via Auger recombination, which occurs
with rates on the timescale of 10 s to 100 s of ps in semi-
conductor nanocrystals.'>*>'” Auger recombination rates have
been shown to be tuneable via structural parameters such as the
size and shape of nanocrystals. The Auger recombination life-
time scales with the volume of the nanocrystal.'® In hetero-
structures, band alignment and wavefunction engineering
impact Auger recombination rates by controlling the overlap
between hole and electron wavefunctions.">"'**° To be able to
exploit the relations between structure and dynamics for the
design of particles optimized for a certain application, it is
crucial to determine multiexciton dynamics reliably.

The standard approach to investigate dynamics involving
multiple excitons is to perform transient absorption (TA) spec-
troscopy with increasing pump intensity, observing the decay
dynamics of the band-edge bleach feature of the lowest exci-
tonic transition.>*"**> The observed additional fast decaying
components in band-edge kinetics appearing with increasing
pump intensity are usually assigned to Auger recombination
and are used to determine the lifetimes of multiple excitons.
However, the single probe wavelength analysis limited to fol-
lowing only bleach decay kinetics could be misleading as the
observed dynamics can contain not only contributions from
biexcitons but also higher-order excitonic states.'®??
Furthermore, such results need to be evaluated carefully
because the multiexponential behaviour in the bleach decay
signatures on the timescale can also arise from processes
leading to population of surface exciton states, i.e., trapping of
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charge carriers."®***® To facilitate the discrimination between
multiexciton states of varying orders and populations of
surface states, differences in the spectral signatures should be
evaluated. For this, global analysis of spectrally resolved data-
sets recorded at varying excitation intensities needs to be per-
formed to extract the kinetic and spectral information of the
contributing species. Only a few reports exist on efforts to
determine both dynamical and spectral properties, and so far
have mainly focused on biexcitons.?*® The complexity of the
datasets caused by the need to fit kinetics for a large number
of wavelengths and varying excitation intensities presents a
challenge for data evaluation. Additionally, the spectra for the
involved species are broad with complex line shapes and are
expected to strongly overlap, which complicates the model
selection and the evaluation of the quality of the fit. One
approach relies on the standard global analysis of datasets at
single pump intensities."®*® By applying this approach, the
species spectra and decay kinetics for single and biexcitons in
CdSe quantum dots have been determined. As the contribut-
ing species spectra and rates are expected not to vary with exci-
tation intensity, simultaneous analysis of varying intensities
could improve the quality of the time constants and species
spectra obtained. This has been realized by applying a Markov
Chain Monte Carlo (MCMC) sampling approach for global
target analysis of the TA spectra of CsPbBr; and CdSe
nanocrystals.>’>° To the best of our knowledge, there have
been no attempts to analyse the spectral and dynamical pro-
perties of multiexcitons of higher order by applying TA spec-
troscopy, also considering interferences caused by the popu-
lation of surface exciton states of nanocrystals.

In this work, we explore the dynamics and spectral pro-
perties of multiexcitons in CdSe@CdS nanorods via transient
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absorption spectroscopy. The complex pump intensity-depen-
dent datasets are globally analysed by applying the MCMC
sampling approach for global target analysis. We show in this
contribution that this approach allows for determining the
spectral and dynamical properties of up to tri-exciton species
in cadmium-based nanorods. The sampling of the target
kinetic model based on an Auger recombination process
revealed the presence of two different monoexcitons dominant
in the low or high pump intensity range, respectively. Using a
series of experiments on CdS nanorods, MUA-capped
CdSe@CdS nanorods and natively capped pre-illuminated
nanorods, we assigned the presence of the second monoexci-
ton species to surface trapping-related monoexciton formation
which can only be populated via multiexciton excitation.

Experimental

All chemicals and solvents used were purchased from Sigma-
Aldrich (Merck KGaA, Darmstadt, Germany), except for octade-
cyl phosphonic acid (ODPA), which was purchased from Carl
Roth GmbH + Co. KG (Karlsruhe, Germany), and used without
further purification. All solvents were of spectroscopic grade,
dried and deoxygenated.

Synthesis of CdSe@CdS nanorods

CdSe seeds were synthesized using a protocol developed by
Carbone et al.*® CdO (61.1 mg), ODPA (~0.29 g) and trioctyl-
phosphine oxide (TOPO, 3 g) were heated in a three-neck flask
under constant stirring to 150 °C and evacuated for 30 min.
After evacuation, the flask was filled with nitrogen and heated
to 340 °C until the brown reaction mixture turns colourless.
The reaction mixture was cooled down to 120 °C and evacuated
for at least 2 hours to remove water formed as a byproduct of
Cd-ODPA complexation. After evacuation, the mixture was
reheated to 370 °C. 0.4359 g of 1.7 M Se dissolved in trioctyl-
phosphine (TOP) and 1.56 g of TOP were injected and the reac-
tion stopped immediately by removing the heating mantle and
decreasing the temperature. 5 mL of toluene was added when
the temperature of the reaction mixture reached below 90 °C.
The CdSe seeds were precipitated by adding 5 ml of methanol
and centrifuged at 4000 rpm for 5 min. The pellet was redis-
persed in 5 ml of toluene and the procedure was repeated
three times. For the synthesis of CdSe@CdS nanorods, the pro-
tocol established by Amirav et al. was applied.*® CdO
(0.2097 g), ODPA (1.13 g), n-propylphosphonic acid (PPA,
65.75 mg) and TOPO (3.33 g) were added to a three-neck flask
and heated under constant stirring to 120 °C and evacuated
for 30 min. Then the flask was flushed with N, and heated to
340 °C. At this temperature, 1.5 g of TOP and 0.05 g of sulfur
dissolved in 0.60 g of TOP were injected, and after 20 s, 2 mg
of CdSe seeds dissolved in 0.5 g of TOP was injected. The reac-
tion mixture was kept at this temperature for 10 min until the
colour of the solution turned from red to orange. After 10 min,
the heating mantle was removed and the reaction mixture was
cooled down. 5 mL of toluene was added once the temperature

This journal is © The Royal Society of Chemistry 2025
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reached below 90 °C. 5 ml of methanol was added to precipi-
tate the nanorods and the mixture was centrifuged at 4000
rpm for 10 min. The precipitate was redispersed in hexane,
2 mL of nonanoic acid and 2 mL of octylamine and precipi-
tated by addition of methanol multiple times. For a size exclu-
sion step, the precipitate was redispersed in 10 mL of toluene
and 6 mL of isopropyl alcohol and centrifuged at 4000 rpm for
30 min two times. Finally, the nanorods were redispersed in
toluene.

Synthesis of CdS nanorods

CdS nanorods were synthesized following the seeded synthesis
approach.’®** To first synthesize CdS seeds, CdO (0.1102 g),
oleic acid (OA, 2.19 g) and 1-octadecene (ODE, 15 mL) were
mixed in a three-neck flask and heated to 100 °C under
vacuum for 1 hour with constant stirring. After evacuation, the
flask was filled with nitrogen and heated to 260 °C to dissolve
CdO and form a colourless solution. S (0.017 g) dissolved in
7 mL of ODE was injected and the reaction mixture was kept at
this temperature for 90 s. The reaction was stopped by remov-
ing the heating mantle and 10 mL of toluene was added when
the temperature of the reaction mixture reached 90 °C. The
product was cleaned by precipitating it with methanol and
centrifugation and redispersed in toluene five times. For the
synthesis of rods, CdO (0.12 g), ODPA (0.7 g), PPA (0.034) and
TOPO (6.2 g) were mixed in a three-neck flask and heated to
100 °C under vacuum for 1 hour with constant stirring. The
flask was then filled with nitrogen and heated to 350 °C to dis-
solve CdO. At this temperature, 1.5 mL of TOP was injected
into the hot solution and the solution was further heated to
365 °C. Next, 1.6 mL of sulfur in TOP (0.079 ¢ mL™") and CdS
seeds (~3 x 107® mol) dispersed in toluol were quickly injected
into the reaction mixture. The reaction was stopped by remov-
ing the heating mantle after 9 min and 10 mL of toluene was
added when the temperature of the reaction mixture reached
90 °C. The product was precipitated by adding methanol, cen-
trifuged at 4000 rpm for five minutes and redispersed in
toluene. This precipitation cycle was repeated five times. For
size selection, the product was mixed with 2 mL of nonaoic
acid and 2 mL of oleylamine. The obtained clear mixture was
precipitated using methanol and centrifuged at 4000 rpm for
five minutes. The precipitation step was repeated 3 times.
Finally, the CdS nanorods thus obtained were re-dispersed in
toluene.

Ligand exchange with 11-mercaptoundecanoic acid (MUA)
was performed following a literature procedure.** 238 mg of
MUA was dissolved in 10 mL of methanol and mixed with
121 mg of tetramethylammonium hydroxide pentahydrate.
12 mg of CdSe@CdS nanorods were dried under vacuum,
mixed with 6 mL of the above solution and stirred for 3 h until
the CdSe@CdS nanorods were fully dispersed. Plenty of
toluene was added as a non-solvent to precipitate the ligand
exchange nanorods. The mixture was centrifuged at 6000 rpm
for 20 min, the supernatant was discarded, and the precipitate
was re-dispersed in methanol.

This journal is © The Royal Society of Chemistry 2025
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Basic sample characterization

Steady-state UV/vis absorption spectra were recorded using a
JASCO V780 UV/vis/NIR spectrophotometer (JASCO GmbH,
Pfungstadt, Germany). All measurements were performed in
1 cm quartz cuvettes. Photoluminescence spectra were
recorded using an FLS980 photoluminescence spectrometer
(Edinburgh Instruments Ltd, Livingston, UK). An excitation
wavelength of 400 nm was used. FTIR spectra were recorded
using a Bruker INVENIO R spectrometer equipped with an ATR
(Platinum ATR, Bruker) accessory. Background correction was
performed by recording the air spectrum. IR spectra of dried
thin films on a CaF, substrate were recorded. Transmission
Electron Microscopy (TEM) images were recorded in bright
field (BF) using a Hitachi HT7820 operating at 100 kV accelera-
tion voltage in high-resolution mode.

Femtosecond-TA measurements

Femtosecond-TA measurements were performed using a
home-built transient absorption setup with a detection system
from Pascher Instruments AB. A regenerative Ti:sapphire
amplifier (Astrella, Coherent, USA) delivering pulses centred at
800 nm with ~100 fs full width at half maxima, 5 m] pulse
energy, and 1 kHz pulse repetition rate was used to generate
excitation and probe pulses. The output fundamental is split
into several beams. One part is travelling over a 2 ns delay line
and is focused onto a rotating CaF, window to generate a
broadband white light continuum (300-700 nm). The conti-
nuum is split into a probe, which is focused on the sample
and a reference beam. To generate the excitation pulses, 2 m]
of the fundamental output of the amplifier pumps an optical
parametric amplifier (TOPAS, Light conversion, Lithuania) to
produce tuneable pump pulses. For our experiments, pump
pulses with a central wavelength of 400 nm were generated.
The relative polarization of the pump and probe is set to a
magic angle of 54.7°. A mechanical chopper reduces the rep-
etition rate of the pump pulses to 500 Hz and the pump is
focused to the sample (beam diameter 400 pm). The spectra of
probe and reference pulses are recorded using CCD array
detectors after passing a Czerny-Turner spectrograph with a
150 mm focal length (SP2150, Princeton Instruments). The
obtained TA data were chirp corrected using a Python-based
package KiMoPack.** The intensity-dependent TA data in the
time range of 2-1000 ps were fitted using a script published
for target model sampling using the Markov Chain Monte
Carlo method.”” The script was modified to adapt our target
model, as described in the ESI.{ All nanorod samples were pre-
pared and measured under an inert atmosphere in a home-
built sealed and air-tight 1 mm cuvette.

Results and discussion

For our study, we chose to investigate the multiexciton
dynamics in CdSe@CdS nanorods with quasi-type II band
alignment. In these heterostructures, the holes tend to localize
to CdSe seed and electrons are delocalized over the entire
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nanorod, resulting in prolonged multiexciton lifetimes.>**~”
Due to the extended multiexciton lifetimes, these structures
can act as a model system to study multiexcitons beyond biex-
citons in semiconductor nanostructures. For this purpose,
CdSe@CdS nanorods (length 20.1 + 1.6 nm, width 4.7 +
0.7 nm, and seed size 2.3 nm, see Fig. S1-S31 for sample
characterization) capped with a mixture of surface ligands
such as octadecylphosphonic acid (ODPA), n-propylphospho-
nic acid (PPA), trioctylphosphine (TOP), and trioctylphosphine
oxide (TOPO) were synthesized following the well-established
seeded-growth approach.®’ These nanorods will be called in
short TOPO-capped nanorods even though being well aware
that there is a mixture of surface ligands at the surface, but
TOPO is often considered to be the major part.*®*° TA spec-
troscopy was performed by exciting the nanorods dispersed in
toluene with pulses having a central wavelength of 400 nm and
a pulse duration of 100 fs of varying intensities between ~28
and 934 pJ ecm™? in an oxygen-free air-tight sealed 1 mm
cuvette. In Fig. 1a, transient spectra recorded at a delay time of
2 ps are presented. The TA spectra show the characteristic
negative features at 464 nm and 566 nm corresponding to a
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bleach of the lowest excitonic transitions localized in the CdS
and CdSe domains in the seeded nanorods caused by conduc-
tion band state population.">?” In the quasi type-II hetero-
structures, these transitions correspond to the transitions
between the highest VB hole level 1oy, (for the CdS rod) or 1Sy
(for the CdSe seed), respectively, to the lowest energy CB elec-
tron level 16..">?” The CdS rod bleach signal is more intense
than the CdSe seed bleach signal due to the larger volume of
the CdS rod-shaped shell compared to the CdSe seed.
Additionally, at low excitation intensities, a photoinduced
absorption (PA) band caused by the biexciton effect is present at
432 nm.?" After the formation of monoexcitons upon interaction
with the pump pulse, a second transition to the lowest excitonic
CB levels is in principle possible upon interaction with probe
light, but appears at a shifted position with modified transition
oscillator strength caused by Coulomb multiparticle interactions
in the double excited nanoparticle formed upon probe inter-
action, resulting in negative bleach signatures at the position of
the excitonic transitions and the appearance of positive features
either red- or blue-shifted depending on the type of interaction
(binding or repulsive in the generated multiple excited
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Fig. 1

Intensity-dependent TA data of TOPO-capped CdSe@CdS nanorods excited at 400 nm. (a) Experimental TA spectra at 2 ps after excitation.

The dashed black trace shows the inverted steady-state absorption spectrum for comparison. (b) Kinetic decay profiles at 432 nm. (c) Normalized TA
data at low (black trace) and high intensities (yellow trace) recorded 2 ps after excitation (left) and 1000 ps after excitation (right). (d) TA kinetics at

464 nm with increasing pump intensity normalized at 1900 ps delay time.
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particles).”****! Increasing pump fluence leads to an increase
in intensity and broadening of the band-edge bleach features
while the PA band disappears, i.e., the positive signature in the
spectral region around 432 nm turns into a negative signal.
Similar spectral changes with increasing pump fluence have
been observed before for CdSe,*® CdSe@Cds** quantum dots
and CdS nanorods'®*" and were attributed to a changing initial
population of monoexcitons and multiexcitons with increasing
pump intensity. In the biexcitonic state, the lowest CB electron
level is completely populated, and for higher excitonic states,
the CB =, levels are populated additionally. This leads to the
observed disappearance of the PA band and the broadening of
the bleach signal with increasing excitation intensity is directly
associated with the presence of higher-order excitons initially
generated upon excitation with sufficient intensity. Accordingly,
at low pump fluences, when only monoexcitons are generated,
the formation of an immediate positive signal is observed,
which slowly decays on the ns timescale (Fig. 1b).

At high pump fluences, the initial signal after excitation is
negative and decays on a few 100 ps timescale to form the posi-
tive PA signal, which is in the typical range of Auger recombina-
tion times for rod-shaped semiconductor nanocrystals.'®3>3
Hence, the PA signal (432 nm) sensitively reports on the presence
and temporal development of multiple excitons and this tran-
sition from the negative signal to the positive signal indicates the
decay of multiexcitons to monoexcitons. Interestingly, differences
in the TA data can be observed not only at early timescales
depending on pump fluence, but also at long delay times beyond
1500 ps. In the normalized transient spectra at long delay times,
slight differences in low and high excitation intensity data are
visible (Fig. 1c). Taken together with slight differences in the
long-term decay dynamics for low and high excitation intensities
(Fig. 1d), this might be an indication that additional states,
which are accessible via multiexcitons, might play a role.

From these qualitative considerations, we can conclude that
we observe an increasing initial population of multiexciton
states, but we cannot derive any statement on the order of the
multiexcitonic states contributing to the data, nor their exact
lifetimes. To retrieve quantitative information on the multiex-
citon decay and to extract timescales and spectral information
on the contributing species, the data need to be modelled. The
non-radiative annihilation of multiexcitons via Auger recombi-
nation occurs according to the established quantized Auger
recombination model in a sequential cascade mechanism.'®**
The initially generated multiexciton of the N order (N being
the number of excitons generated in one particle) decays to
form an (N — 1)™ order multiexciton, which decays to an (N —
2)™ order multiexciton and so on. The initial population of the
multiexcitons in an ensemble of nanorods generated by the
absorption of light follows a Poisson distribution:

Pa(0) = L0 — ey

The average number (N) of excitons per nanorod depends
on the excitation intensity and can be estimated from the

This journal is © The Royal Society of Chemistry 2025
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average energy density (/) and an absorption cross-section
scaled with the pump power density (o):

(N)=Jxo (2)

Hence, using eqn (1) and (2), the excitation intensity-depen-
dent starting concentrations ¢y (¢t = 0, J) can be described.
Assuming that the component spectra for the contributing
species sy(4) are not changing with time or excitation intensity
and that the observed decay kinetics solely is influenced by
dynamics changing the population of the contributing states,
i.e. cn(t), the TA data can be simulated by:

AA(L tv]) = Z CN(tv.])SN(ﬂv) (3)

For modelling the excitation intensity-dependent dataset
for all intensities simultaneously, the parameters to be deter-
mined are the time constants 7y representing the lifetime of
the N™ order exciton, the absorption cross-section parameter
o, and the component spectra sx(4) of the species, adding up
to a large number of unknown variables (order of magnitude
1000). For such problems, the MCMC sampling method for
target analysis can be applied to extract time constants and
species spectra and also delivers measures to evaluate the
quality of the chosen kinetic model and the uncertainty of the
determined parameters in the form of posterior probability
distributions.?”

We applied this method to analyse the intensity-dependent
data in the time range of 2-1000 ps to focus on contributions
from Auger recombination-connected population dynamics
and exclude contributions from hot carrier thermalization on
the sub-ps timescale contributing with constantly changing
spectra of non-thermalized states, and contributions from hole
localization and trapping.'®?®*” The simple quantized Auger
recombination model was unable to describe either the entire
dataset at once or datasets for individually chosen intensities
satisfactorily, even if ever increasing numbers of components
are added to the consecutive cascade Auger recombination
scheme (see the kinetic modelling section in the ESIf). This
could be related to our qualitative observation of deviations in
the decay kinetics and spectra at late delay times depending
on excitation fluence, indicating contributions of more than
one long-lived species populated depending on the excitation
intensity (Fig. S47T). To allow for such a scenario, we modified
the standard quantized Auger recombination model by intro-
ducing two distinct biexciton decay pathways: one via a mono-
exciton species (X) with the initial concentration given by the
Poisson distribution, i.e. which is accessible by direct optical
excitation, and an additional species (Xs) formed with no
initial concentration but accessible from higher-order multiex-
citons within the Auger recombination decay process.

The simplest final kinetic model, which could describe our
dataset, is depicted in Scheme 1. It includes five species, i.e.,
tetra-, tri-, bi- and two monoexciton states X and Xs. The fitting
results are presented in Fig. 2; for kinetic fits and concen-
tration profiles, see Fig. S5 and S6.1 The values of the fitted
parameters are summarized in Table 1. The splitting para-
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Scheme 1 Modified quantized Auger recombination model applied in
the target analysis of the intensity-dependent TA data in this study: QX,
TX, BX, X, and XS stand for tetra-, tri-, bi- and monoexcitons, respect-
ively. Py represents the initial relative concentration of the respective
species given by the Poisson distribution as presented in ESI Tables
S1-3.1 The initial QX population sums over the probability of four or
more excitation per nanorod P(N > 4) =1 — 23 P(N). Such higher exci-

N=0
tation will only have small contributions due to decay on the sub 1 ps
timescale, and QX is the highest-order exciton expected to contribute
significantly to our dataset. The splitting parameter ¢ describes the
weight of both processes in the multiexciton decay channel.

(a)
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meter ¢ describing the weight of the two monoexcitons was
found to tend to zero, showing that higher-order excitons
decay to form only Xs. Hence, X is only formed directly via
initial excitation of the monoexciton state with a concentration
given by the Poisson distribution and all multiexcitons decay via
Xs. The diagonal plots in the corner plot of the posterior prob-
ability distributions (Fig. 2a) display the distribution of the
determined lifetimes of the five species and the absorption
cross-section parameter. The off-diagonal plots show the two-
dimensional projections of the posterior probability distribution
sampled by the MCMC method. The round shape of the
contour diagrams indicates the absence of severe cross-corre-
lations between parameter pairs, indicating that all the para-
meters are adequately independent of each other and no redun-
dant parameter is used in the kinetic model. The biexciton life-
time obtained from the fit of 161 ps is consistent with reports
for Cd-based nanorods.*®*>*® The ratio of the lifetimes of multi-
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Fig. 2 Target model sampling of TOPO-capped CdSe@CdS nanorods excited at 400 nm in the power density range of 77-930 uJ cm™2. (a) Corner
plot of the posterior probability distribution of the modelled parameters for TOPO-capped CdSe@CdS nanorods determined by the MCMC sampling
method. The lifetimes (z) are shown in ps and the absorption cross-section parameter (o) is shown in cm? pJ=%. (b) Component spectra of the tetra-
exciton (QX, blue trace), triexciton (TX, red trace), biexciton (BX, orange trace), monoexciton (X, purple trace), and surface monoexciton (Xs, green
trace) determined by overlaying 100 random samples from the Markov Chain to show the deviations among randomly drawn samples visually. The
upper inset shows a magnification of the component spectra in the sub-bandgap region and the lower inset shows the component spectra of X and

Xs normalized to the lowest CdSe excitonic transition feature.

Table 1 Fitted median values and 95% confidence interval of modelled parameters extracted from MCMC sampling for TOPO-capped CdSe@CdS

and CdS and MUA-capped CdSe@CdS nanorods

Parameter name

TOPO-capped CdSe@CdS

MUA-capped CdSe@CdS TOPO-capped CdS nanorods

6.008-92
32.973393
160.51892
11271122
22113218
8.343 x 1073

8.338 x 10 Ss3msx10-3

Ttetraexciton/ PS
Ttriexciton/ps
Tbiexcimn/ps
/ps @
Tmonoexciton! PS
a
Tsurface exciton/ ps

Absorption cross-section (¢)/cm” pJ ™"

7.30231

37.6337%7

17171718

1529331

2244229 -
58910

7.577 x 10 im0

7.05207

30.063029

118.11183

11261128

2996399 -
7653 %1073

7.650 X 10 767 x10-3

“Errors given are the modelling uncertainties, but due to the limited delay time window considered, these values are affected by a large experi-

mental additional inaccuracy.
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excitons QX:TX:BX is 0.04:0.20: 1, which is very close to the
statistical ratio 0.08:0.22 : 1 predicted for 1D nanorods.">** The
absorption cross-section parameter (¢) found by our model is
8.338 x 10 cm?® pJ~" and corresponds to an absorption cross-
section area of 4.14 x 107" cm?, in good agreement with the
estimated value of 8.9 x 107™*®> cm? at 400 nm for similar-sized
CdSe@CdS nanorods.?” The lifetimes of the long-lived monoex-
citon species X and X; are longer than the timeframe modelled.
Hence, the values determined are only estimates with high inac-
curacy; nevertheless their spectra can be determined reliably.
The modelled component spectra are depicted in Fig. 2b. It
has to be noted that the tetra-exciton spectrum (Fig. 2b, blue
trace) contains contributions from QX and higher-order exci-
tons, since the initial concentration is modelled to contain
contributions of excitons of the order four and higher P(N >

N=3
4)=1— > P(N) (Scheme 1), and should only be considered
N=0

with care and will not be discussed in detail. Earlier studies on
CdSe nanocrystals have been terminated at triexciton species
already. This is due to the shorter higher-order exciton life-
times of spherical-shaped particles and due to lower
maximum pump intensities used compared to our study on
rod-shaped heterostructures presented here.>®

On comparing first the spectra of the two long-lived mono-
excitonic species, it is noted that the ratio of the CdS and CdSe
bleach features differs significantly. The X species, dominat-
ing long delay time decay at high pump intensities, shows
stronger relative CdS bleach contributions compared to X
(Fig. 2b inset), which could be an indication of different local-
izations of these two states, with Xg being strongly localized in
the CdS domain compared to X. Furthermore, a broad PA
band is present in the sub-bandgap region above 600 nm in
the species spectrum of Xs, which is usually assigned to
signals from trapped holes or surface-related trap states in
general.*®*® This feature is absent for the monoexcitonic state
X, which dominates the long-time decay in the range of low
pump fluences. This leads us to assign species X to the emit-
ting CdSe seed-localized exciton formed in the seeded nano-
rods after the excitation of states mainly localized in the CdS
rod part with 400 nm centered pulses followed by fast hole
localization-driven exciton localization (on a few ps timescales)
efficiently competing with hole trapping at the surface in these
types of nanorods.’>*® Xg on the other hand shows spectral
characteristics which relate it to a surface-related trapped
state, hence strongly localized in the CdS domain. The CdSe-
localized exciton X leads due to the quasi type-II band-align-
ment to bleach signatures in both the CdS and CdSe domains;
the negative contribution in the CdSe bleach region is further
increased by stimulated emission, while a surface localized
exciton is expected to show stronger impact on the signal in
the CdS domain and additional trap state signatures. This is in
agreement with the lower CdS/CdSe bleach ratio and domi-
nates the negative bleach signal in the whole spectral range for
X compared to the Xs spectrum. For Xg, the decreased overall
bleach intensity compared to the X state and the increased
ratio of CdS and CdSe bleach intensities, together with a broad

This journal is © The Royal Society of Chemistry 2025
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PA sub-band gap PA signature, may indicate an increased
localization in the CdS domain and involvements of trapped
charge carriers. The potential nature of this species will be dis-
cussed below in detail.

On comparing the obtained component spectra of the long-
lived monoexcitonic species X and Xg with the spectrum of the
biexciton BX; it is found that the PA at 432 nm caused by the
biexciton effect shifting the position of the excitonic transition
disappears in BX due to complete filling of the band edge level
leaving the system nearly transparent to the probe pulse at the
respective wavelength. Interestingly, in the species spectra of X
and BX, almost no change in CdS band-edge bleach is
observed and additionally X shows an even stronger bleach
signal compared to BX in the region of the CdSe-localized exci-
tonic transition. Recently, for CdSe nanocrystals, BX: X bleach
ratios smaller than 2:1 have been reported; however, an
almost similar band edge bleach to that observed in our case
for the CdS transition for the X and BX states has not been
reported before. Only for CsPbBr; perovskites, similar band
edge bleach contributions to biexciton and monoexciton
spectra have been observed and are explained by a pronounced
shift of the band-edge transition through biexciton repulsion,
resulting in spectral differences only in the PA region.>® For II-
IV nanocrystals, such strong exciton-exciton repulsion seems
an unlikely explanation. An alternative explanation, which
could also explain the behaviour of the bleach intensity of the
CdSe excitonic transition, relates again to the localization of
these states within the different domains of the nanostructure.
Under the assumption that the BX state already contains con-
tributions of charge carriers trapped in surface states inducing
the localization of BX at the surface of the CdS rod-shaped
shell domain, the missing increase of the CdS band-edge tran-
sition and the decreased CdSe excitonic bleach compared to X
seem reasonable. Under this assumption, the comparison of
the BX spectrum with the Xg spectrum is better justified, and
indeed for these nanorods, we find that the expected trend for
the CdS band-edge bleach is more intense for BX than for Xg.
A close relationship between BX and Xs both involving trapped
charge carriers also seems feasible from the fit results,
showing that BX solely relaxes forming the Xs monoexcitonic
state but not the monoexcitonic X state excited in the low exci-
tation intensity regime.

Finally, the spectra of higher-order multiexcitons, ie. TX
(and QX), show increasing CdS bleach and broadening of the
bleach features for higher-order multiexcitons, which agrees
well with the discussion above and is due to the filling up of
higher conduction band level states, resulting in bleach of the
respective higher excitonic transitions as well. Furthermore,
the higher-order multiexciton formation does not significantly
change the bleach of the excitonic transition of the CdSe
domain. This can be regarded as an indication that already
these states are strongly localized in the CdS domain induced
by the population of surface trap sites.

To summarize the results so far, trapping-induced localiz-
ation and formation of higher-order excitonic states could
explain the extracted spectral signatures and the presence of
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two long-lived monoexciton species, one dominating in the
low pump intensity regime, while the other appears via the
decay of multiexcitonic states. This indicates that trapping
involves trap states which can only be accessed from higher-
order multiexcitonic states with a large amount of excess
energy. In principle, an increasing population of trapping sites
caused by temperature increase under the high intensity exci-
tation of the sample could be a possibility, but in the case of a
significant local increase in temperature, additionally a red-
shift in the band edge transition caused by narrowing of the
band gap is expected.”””! No such shifts in the lowest exci-
tonic transitions are observed and significant temperature-
induced effects can be disregarded. The nature of the traps,
which means where the traps are located in the nanostructures
and which charge carriers, electrons or holes are trapped, still
needs to be determined. For the nature of the traps involved,
in general, two possibilities have to be considered: trapping at
the CdSe/CdS interface or on surface sites. Though the discus-
sion above provides an indication that more likely surface trap
states are involved, we performed additional experiments to
collect further proof.

(I) Trapping in states at the CdSe/CdS interface: the first
possibility is a potential trapping in states at the CdSe/CdS
interface, which may only be accessible from states with a
large amount of excess energy, ie., from high-lying excitonic
states or multiexcitonic states. Such states could result from
lattice mismatch and can influence the transient absorption
dynamics as observed, e.g., for CdTe/CdS interfaces.**>?
However, lattice mismatch is considered small (~4%) between
CdS and CdSe domains. Another source of trapping sites at
the interface is fast anisotropic growth which is reported to
induce stacking faults.>*~>°

To test the effects connected to the CdSe/CdS interface, we
additionally investigated the multiexciton spectral signatures
and dynamics of the CdS nanorods without the CdSe seed
(length 18.7 + 4.7 nm, width 3.6 + 0.7 nm). The TA spectra at
2 ps delay time (Fig. 3a) show a negative feature at 453 nm,
which can be attributed to the bleach of the lowest excitonic
transition, which is in agreement with the absorption spec-
trum about 10 nm blue-shifted compared to the CdSe@CdS
nanorods caused by a stronger confinement effect in the CdS
nanorods which possess a smaller diameter as the seeded rods
in our study. At low pump intensities, a positive PA band is
present at 413 nm, which disappears with increasing pump
pulse intensity, similar to the observations in the seeded nano-
rods.*! In the pump fluence-dependent kinetic traces for CdS
nanorods at a probe wavelength of 413 nm (Fig. 3b), similar to
the seeded system, at high pump fluences when multiexciton
formation is to be expected, the initial signal after excitation is
negative and decays to form a positive signal of the monoexci-
ton on a few 100 ps timescale. The same kinetic model as for
the CdSe@CdS nanorods was necessary to explain the experi-
mental data using the MCMC target analysis (Fig. S7-S971). The
lifetimes of higher-order excitons (QX and TX) are similar com-
pared to the lifetimes determined for CdSe@CdS nanorods,
while the biexciton lifetime in the non-seeded nanorods is
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Fig. 3 (a) Intensity-dependent TA spectra of TOPO-capped CdS nano-
rods excited with a 400 nm pump pulse at 2 ps after excitation and an
inverted absorption spectrum for comparison. (b) Kinetic traces at
413 nm probe wavelength. (c) Modelled component spectra of CdS
nanorods capped with TOPO from over the intensity range of
96-1060 puJ cm™2 plotted by drawing 100 random samples from the
Markov Chain and overlaid on top of each other with the same colour to
show the deviations among different samples. The insets show the
respective zoomed-in spectra of the sub-band edge PA band.

reduced to 118 ps (Table 1), which is reasonably close to the
literature-reported biexciton lifetime of 180 ps for slightly
longer CdS nanorods.'® The PA feature at 413 nm is only
present in the monoexcitonic species spectrum and disappears
for the multiexcitons similar to CdSe@CdS nanorods. Also, for
the CdS nanorods, a second long-lived species, X, is present,
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which shows similar spectral distinction compared to X, i.e.,
the band-edge bleach of Xg is lower than that of X. Higher-
order excitons and Xs show a positive PA sub-bandgap feature
in line with our observation for CdSe@CdS seeded nanorods.
From this, we can conclude that the appearance of Xg is most
probably not related to the presence of the CdSe/CdS interface,
which is absent in the pure CdS nanorods.

(IT) Trapping and formation of surface exciton states: trap-
ping sites that only can be populated from multiexcitons and
hot monoexcitons appearing during the cascade-like multiexci-
ton annihilation process have already been reported."*?* For
example, for polyethyleneimine-coated CdS nanocrystals, fast
barrierless trapping of hot excitons formed from higher-order
multiexciton states resulting in increasing cooling rates with
increasing pump intensity, has been reported.”” Though dissi-
pation of excess energy is fast, trap states that are not accessi-
ble from the lowest band edge monoexcitonic states can be
populated efficiently via this route. Similar observations have
been made for CdSe and CdTe nanocrystals.’®*° The presence
of an activation energy barrier for trapping has been shown for
cadmium-based nanocrystals using temperature-dependent
time-resolved photoluminescence measurements®® and state-
resolved transient absorption spectroscopy.®' Furthermore, the
decrease of the PL quantum yields of Cd-based nanocrystals
with increasing pump intensity and energy also hints towards
the accelerated charge trapping process from higher energetic
states in these systems.’®®® In these studies, contributions
from both hole and electron trapping are discussed, which are
not easy to discriminate from each other and the nature of the
involved trap states is often not defined beyond any doubt. For
our data, the comparison of the spectral shape of the two
monoexcitonic species in our data, see the discussion above,
supports the claim of surface excitonic species Xg. The
different relative bleach contributions of CdSe and CdS
domains in the spectra of these monoexciton species are in
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agreement with an Xg being related to a surface state showing
stronger relative CdS bleach contributions due to localization
in the CdS domain at the surface of the nanorods. One alterna-
tive explanation could relate Xg to the formation of charged
monoexcitons (trions).®*®> However, the reported lifetimes of
charged trions in these types of nanorods are <1 ns.®* The
lifetimes of X and Xs species observed in our experiment are
(though the values determined are of limited accuracy due to
the limited time window of delay times evaluated) significantly
longer. To collect further data for the nature of the trap, the
influence of surface chemistry was studied. Therefore, the orig-
inal surface ligands were exchanged with MUA ligands to
modify the densities of the available hole trap states.*® Ligand
exchange with MUA was performed according to literature
reports and the nanorods were redispersed in methanol (see
Fig. $1-S31 for the details on sample characterization).*"**°°
The MUA-capped CdSe@CdS nanorods show similar spectral
features and dynamic behaviour to those observed for TOPO-
capped nanorods. By applying the kinetic model described
above, the lifetimes and species spectra extracted differ only
marginally (Table 1 and Fig. S10-S12%). To directly compare
the influence of ligand exchange on the spectra of each exci-
tonic species, we normalized the modelled species spectra of
TOPO- and MUA-capped nanorods to their maximum bleach,
i.e., to the respective tetra-exciton bleach (Fig. 4). Xs in MUA-
capped nanorods shows increased sub-band edge PA after
ligand exchange, which might indicate increased hole-trapping
contributions. Furthermore, though the TA bleach signal in II-
VI materials is widely thought be independent of hole contri-
butions, new reports suggest a ~30-33% hole contribution,
which is suppressed in the presence of hole traps that can be
populated, and the removal of hole traps by surface passiva-
tion or shell formation can influence the hole signal
contribution.®””® So, the decreased X bleach signal compared
to X could be caused by the hole trapping process. On the

0.0+ \"
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(a) Multiexciton component spectra of TOPO-capped (dark traces) and MUA-capped (light traces) CdSe@CdS nanorods. (b) Monoexciton

component spectra of TOPO-capped and MUA-capped CdSe@CdS nanorods. Insets: sub-band edge PA bands. For comparison, the datasets are

normalized to the maximum bleach signature of the tetraexciton.

This journal is © The Royal Society of Chemistry 2025

Nanoscale, 2025,17, 7141-7152 | 7149


http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d4nr04692g

Open Access Article. Published on 20 February 2025. Downloaded on 2/9/2026 2:07:01 AM.

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

(cc)

Paper

other hand, the decreased bleach of the CdS band edge tran-
sition in Xg compared to X could also be explained by the elec-
tron trap nature of Xg, leading to depopulation of the conduc-
tion band edge states. This might also explain the low sensi-
tivity of the observed dynamics to the exchange with a strong
hole trapping ligand. Hence there are arguments for both elec-
tron and hole trap states, and similar to earlier studies, here
too the nature of the trapping site cannot be determined
beyond any doubt at the current state of research.

A final aspect to consider is the possibility that the surface
trap states can also appear during the measurement by illumi-
nation-induced changes in the surface chemistry, e.g., by
ligand dissociation”®”" or lattice distortions,”” and hence
influence the formation of surface localized excitons by revers-
ible and non-reversible effects. A comparison with the datasets
of the pre-illuminated TOPO-capped nanorods shows qualitat-
ively and quantitatively similar behaviour with increasing
pump pulse intensity compared to the non-illuminated
samples (Fig. S13-S23 and Table S41). This indicates that
either illumination-induced changes are not playing a role or
are appearing very fast during the first few scans during the
measurements.

Conclusions

To summarize, in this work the spectral and dynamical pro-
perties of multiexcitons in CdSe@CdS seeded nanorods were
investigated. Evaluating the excitation intensity-dependent TA
data by applying an MCMC sampling method for target ana-
lysis enables us to extract species spectra up to triexcitons.
Furthermore, we show that the holistic view of the entire inten-
sity-dependent TA data can help us to detect the decay path-
ways via surface excitons, which are hard to discriminate while
analysing single wavelength kinetics or single power TA data.
Thus, the analysis established in this work delivers an impor-
tant contribution to distinguishing and entangling the decay
dynamics of multiexcitons and surface excitons and under-
standing the details of dynamics observed in the multiexciton
regime.
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