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ABSTRACT. Understanding multiple charge carrier relaxation dynamics in semiconductor 

nanocrystals is crucial for utilizing their full potential, as it allows to guide the design of optimized 

structures. Multiple excitons dynamics often are characterized via the observation of additional 

fast exponential kinetics at band edge in transient absorption spectroscopy data with increasing 

excitation intensities. However, these investigations are complicated by the formation of surface 

localized excitons which also introduce additional fast decay components which could falsely be 

interpreted as multiexciton kinetics in semiconductor nanocrystals. Another challenge presents the 

generation of a distribution of species in dependence of the excitation intensity not only including 

single and double excited systems, but even higher-order multiple excitons. In this study we used 

intensity dependent transient absorption spectroscopy with broadband probing spanning the whole 

visible range to identify characteristic spectroscopic signatures for the presence of multiple 

excitons of varying order in seeded and non-seeded CdS nanorods. Applying an MCMC sampling 

approach for global target analysis enables us to determine contributions of multiple exciton decay 

via Auger recombination and population of surface exciton states to the observed transient 

dynamics. The influence of surface chemistry, i.e., the nature of the surface ligands on multiexciton 

dynamics of nanorods is studied. 
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Semiconductor nanocrystals have gained significant attention due to their tunable optoelectronic 

properties.1-3 Besides application as emitters in sensing and imaging,4, 5 displays6 or as laser 

medium7, in quantum computation and communication8, nanocrystals have shown potential in 

light-harvesting applications, i.e. photovoltaics9 and photocatalysis for solar-to-fuel conversion as 

a clean source of energy10. Special focus has been devoted to heterostructures, e.g. seeded CdS 

nanorods for their extraordinary light absorption and intrinsic charge separation properties which 

can be controlled via band-alignment,11 supporting transfer of charge carriers to a catalytic reaction 

center and the formation of long-lived charge separation.12-14 A highly interesting property of 

semiconductor nanocrystals is the formation of multiexcitons, e.g., via the consecutive absorption 

of multiple photons or by multiexciton generation (MEG), a process whereby multi-excitons are 

generated by splitting of a high energy single exciton to two or more low energy excitons.15, 16 

Multiexcitons are of interest for potential applications of nanocrystals in optical amplification17 

and could also be beneficial for charge carrier generation in photovoltaics18 and for photochemical 

and photocatalytic processes involving multielectron processes19, 20. Unfortunately, the lifetime of 

multiple excitons is limited through annihilation via Auger recombination, which occurs with rates 

on the timescale of 10s to 100s of ps in semiconductor nanocrystals.16, 19, 21 Auger recombination 

rates have been shown to be tunable via structural parameters as size and shape of nanocrystals, 

e.g., Auger recombination lifetime scales with volume of the nanocrystal,22 but also is influenced 

by the surface area which causes Auger recombination to be faster in CdSe 1D nanorods compared 

to 0D quantum dots.16 In heterostructures band alignment and wavefunction engineering impacts 

Auger recombination lifetimes by controlling the electron hole distributions.19, 23, 24 Reducing the 
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overlap between hole and electron wavefunction can suppress Auger recombination. To be able to 

reliably determine multiexciton lifetimes is crucial to exploit the relations between structure and 

dynamics for the design particles optimized for a certain application. The standard approach to 

investigate dynamics involving multiple excitons is to perform transient absorption (TA) 

spectroscopy measurements with increasing pump intensity observing the decay dynamics of the 

band-edge bleach feature.19, 25, 26 The observed additional fast decaying process in band-edge 

kinetics appearing with increasing pump-intensity are usually assigned to Auger recombination 

processes and is used to determine the lifetimes of multiple excitons and Auger recombination rate 

constants. However, the single probe wavelength analysis limited to following bleach decay 

kinetics could be misleading as the initial fast decaying component can contain not only 

contributions from bi-excitons, but also higher-order excitonic states depending on the excitation 

intensity.22, 27 Klimov and coworkers determined dynamical properties of multiexcitons also of 

higher order using a subtractive method to extract single exponential dynamics from multi-

exponential bleach decay signals.22 Such results need to be evaluated carefully because the 

multiexponential behavior in the bleach decay signatures can also arise from population of surface 

exciton states, i.e. trapping.22, 28, 29 To facilitate discrimination between multiexciton states of 

varying order and population of surface states differences in the spectral signatures can be 

exploited. For this, global analysis of spectrally resolved datasets recorded upon varying excitation 

intensities needs to be performed to extract besides kinetic information also spectra for the 

contributing species. Only a few reports exists on efforts to determine besides the dynamical also 

spectral properties and so far were mainly focused on biexcitons.30-32 The complexity of the data 

sets, kinetics for a large number of wavelengths and varying excitation intensities need to be 

evaluated, presents a challenge for data evaluation. Additionally, TA spectra for the involved 
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species are broad and expected to strongly overlap with complex line shapes which show for 

certain species only subtle differences, complicating the evaluation of the quality of the fit and 

model selection. One approach followed reported relies on standard global analysis of datasets at 

single pump intensities.20, 30 Applying this approach the species spectra and decay kinetics for 

single and biexcitons in CdSe quantum dots have been determined. As the contributing species 

spectra and rates are expected not to vary with excitation intensity, a simultaneous analysis of 

varying intensities could improve quality of the time constants and species spectra obtained. This 

has been realized applying a Markov Chain Monte Carlo (MCMC) sampling approach for global 

target analysis of transient absorption spectra of CsPbBr3 and CdSe nanocrystals.31-33 To the best 

of our knowledge there have been no attempts to analyze spectral and dynamical properties of 

multiexcitons of higher order applying transient absorption spectroscopy, also considering 

interferences caused by population of surface exciton states related to the trap states of 

nanocrystals.  

In this work, we are investigating the spectral and dynamic properties of multiexcitons beyond 

biexcitons in CdSe@CdS and CdS nanorods. To analyze pump intensity dependent spectrally 

resolved transient absorption data globally over a wide range of pump intensities the MCMC 

sampling approach for global target analysis was applied.31 By analyzing the influence of the 

heterointerface and variations in the surface functionalities influencing surface trap state densities, 

the role of trapping processes during multiple exciton relaxation is explored. 

Results and Discussion 

CdSe@CdS nanorods (length 20.0 ±	1.6	nm,	width	4.6	±	0.7	nm) with quasi-type II band 

alignment (seed size ~2.3 nm) and CdS nanorods (length 21.1 ± 5.3 nm, width 4.1 ± 0.6 nm) 

capped with trioctylphosphine oxide (TOPO) surface ligands dispersible in toluene were 
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synthesized following the well-established seeded-growth approach and ligand exchange with 

mercaptoundecanoic acid (MUA) was performed according to literature reports and the nanorods 

redispersed in methanol (see Figure S1–S3 for details on sample characterization).34-36 

Transient absorption spectroscopy was performed spanning the single to multiple excitation 

regime exciting the sample with pulses with a central wavelength of 400 nm and a pulse duration 

of 100 fs of varying intensity between 28 and 934 µJ/cm2. Transient spectra recorded at different 

excitation intensities at a delay time of 2 ps are depicted for TOPO-capped CdSe@CdS nanorods 

in toluene in Figure 2a. The observed spectral features in the transient spectra are caused by 

conduction band state filling. The transient absorption spectra show negative features at 464 nm 

and 566 nm corresponding to a bleach of the lowest excitonic transitions localized in the CdS and 

the CdSe domains in the seeded nanorods, i.e. the transition between the lowest energy CB electron 

level 1se and VB hole level 1sh or 1Sh respectively.19, 37 The population of either of both states 

leads to bleaches at both excitonic transitions, suggesting that these transitions involve the same 

CB electron level, indicating type-two band alignment and delocalization of the electron 

wavefunctions over both domains. 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 band is present at 432 nm as 

shown in Figure 1c. While increasing the pump fluence the intensity of band-edge bleach features 

increases and broadens, and the photoinduced absorption band disappears, i.e. the positive 

signature in the spectral region around 432 nm turns into negative signal. Similar spectral change 

with increasing pump fluence have been observed before for CdSe30 and CdSe@CdS38 quantum 

dots and CdS nanorods20, 39 and were attributed to a changing initial population of monoexcitons 

and multiexcitons (given by a Poisson distribution) with increasing pump intensity. After 
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formation of the monoexciton upon interaction with the probe light a second transition to the 

lowest excitonic levels is in principle possible but appears at a shifted position with modified 

transition oscillator strength caused by Coulomb multiparticle interactions in the double excited 

nanoparticle formed, 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 particle).30, 39, 40 In a 

biexcitonic state the lowest CB electron level is completely populated and for higher excitonic 

states also the CB pe levels are populated additionally. The lowest excitonic transitions are not 

possible in multiexcitonic states resulting in bleach of the excitonic features and absence of the 

photoinduced absorption band. Further, caused also by additional bleach contribution from higher 

excitonic transitions to pe levels, a broadening of the bleach signatures typically occurs. Hence, 

the observed disappearance of the photoinduced absorption band and 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. Further, it can be concluded 

that the temporal development of the TA signal at the position of the photoinduced absorption 

signal (432 nm) sensitively reports on the decay of multiple excitons. A plot the transient signal at 

432 nm in dependence on delay time for varying excitation intensities is presented in Figure 2b. 

At low pump fluences, where only monoexcitons are generated, an immediate positive signal 

formation is observed upon excitation which slowly decays on the ns timescale. In contrast, at high 

pump fluences the initial signal after excitation is negative and decays to form a positive signal 

with increasing delay time. The formation of the photoinduced absorption band takes place on a 

few 100 ps time scale, which is in the range of Auger recombination times observed in rod shaped 

semiconductor nanocrystals.20, 41, 42 Hence this transition from negative to positive signal indicates 
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the decay of multiexcitons to form monoexcitons, which decay on the ns time scale. Normalized 

transient spectra at long delay times, show slight differences for low and high excitation intensity. 

Figure 1c. Taken together with slight differences in the long-term decay dynamics for low and 

high excitation intensity (Figure 1d), this is first indication that additional states, which might only 

be accessible via multiexcitons might play a role.   

 

Figure 1. Intensity dependent transient absorption 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 transient absorption data at low (black trace) and high intensity (yellow 
trace) recorded after 2 ps of excitation (left) and ~1000 ps after excitation (right). (d) Transient 
absorption kinetics at 464 nm with increasing pump intensity normalized at 1900 ps delay time. 
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Figure 2. Target model sampling of TOPO capped CdSe@CdS nanorods excited at 400 nm. (a) 
Corner plot of the posterior probability distribution of the modeled parameters for TOPO-capped 
CdSe@CdS nanorods determined by MCMC sampling method.31 The lifetimes are shown in ps. 
(b) Component spectra of the tetra-exciton (QX, blue trace), tri-exciton (TX, red trace), bi-exciton 
(BX, orange trace), mono-exciton (X, purple trace), and surface mono-exciton (Xs, green trace) 
determined by overlaying 100 random samples from the Markov Chain to visually show the 
deviations among randomly drawn samples. Inset: Component spectra of X and Xs normalized to 
the lowest CdSe excitonic transition feature. 

From these qualitative considerations we can conclude, that in our dataset, increasing initial 

population of multiexciton states plays a role but we cannot derive any statement on the order of 

the multiexcitonic states contributing to the data. To retrieve quantitative information on the 

multiexciton decay, to extract timescales and spectral information on the contributing species, the 

data needs to be modeled applying a suited kinetic model. The non-radiative annihilation of 

multiexcitons via Auger recombination occurs according to the established quantized Auger 

recombination model in a sequential cascade mechanism.22, 43 This means the initially generated 

multiexciton of Nth order (N being the number of excitons generated and interacting in one particle 

to form an Nth order multiexciton) is annihilated to form (N-1)th order multiexciton, which decays 

to a (N-2)th order multiexciton and so on until all the multiexcitons have decayed to form 

monoexciton species. The rate laws for such a scheme can be written as  
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with 𝜏! being the time constant representing the lifetime of the Nth order multiexcitonic state. The 

initial population of the multiexcitons in an ensemble of nanorods generated by absorption of light 

is following a Poisson distribution:  

 𝑃!(0) =
< 𝑁 >! 𝑒"%!&

𝑁!  (2) 

The average number < 𝑁 > of excitons per nanorod depends on the excitation intensity and can 

be estimated from the average energy density (𝐽) and an absorption cross-section scaled with pump 

power density (𝜎)   

 < 𝑁 >= J × σ (3) 

Hence, with equation 2 and 3, the excitation intensity dependent initial distribution of population, 

or in other words, the starting concentrations 𝑐!(𝑡 = 0, 𝐽) of contributing monoexcitonic and 

multiexcitonic states of different order is described. With that the transient absorption data can be 

simulated 

ΔA(l, t, J) ==𝑐!(𝑡, 𝐽)𝑠!(l)
!

 (4) 
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In this approach it is assumed that the component spectra for the contributing species 𝑠!(l) are 

not changing with time or excitation intensity and that the observed decay kinetic solely is 

influences by dynamics changing population of the contributing states.  

For modeling the excitation intensity dependent dataset for all intensities simultaneously, the 

parameters to be determined are the time constants for the single annihilation steps in the decay 

mechanism 𝜏!, the absorptions cross-section parameter 𝜎, and the component spectra 𝑠!(l) of the 

species contributing to the transient spectra. This adds up to a large number of unknown variables 

(order of magnitude 1000) for the whole wavelength and excitation intensity dependent dataset, 

too many for a standard nonlinear least-squares algorithm. For such problems the Markov Chain 

Monte Carlo (MCMC) sampling method for target analysis described by Ashner et al. has proven 

suited to not only to extract time constants and species spectra, but also to deliver measures to 

evaluate the quality of the model chosen, supporting to identify the correct model to describe the 

dataset, and derive information on the uncertainty of the determined parameters in form of 

posterior probability distributions.31  

We applied this method to analyze the intensity dependent data in the time range 2 to 1000 ps 

throughout this study. These limits were chosen to focus on contributions from Auger 

recombination connected population dynamics occurring on the 100s ps time scale. Further, the 

model assumes a particular spectrum for each contributing species that does not change with time 

delay or fluence. This affords that hot carrier thermalization, which is connected to a constantly 

changing spectrum of non-thermalized charge carriers is complete, which is the case after 2 ps.22, 

30, 31  

When applying the simple quantized Auger recombination model to our data, we were unable to 

describe neither the entire dataset at once (ΔA (λ, t, J), 3D dataset) nor individually fitted intensity 
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datasets (ΔA (λ, t), 2D datasets). This can be related to our qualitative observation of deviations in 

the decay kinetics and spectra that at late delay times, which could be an indication of contributions 

of more than one long-lived species with changing weights depending on the excitation intensity 

(Figure S4). To account for this, we modified the standard quantized Auger recombination model 

for multiexciton annihilation by introducing two distinct biexciton decay pathways, one via mono-

exciton species (X) with the initial concentration as described by the Poisson distribution and one 

via an additional species (XS) formed with no initial concentration but populated during relaxation 

of higher order excitons (Scheme 1). The splitting parameter 𝜙 describes the weight of both 

processes in the multiexciton decay channel. The simplest final kinetic model which was capable 

to describe our data includes five free species (i.e., tetra-, tri-, bi- and two monoexciton states, X, 

Xs), splitting parameter 𝜙 and the free absorption power density scaled cross-section parameter 

(𝜎) for optimization. 

 

Scheme 1. Modified quantized Auger recombination model applied in target analysis of the 
intensity dependent transient absorption data in this study: QX, TX, BX, X, Xs stand for tetra-, tri-
, bi- and monoexcitons. PN represents the initial relative concentration of the respective species 
given by the Poisson distribution. The initial QX population sums over the probability of four or 
more excitations per nanorod 𝑃(𝑁 ≥ 4) = 1 − ∑ 𝑃(𝑁)!'(

!') . Such higher excitations will have only 
small contributions due to decay on the sub 1 ps time scale and QX is the highest-order exciton 
expected to significantly contribute to our dataset.  

This modified quantized Auger recombination model describes satisfactorily the experimentally 

observed dataset in the power density range 77 – 930 µJ/cm2 (see supporting information for 
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kinetic fits and concentration profiles, Figure S5 and S6.). The maximum likelihood values of the 

lifetimes and cross-section parameter are summarized in Table 1 and the posterior probability 

distributions are plotted in Figure 2Figure 2a. The splitting parameter 𝜙 was found to tend to zero 

in all optimizations performed, i.e., X is only formed directly via initial excitation with a 

concentration given by the Poisson distribution and all multiexcitons decay via Xs, and in the end 

𝜙 = 0 was fixed in the model and not optimized. The diagonal plots in the corner plot display the 

distribution of 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 illustrating cross-correlations between parameter pairs, which 

provides an important criterium to evaluate the model especially with respect to overfitting. The 

round shape of the contour diagrams indicates that the used parameters do not have any needless 

cross-correlation, i.e., all the parameters are adequately independent of each other, and no 

redundant parameter is used in the kinetic model. The biexciton lifetime obtained from the fit, 

~161 ps, is consistent with that of literature reported Cd based nanorods. 20, 42, 44 The ratio of 

lifetimes of multiexcitons QX:TX:BX is 0.04:0.20:1, which is very close to the statistical ratio 

0.08:0.22:1 predicted for the 1D nanorods.19, 43 It is important to note that the lifetimes of the long-

lived monoexciton species X and XS are longer than the timeframe modeled, hence the values 

determined are only estimates with high inaccuracy. The absorption cross-section parameter (𝜎) 

found by our model is 8.338 × 10"( 	𝑐𝑚$ µ𝐽⁄  and corresponds to an absorption cross-section area 

of 4.14 × 10"#*	𝑐𝑚"$, which is close to the literature estimated value of 8.9 × 10"#*	𝑐𝑚$ at 

400 nm for similar sized CdSe@CdS nanorods.37  

In Figure 2b, the species spectra are depicted. Comparing the spectra for the monoexcitonic 

species to the component spectra of the multiexcitonic species the photoinduced absorption at 
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432 nm disappears for higher order multiexcitons, in agreement with the discussion above. Further, 

we observed that the 1s bleach intensity (l = 464 nm) ratio in monoexciton (XS) and biexciton is 

~1.6. For a doubly degenerate CdSe quantum dot system, the exciton to biexciton ratio has been 

shown to be below 2 due to the influence of both Stark effect and state filling effect near the band 

edge position.30, 40, 45 For CdSe@CdS nanorods systems we also observed BX/X ratio lower than 

2 and further observed that there is almost no increase in 1s bleach intensity with the formation of 

higher order excitons.  

Comparing the spectra of the two long-lived monoexcitonic species the ratio of the CdS and 

CdSe bleach features differs significantly. The XS species shows more intense CdS bleach 

compared to X (Figure 2b inset). Further, a broad photoinduced absorption band is present in the 

sub-band gap region above 600 nm in the species spectrum of XS which is usually assigned to 

signals from trapped holes.46-48 This feature is absent in the spectrum of X. 

Table 1. Fitted median values and 95% confidence interval of modeled parameters extracted from 
MCMC Sampling for TOPO-capped CdSe@CdS and CdS and MUA-capped CdSe@CdS 
nanorods.  

Parameter Name TOPO-capped 

CdSe@CdS nanorods 

MUA-capped 

CdSe@CdS nanorods 

TOPO-capped 

CdS nanorods 

𝜏!"!#$"%&'!()/𝑝𝑠 6.00*.,-../0 7.301.0-1.23 7.051./41./1	 

𝜏!#'"%&'!()/𝑝𝑠 32.9720.-,22./* 37.6321.*,21..1	 30.062/./02/.3/	 

𝜏5'"%&'!()/𝑝𝑠 160.53./.33./., 171.7313.*313.-	 118.1331.,33-.2	 

𝜏6()("%&'!()/𝑝𝑠a 1127330*330, 15293*0-3*23	 1126330*330-	 

𝜏78#9$&"	"%&'!()/𝑝𝑠a 221100/.003-	 22440043004.	 29960,-*2//1	 

Absorption cross-section 

(𝜎)/cm2µJ-1 

8.338 ∙ 10;2-.222	×	3/!"
-.242	×	3/!" 7.577 ∙ 10;21.*1*	×	3/!"

1.*-,	×	3/!"  7.650 ∙ 10;21..41	×	3/!"
1..*2	×	3/!" 	 

a) the errors given are the modelling uncertainties, but due to the limited delay time window considered, these values are affected 
by a large experimental additional inaccuracy.  
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The monoexcitonic state X which is populated upon excitation is the emitting CdSe seed 

localized state formed in seeded nanorods formed after excitation with 400 nm centered pulses of 

states mainly localized in the CdS rod part followed by fast hole-localization driven exciton 

localization (on the few ps timescale).35, 49 Competing with rod-to-seed localization hole trapping 

in surface states is possible, the extent depending on the surface ligand.35 This trapping occurs on 

the < 2 ps timescale and is not explicitly modeled here. Hence the X state extracted here potentially 

is a superposition from these two contributions.  

The nature of the additional long-lived state is less clear. Here several possibilities need to be 

considered:  

I) The first possibility is a potential trapping in states at the CdSe/CdS interface, which may only 

be accessible from higher states with a large amount of excess energy, i.e. only accessible form 

high lying excitonic states or multiexcitonic states. To test on effects connected to the CdSe/CdS 

interface, we additionally investigated the multiexciton spectral signatures and dynamics of CdS 

nanorods without CdSe seed to understand the influence of the presence of the CdSe seed on the 

multiexciton dynamics. Transient absorption spectra of TOPO-capped CdS nanorods recorded at 

2 ps after excitation with 100 fs pulses of varying pump intensity from 25–1060 µJ/cm2 and 400 

nm central wavelength are shown in Figure 3. The TA spectra at 2 ps delay time 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 spectrum 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 (width of CdS@CdS nanorods = 4.6 ±	0.7	nm and width of 

CdS nanorods = 4.1 ±	0.6	nm). At low pump intensities a positive photoinduced absorption band 

is present at 413 nm which is disappearing with increasing pump pulse intensity similar to the 
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observations in seeded nanorods and the spectral signature around 413 nm changes to negative 

signal. This signature is assigned to a biexciton shifted higher excitonic transition.39 The pump 

fluence dependent kinetic traces for CdS nanorods at a probe wavelength of 413 nm are shown in 

Figure 3b. An immediate formation of the photoinduced absorption band upon excitation with low 

pump fluences where only mono-excitons are present is observed. In contrast, 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 on a few 100 ps time scale, the typical range for Auger 

recombination.22, 43 Hence the general trends observed resemble closely the observations for the 

seeded nanorods and the transient absorption data is modeled applying the same kinetic model in 

the MCMC target analysis over the intensity range 96 – 1060 µJ/cm2 (see Figure S7–S9). The 

lifetime of higher order excitons (QX and TX) remains unaffected, while the biexciton lifetime in 

the non-seeded nanorods is reduced to ~118 ps compared to the seeded nanorods, which is 

reasonably close to the literature reported biexciton lifetime of ~180 ps for slightly longer CdS 

nanorods.20 This is presumably due to the removal of quasi type-II band alignment by removal of 

CdSe seed and thinner CdS nanorod, as the shell thickness is known to influence the biexciton 

lifetime in core/shell quantum dots.46 In the component spectra the band-edge bleach of mono-

exciton X, biexciton and triexciton is comparable and only slightly increases with tetra-exciton 

formation. The photoinduced absorption feature is only present in the monoexcitonic species and 

disappears for the multiexcitons similar to CdSe@CdS nanorods. Furthermore, only XS shows the 

positive photoinduced sub bandgap feature in line with our observation for CdSe@CdS seeded 

nanorods. To summarize, also for the CdS nanorods a second long-lived species is present which 

shows similar spectral distinction compared to X. From this we can conclude that the appearance 

of this species is not related to the presence of the CdSe/CdS interface.  
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Figure 3. (a) Intensity dependent transient absorption (TA) spectra of TOPO-capped CdS 
nanorods excited with 400 nm pump pulse at 2 ps after excitation and inverted absorption spectrum 
for comparison. (b) Kinetic traces at 413 nm probe wavelength. (c) Modeled component spectra 
of CdS nanorods capped with TOPO plotted by drawing 100 random samples from the Markov 
Chain and overlaid on top of each other with same color, to show the deviations among different 
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samples. Insets show the respective zoomed in spectra of sub band-edge photoinduced absorption 
band. 

II) A second possibility is the origin of the XS state to be related to trapping and localization of 

excitons at surface sites, hence formation of surface exciton states, which only can be populated 

from states with sufficient amount of excess energy, e.g., hot multiexcitons and hot monoexcitons 

appearing during the cascade like multiexciton annihilation process.17, 28 Though dissipation of 

excess energy is fast, barrierless population of trap states which are not accessible from the lowest 

band edge monoexcitonic states can occur efficiently from these states.50, 51 The exact nature of 

such surface excitons is not fully revealed yet, but contributions from both hole and electron 

trapping are discussed.50, 51 Comparing the spectral shape of the two monoexcitonic species 

supports this claim of a surface excitonic species XS. The different relative contributions of CdSe 

and CdS domains in these mono-exciton species are in agreement with an XS species related to the 

surface states showing stronger CdS bleach contributions due to localization in the CdS domain at 

the surface of the nanorods. One alternative explanation could relate XS to the formation of charged 

mono-excitons (trions).52, 53 However, the reported lifetimes of a charged trion in these type of 

nanorods is <<1 ns.52 The lifetime 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 check on the influence of surface chemistry, CdSe@CdS nanorods with 

the original TOPO ligand being exchanged by MUA ligands were investigated. Changing the 

surface ligands modifies the surface chemistry and hence the density of available hole and electron 

trap states.35 The MUA-capped nanorods show similar spectral features and dynamic behavior as 

observed for TOPO-capped CdSe@CdS nanorods. Applying the kinetic model described above 

the fitted parameters, i.e. the lifetimes and species spectra, differ only marginally (Table 1). The 

modeled results for MUA functionalized nanorods are given in supporting information (Figure 
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S10–S12). Interestingly, after ligand exchange the band-edge bleach intensities of all modeled 

excitons remain similar and do not follow the intensity increase trend as observed in case of TOPO-

capped nanorods. The species associated spectrum of XS shows a similar 40% band-edge bleach 

reduction compared to species X as observed in case of native nanorods. To directly compare the 

influence of ligand exchange on the spectra of each excitonic species of TOPO and MUA capped 

nanorods, we normalized the modeled species spectra datasets of TOPO and MUA capped 

nanorods to their maximum bleach, i.e., to respective tetra-exciton bleach (Figure 4). This allows 

for a direct comparison of the spectral shapes of the respective species in dependence of the surface 

ligand. The normalized spectra (Figure 4) show that the CdS bleach intensity of the other higher 

order and mono-excitons increases after ligand exchange with MUA. The XS traces show increased 

PA after the ligand exchange which might indicate increased hole trapping contributions in the 

MUA capped nanorods, which supports surface exciton related state. A final aspect to consider is 

the possibility that surface trap states can also appear during the measurement by illumination 

induced changes in the surface chemistry by ligand dissociation54, 55 and lattice distortions56 and 

hence influence the formation of surface localized excitons by reversible and non-reversible 

effects. A comparison with datasets of pre-illuminated TOPO-capped nanorods shows 

qualitatively and quantitatively similar behavior with increasing pump pulse intensity compared 

to non-illuminated samples (see supporting information S13-S23). 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.  
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Figure 4. (a) Multiexciton component spectra of TOPO-capped (dark traces) and MUA-capped 
(light traces). (b) Monoexciton component spectra of TOPO-capped (dark traces) and MUA-
capped (light traces) nanorods. Insets: sub band-edge photoinduced absorption band. The datasets 
are normalized to the maximum bleach signature of the tetraexciton for comparison. 

Conclusions 

In this work we investigated spectral and dynamical properties of multiexcitons CdSe@CdS 

seeded nanorods. By evaluating excitation-intensity dependent transient absorption data applying 

an MCMC sampling method for target analysis we are able to extract species spectra up to tetra-

excitons. Further, we show that the holistic view of entire intensity dependent transient absorption 

can help us to detect the decay pathways via surface excitons, which is hard to account during 

analyzing single wavelength kinetics or single power transient absorption data and potentially 

helps to distinguish the fast decay dynamics shown by multiexciton and surface excitons.  

 

Materials and Methods 

All the chemicals and solvent used in the synthesis of CdSe@CdS nanorods and CdS nanorods 

were purchased from Sigma Aldrich (Merck KGaA, Darmstadt, Germany) except for octadecyl 

phosphonic acid (ODPA) which was purchased from Carl Roth GmbH + Co. KG (Karlsruhe, 
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Germany) and used without further purification. The solvents toluene and methanol used were dry 

and deoxygenated and of spectroscopic grade. 

CdSe@CdS36 and CdS20 nanorods were prepared using a seeded-growth approach and the 

original TOPO ligands exchanged with MUA ligands following established protocols.35 For a 

detailed description see supporting information.  

The femtosecond-TA data was recorded 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 centered at 800 nm with ~100 fs full width at half maxima, 5 mJ 

pulse energy, and 1 kHz pulse repetition rate. The output fundamental is split into several beams. 

One part is travelling over a 2 ns delay line and is focused onto a rotating CaF2 window to generate 

broadband white light continuum (300 – 700 nm). The continuum is split into probe, which is 

focused on the sample and a reference beam. To generate the excitation pulses 2 mJ of the 

fundamental output of the amplifier pumping an optical parametric amplifier (TOPAS, Light 

conversion, Lithuania) to produce tunable pump pulses. For our experiments pump pulses with 

central wavelength of 400 nm were generated. The relative polarization of pump and probe is set 

to magic angle 54,7°. A mechanical chopper reduces the repetition rate of the pump pulses to 

500 Hz and the pump is focused to the sample (beam diameter 400 µm). The spectra of probe and 

reference pulses are recorded by CCD array detectors after passing a Czerny-Turner spectrograph 

with 150 mm focal length (SP2150, Princeton Instruments). The obtained TA data was chirp 

corrected using a python-based package KiMoPack.57 The intensity dependent TA data in time 

range 2 – 1000 ps were fit using a slightly modified script published for target model sampling 

using Markov Chain Monte Carlo method.16 The script was modified to adapt our target model 

described in main text. 
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