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Chapter 4: Carrier Multiplication and multi-
exciton recombination in InAs QDs  

 
4.1 Background 
 

Over the past decade, colloidal semiconductor quantum dots (QDs) have become available 
that have large absorption cross sections, and a bright and stable luminescence. These 
particles cover the visible to near-infrared spectral range and have important potential 
applications in future solar cells, as explained in Chapter 1. Solar cells rely on the 
conversion of light into excited electrons and holes (excitons), and knowledge of the 
processes immediately following photo-excitation is therefore essential for an optimal 
design of a QD-based solar cell, in addition to the fundamental interest in exciton and 
charge carrier dynamics in QDs. As such, there has been much interest recently in exciton 
dynamics in QDs, especially in exciton decay1, exciton cooling2-5, multi-exciton dynamics6-

9, and Carrier Multiplication (CM)10. For solar cell applications, the occurrence of highly 
efficient CM in QDs could in principle be promising. CM is the process in which the 
absorption of a single, high-energy photon results in the generation of 2 or more electron-
hole pairs. CM occurs only in the limit of energy conservation, when the photon energy Eph 
is larger than twice the value of Eg. The utilization of novel light-absorbing materials that 
can employ the excess energy of hot carriers for generation of additional electron-hole pairs 
would lead to higher photocurrents, which is naturally very appealing for solar energy 
conversion.  

As explained in Chapter 1, the efficiency of CM in bulk material is determined by two 
competitive processes for relaxation of ‘hot’ carriers to the valence or conduction band 
edge. First, hot carriers can relax via sequential emission of phonons (heat generation) but 
an alternative relaxation pathway for hot carrier relaxation is impact ionization. In this 
Auger process, the excess kinetic energy of the initially excited electron is employed to 
excite a second electron over the bandgap, rather than being converted into heat. The rate of 
impact ionization is described by Fermi’s golden rule (equation 1.4) and is determined by 
Coulombic coupling between initial (hot carrier) and final (bi-exciton) states, and by the 
density of final states. In bulk materials, unfortunately, relaxation of hot carriers via phonon 
emission is faster than relaxation via impact ionization. As a result, CM has been shown to 
be relatively inefficient for bulk materials like silicon11 and germanium12 at visible photon 
energies and impact ionization does not contribute significantly to higher photo-currents in 
bulk semiconductor solar cells. 
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However, CM has been argued to be more efficient in QDs due to quantum-
confinement effects causing (i) a slowing of the phonon-mediated relaxation channel10 and 
(ii) enhanced Coulomb interactions13, resulting from forced overlap between wave 
functions and reduced dielectric screening at the QD surface14. The expectation of high CM 
factors (defined as the number of photo-generated excitons per absorbed photon) in QDs 
was fulfilled by a first report on efficient CM in PbSe QDs by the Klimov group13. After 
this initial report, several femtosecond spectroscopy studies have revealed considerable CM 
in PbS and PbSe13,15,16,17,18,19, PbTe20, CdSe21, Si22,23, and InAs24,25 QDs. The highest CM 
factor was reported for PbSe QDs, with a demonstrated yield of up to seven carriers per 
photon17. In recent years, however, the occurrence and the reported high CM factors in QDs 
have been questioned by several groups26-28. Therefore, it is important to perform additional 
CM measurements on QDs to obtain an explanation for the discrepancy in literature reports. 

The work in this chapter contributes to the discussion in literature by an investigation 
of multi-exciton recombination (MER) dynamics and an assessment of the CM factor in 
colloidal InAs QDs. CM in QDs is usually demonstrated by signatures of MER (indicating 
the presence of multi-excitons) in the limit of low excitation densities (<< 1 absorbed 
photon per QD). We investigate the characteristics of MER in InAs QDs and discuss the 
challenges that are associated with the determination of the mechanism underlying MER 
using ultrafast spectroscopic techniques like TA or THz-TDS. Understanding MER is not 
only important in the assessment of the fundamental CM factors, but is also relevant for the 
utilization of CM in a QD-based solar cell: in order to extract the additional carriers 
generated by CM, the multi-excitons need to be extracted from the QDs before MER takes 
place. Hence, the extraction yield is determined by two competitive processes, MER and 
extraction of charges from the QDs. In section 4.3, the timescale of MER is characterized 
and in Chapter 6, the timescale of carrier extraction is investigated. In section 4.4, we asses 
the CM factor in InAs QDs after excitation with 400 nm excitation pulses. For the 
investigated QDs, the energy of a 400 nm photon corresponds to 2.74 and 3.26 times the 
QD energy gap, hence CM should be possible from the point of view of conservation of 
energy. At the end of this chapter, a summary of possible experimental pitfalls in the 
determination of CM in QDs is presented. 
 
 

4.2 Experimental 
 
Multi-exciton recombination (MER) can be monitored by probing the transient population 
of excitons in TA measurements13,15,17,18,21,27 or THz-TDS measurements29,30. Additionally, 
MER can be probed by monitoring the radiative emission of (multi)excitons in time-
resolved luminescence measurements26,28. Fig. 4.1(a) illustrates the nature of the signal in 
these different experimental approaches. Firstly, MER can be determined in TA  
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Figure 4.1 (a) Different experimental approaches to monitor multi-exciton recombination in CM 

studies: 1) TA, probing the bleach () of the 1S exciton transition, 2) THz-TDS, probing the 

population of the 1S3/2 hole level via the exciton polarizability (see Chapter 3) and 3) time-resolved 
luminescence probing the radiative emission originating from the 1S exciton transition. (b) Two 
possible outcomes of a CM experiment in which the QDs are excited with low excitation fluence 
(<<1 photon absorbed per QD). In case only single excitons are formed (black dashed line, no CM), 
the signal is a step-like function since the lifetime of single excitons is much larger (~ 100 ns) than 
the time-window of the ultrafast experiment. In case of CM (grey solid line), multi-excitons are 

formed that decay to the single exciton state on a picosecond timescale. The CM factor, CM, is 

determined by dividing the signal right after excitation (S1) by the long–time signal (S2). 

 

measurements by monitoring the bleach () of the 1S exciton transition as a function of 

pump-probe delay time. Secondly, as explained in Chapter 3, THz-TDS can be used to 
probe the transient exciton population by monitoring the population of the 1S3/2 hole level 
via the exciton polarizability. Thirdly, time-resolved luminescence measurements are used 
to probe the radiative emission originating from (multi)excitons. The determination of MER 
dynamics in InAs QDs, as presented in section 4.3, was done by performing THz-TDS 
experiments and the results were compared with MER reports from literature that were 
obtained with TA or time-resolved luminescence. MER was characterized by exciting the 
InAs QDs with 800 nm light at various excitation fluences. The energy of an 800 nm 
photon (1.55 eV) is lower than 2·Eg, as a result of which CM cannot take place due to 
energy conversation restrictions and multi-excitons are only generated by sequential photon 
absorption. MER was investigated in InAs QDs of 4.0, 4.9, and 5.45 nm diameter, 
corresponding to energy gaps of 1.33, 1.11, and 0.95 eV, respectively. The 4.0 nm QDs 
were TOP-passivated and the 4.9 nm and 5.45 nm QDs were passivated with CdSe/ZnSe-
shells.  

The experimental determination of CM relies on the detection of multi-excitons when 
exciting with low fluences (<< 1 photon absorbed per QD). In a typical time-resolved CM 
experiment (TA, THz-TDS or time-resolved luminescence), QDs are excited with photons 
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that have more energy than two times the QD energy gap. The reason that photons should 
have more energy than twice the QD energy gap is that the excess energy of the photon is 
usually distributed over the electron and the hole. Hence, a photon with exactly two times 
the energy of the QD 1S transition does usually not create hot carriers with sufficient 
energy for CM to occur. The demonstration of CM relies on the presence of a MER 
signature in the limit where at most one photon was absorbed per QD. This low excitation 
density limit (<< 1 photon absorbed per QD, on average) is typically achieved by exciting 
the sample with very low pump fluence. It is crucial that the excitation fluence is 
sufficiently low, since multi-excitons can also be created by sequential absorption of 
multiple photons, as is evident from MER experiments.  

CM was studied in 4.9 and 5.45 nm InAs QDs by exciting the QDs with 400 nm laser 
pulses. Fig. 4.1(b) illustrates two possible outcomes for a typical measurement to determine 
the occurrence of CM in QDs. In case the absorption of a single high-energy photon results 
in the formation of a single exciton (no CM, black dashed line), the signal is a step-like 
function since the lifetime of single excitons is much larger (~ 100 ns) than the time-
window of the ultrafast experiment. In contrast, in case of efficient CM the absorption of a 
single high-energy photon results in the generation of multi-excitons. Multi-excitons decay 
to the single exciton state on a picosecond timescale (grey solid line). In the example of Fig. 
4.1(b), the time constant for the multi-exciton decay is (arbitrarily) chosen to be 35 ps. The 

CM factor, CM, is determined by dividing the signal right after excitation (S1) by the long 

lived signal (S2). 
The energy of a 400 nm photon (3.1 eV) corresponds to 2.74·Eg (4.9 nm QDs) and 

3.26·Eg (5.45 nm QDs). Hence, a 400 nm photon has in principle enough energy to generate 
carriers with sufficient energy to make relaxation via CM possible. To fulfill the 
requirement that no more than one 400 nm photon is absorbed by the QDs, the 400 nm 
excitation fluence should be chosen very low because the absorbance increases rapidly with 
photon energy, as is shown in Fig. 4.2. As follow from Lambert-Beer law31, the absorbance 

is equal to A = ·l·N, where is the absorption cross section, l is the path length of the 

sample, and N the (number) density. For a given sample (with constant values of l and N), 
the wavelength-dependent absorbance varies linearly with the wavelength-dependent 
absorption cross section. Hence, the relative difference between the absorption cross 

sections at 400 nm excitation (400nm) and at 800 nm excitation (800nm) can be obtained 

from the absorption spectrum. The ratio between the absorbance at 400 nm and 800 nm in 

Fig. 4.2 indicates that 400nm is roughly 10 times larger than 800nm. To avoid multi- photon 

absorption in the CM experiment, the 400 nm excitation fluence has to be 10 times lower 
than in the low-excitation (<< 1 photon absorbed per QD) 800 nm experiment.    
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Figure 4.2 Absorption spectrum of 4.9 nm InAs QDs, dispersed in toluene. The 
inset is a close-up view of the absorption spectrum around the 1S exciton 
transition (located at ~ 1100 nm). From the values of the absorbance at 400 and 

800 nm, it follows that the absorption cross section at 400 nm, 400nm is roughly 

10 times larger than 800nm. 

 
 

4.3 Multi-exciton recombination (MER) in InAs QDs 
 
The fast (~ picosecond) decay of multi-excitons in QDs is usually assumed to be caused by 
an Auger recombination process, in which the recombination energy of an exciton is 
transferred to a third particle, either an electron or a hole6,7,9. In bulk material, the decay of 
the carrier density via Auger recombination can be described with the following differential 
equation: 

A

eheh n

dt

dn


       (4.1) 

In this equation, the time constant for Auger recombination A corresponds to a continuum 

of density-dependent recombination times: )( 21
ehAA nC , in which CA is the Auger 

constant32. In contrast, Auger recombination in QDs is characterized by a set of discrete 

recombination constants 2, 3, and 4, corresponding to the recombination rates of the bi-

exciton, tri-exciton, and four-exciton state, respectively6. Hence, the discrete decay time 

constant N in the Auger regime is given by )/( 2
0

21 VNC AN  for N ≥ 2, in which N is the 

number of excitons and V0 is the QD volume. From this expression for the discrete decay 

time constant, a ratio for 4/3/2 of 0.25/0.44/1 can be predicted, which was also 

experimentally observed in Refs. 6,7,9. The conclusion that MER proceeds via an Auger 

mechanism based on the value of the 3/2 ratio should be made with care, however. The 
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initial proposition that a 3/2 ratio of 0.44 always corresponds to an Auger mechanism6, 

was later refined by taking into account the symmetry of the multi-exciton states9. 

Furthermore, the value of the 3/2 ratio for QDs of a specific material is not constant, but 

has been observed to increase with QD size7,9. For example, the 3/2 ratio has been reported 

to change from ~ 0.44 for 2.9 nm CdSe QDs to ~ 0.29 for 8.0 nm CdSe QDs9. An 
alternative indication for an Auger-like mechanism of MER would be a decreased 
recombination rate for decreasing overlap between hole and electron wavefunctions. 
However, the work of Pandey et al. has indicated that separation of electrons and holes has 

a negligible effect on 2, which is inconsistent with the Auger hypothesis8. The authors of 

Ref. 8 therefore propose that MER might occur via a two-step process, in which two 1Se 
electrons pair up to form a metastable state (with a rate-determining step), which reacts 
subsequently with a hole.  

In this section, we characterize the timescale of bi-exciton recombination, which is 
useful knowledge in the experiment to assess the occurrence of CM (section 4.4). Another 
goal of the MER experiments was to gain insight in the mechanism of MER by inferring the 

3/2 ratio from transient THz data. We demonstrate the difficulties in extracting reliable 

numbers for 3 from transient spectroscopy data. These difficulties are due to the 

uncertainty in the initial distribution of excitons at high excitation fluences. An additional 
complication arising specifically for THz spectroscopy (and also for TA) is that the 
magnitude of the THz signal does not increase linearly with the number of excitons per QD. 

As in Chapter 3, we use the ability of THz-TDS to probe the transient population of the 
1S3/2 hole level to study the dynamics of MER. The 1S3/2 hole level in InAs QDs is sixfold 
degenerate33, allowing us to monitor the population dynamics of multiple (> 2) excitons 
directly24. This is in contrast to TA, where the population of the twofold degenerate 1Se 
level is probed, as a results of which probing of multiple (> 2) excitons is much more 
indirect6,9. However, we point out below that, for two reasons, the THz signal does not 
necessarily increase linearly when increasing the number of excitons per QD. The first 
reason is that the polarizability varies from one electronic state to another34, and therefore 
the total polarizability varies non-linearly with the occupation of states. The second reason 
comes from the saturation of the polarizability due to the depolarization field inside the QD 
(self-consistency). For a single QD of radius R, the total polarizability is given by the 
relationship35: 

)2(

)1(3tot





b

bR



       (4.2) 

where b is the dielectric constant of the QD material. After excitation, the sphere becomes 

more polarizable. The maximum value of the total polarizability is obtained when b  , 

resulting in the following relationship for its variation: 
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     (4.3) 

Using 2
max / Ftot   [equivalent to Eq. (3.2)], we deduce that the polarizability of the 

excitons is necessarily smaller than a maximum value given by 
 

FR /3
max        (4.4) 

 

For the 4.9 nm QDs, max is equal to 70.000 Å3, while the experimentally observed 

polarizability of a single exciton is ~ 25.000 Å3 (see Fig. 3.3). Therefore, it is evident that 
the THz-signal arising from a QD containing 3 excitons cannot be three times as large as 
the signal from a QD containing 1 exciton. It is also clear that perturbation calculations, 
which work quite well for single excitons, cannot predict correctly the polarizability of 
multi-excitons. 

Fig. 4.4(a) shows the THz dynamics of 5.45 nm QDs for a range of 800 nm excitation 
intensities. The relevant time constants of the low-fluence data traces are quantified by 
modeling the system using a three-level model, where the levels consist of N1, N2, and N3 
containing one, two, and three excitons per QD, respectively. The time dependent 
populations (Ni) of each level are given by three coupled differential equations (see details 

in Fig. 4.3). We found that for the 0.25 J/mm2 data trace, the contribution of tri-excitons is 

negligible and the dynamics can be described by a bi-exciton time constant 2 of 38  2 ps. 

A similar analysis was done for the 4.0 and 4.9 nm QDs, yielding values for 2 of 9.5  1 ps 

and = 24  2 ps, respectively. The scaling of 2 with QD radius follows roughly a R3
 

dependence (inset Fig. 4.4a), which is in agreement with a cubic size dependence reported 
in Refs. 6-9.  
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Figure 4.3 Schematic of the three-level model used infer the time constants for MER from the low-fluence data 
traces in Fig. 4.4, where the levels consist of N1, N2, and N3 containing one, two, and three excitons per QD, 
respectively. The time dependent populations (Ni) of each level are given by three coupled differential 
equations. 
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Figure 4.4 (a) Decay dynamics of THz measurements for 5.45 nm QDs for various 
800 nm pump intensities. At high pump fluences multiple photons are absorbed per 
QD, leading to recombination of multi-excitons to the single exciton state within 
tens of picoseconds. The inset depicts the scaling of 2 with QD radius. (b) Fitting 
of two THz traces (0.25 and 0.94 J/mm2) with a model of coupled rate equations, 
as described in the text. (c) Enlargement of the peak of the 0.94 J/mm2 data trace. 

 
Increasing the excitation fluence leads to appreciably faster decay dynamics, arising 

from recombination of higher exciton states (> 2 excitons per QD). The motivation for 

analyzing the decay time constants of these higher exciton states was to find a ratio for 3/2 

in order gain insight in the MER mechanism. Quantifying these recombination timescales 
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would be relatively straightforward in case the initial excitation distribution is known. 
However, the non-linear scaling of the THz signal with the number of QDs (discussed 
above) makes it difficult to directly infer the initial distribution of excitations from the 
magnitude of the THz signal. In principle the problem of this non-linear response could be 
overcome by assuming a Poissonian distribution for the initial excitation distribution6,9,15.  

However, it has been argued that the excitation distribution is non-Poissonian when N0 > 1 

(N0 is the average number of excitons per QD immediately following photo-excitation)36. 

For the high fluence data traces in Fig. 4.4(a), Neh > 1, as a result of which the validity of 

Poissonian statistics is not ensured. Therefore, the 0.94 J/mm2 data trace was fitted with 

the above-mentioned three-level model while letting the amplitudes free (since the initial 

excitation distribution was not known exactly). The excitation levels for the 0.94 J/mm2 

fluence are sufficiently low that the decay is predominantly caused by bi-exciton and tri-

exciton recombination. The value of 2 was fixed at 38 ps. As can be seen in Fig. 4.4(b) and 

4.4(c), the data is described best by a small value of the 3/2 ratio (~ 0.1), which is much 

smaller than expected from the expression for the discrete decay time constant in an Auger 
process.  

An alternative approach to extract MER time constants from transient data, following 
Ref. 6, did not give reliable results: This procedure6 - a “subtractive” procedure to analyze 
TA data – has previously been applied to CdSe QDs. In this procedure, the transients at 
various fluences are normalized so that the long-time decay values match. The low pump 
intensity trace (Neh << 1) is considered to show only single exciton dynamics and is 
subtracted from a trace recorded with sufficient pump intensity to excite bi-excitons. This 
procedure is assumed to yield purely bi-exciton dynamics and is repeated for traces with 

higher pump fluences, making it possible to extract also 3 and even 4. We attempted to 

implement this procedure for our THz traces at low fluences (0.25 and 0.94 J/mm2 in Fig. 

4.4(a), for which the non-linearity of the THz-signal is expected to be modest. However, we 
experienced that the outcome of this procedure is very sensitive to the exact value of the 
pump-probe delay at which the data is normalized. Therefore, it is conceivable that our THz 
data is more reliably analyzed with the multi-level model of coupled rate equations.  

The above analysis illustrates that the extraction of 3 from THz data, and 

presumably also from TA data, is challenging. In contrast, the radiative emission from 
mono, bi, and tri-exciton states can be spectrally separated by transient photoluminescence 
measurements, as was shown in CdSe QDs7, making it possible to reliably determine values 

for 2 and 3. We therefore argue that time-resolved photoluminescence spectroscopy is a 

more appropriate technique for drawing conclusions on the MER mechanism in InAs QDs 

from the 3/2 ratio. However, THz-TDS is a suitable technique to assess bi-exciton 
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recombination dynamics in QDs, allowing one to use THz-TDS for CM QD studies (see 
next section). 

 
 
4.4 CM in InAs QDs 
 
In 2006, we performed initial experiments to assess the occurrence of CM in 4.9 nm InAs 
QDs, and based on these measurements we reported a CM factor of ~ 1.6 excitons per 
absorbed 400 nm photon24. However, after the reports of negligible CM in CdSe, CdTe26, 
and InAs27 QDs and the concurrently emerging controversy in the CM community, we 
decided to reproduce our initial measurements, and the results of these (optimized) 
experiments are discussed in this section.  

As explained in Section 4.2, CM is characterized by the presence of relatively short-
lived biexcitons (lifetime tens of ps)13 which are created by the absorption of a single 
photon. However, biexcitons are also readily created by sequential multi-photon absorption.  
Hence, the relative yield of bi- versus single excitons has to be determined for fluences 
where multi-exciton generation by multi-photon absorption is negligible. In section 4.3, we 
have determined the magnitude of the 800 nm excitation fluence, for which light absorption 
resulted in no more than 1 exciton per QD. From Fig. 4.2, we concluded that σ800nm is 
roughly 10 times smaller than σ400nm for 4.9 nm InAs QDs, hence the 400 nm fluence should 
be chosen 10 times lower than the lowest 800 nm fluence in section 4.3 to ensure that at 
most one 400 nm photon is absorbed per QD. We verified that σ400nm is also ~ 10 times 
larger than σ800nm for 5.45 nm InAs QDs. 

Figure 4.5 shows a comparison of the THz-TDS data for 400 and 800 nm excitation 
fluences that result in approximately the same average number of absorbed photons per QD 
(considering the optical density of the sample at the two wavelengths and the ratio of 

absorption cross sections 400nm/800nm = 10). Fig. 4.5(a) shows this comparison for the 4.9 

nm InAs QDs for the limit of low excitation fluence (<< 1 photon absorbed per QD). For 
4.9 nm QDs (Eg = 1.11 eV), the 400 nm and 800 nm photon energy is equal to 2.79 and 
1.40 times the QD energy gap, respectively. It is apparent from the data that there is no 
significant bi-exciton decay visible for excitation at low 400 nm fluence, pointing to the 
absence of CM. For the 5.45 nm QDs (Eg = 0.95 eV) in Fig. 4.5(b), the initially generated 
hot carriers have more excess energy, since 400 nm and 800 nm photons correspond to 3.26 
and 1.63 times the QD energy gap, respectively. There seems to be a small bi-exciton decay 
component in the data of Fig. 4.5(b), but this component is present for both the 400 nm and 
800 nm excitation wavelengths. Since the 5.45 nm QDs have a larger absorption cross 
section than the 4.9 nm QDs, this decay component (for comparable excitation fluence in 
Fig. 4.5(a) and 4.5(b) must originate from multi-photon absorption. Indeed, if we increase  
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Figure 4.5 Comparison of transient THz data for 400 nm (grey line) and 800 
nm (black line) excitation for 4.9 nm QDs (a) and 5.45 nm QDs (b and c). In all 
three comparisons, the 400 and 800 nm fluences are roughly equivalent, i.e. the 
average number of absorbed photons per QD is similar, taking into account that 

400nm/800nm = 10 for both 4.9 nm and 5.45 nm InAs QDs. The amplitude of the 

400 nm data is ~ 10 times lower than that of the 800 nm data, but for clarity, all 
data is normalized to the signal at t0. 
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both excitation fluences in a proportional manner for the 5.45 nm QDs (see Fig. 4.5(c)), 
there is a clear decay of the signal that can be attributed to bi-exciton recombination. 
Because of the equivalent fluences (~ average number of absorbed photons per QD is 
similar for 400 nm and 800 nm excitation), it is evident that the bi-excitons in case of 400 
nm excitation are formed by sequential-photon absorption and not by CM. The observation 
of no or negligible CM in InAs QDs is in disagreement with the CM factor of 1.6 concluded 
in our initial experiments for the 4.9 nm QDs24

 and also with the CM factors reported in 
Ref. 25 under similar conditions.  
 
 

4.5 Challenges in assessment CM in QDs 
 
In the previous section, we demonstrated that the CM factor is small or negligible in InAs 
QDs, which is in agreement with Ref. 27 but in disagreement with our initial 
measurements24, and with Ref. 25. There is a similar controversy on the occurrence of CM 
in different materials like PbSe17,28, PbS15,28, and CdSe21,26. In this section, we will argue 
that CM factors in initial studies may have been overestimated due to several experimental 
complications, including too high excitation fluences (generating multiple carriers by 
sequential photon absorption), lack of stirring of QD suspensions (causing photo induced 
charging) and sample-to-sample variability37. These effects, possibly explaining the 
contradictory observations in the CM literature, are discussed in more detail below: 

 Besides CM, an alternative way of generating multiple excitons in QDs is by the 
sequential absorption of multiple photons in the same excitation pulse. The decay of 
multiple excitons generated by multi-photon absorption is indistinguishable from those 
generated by CM. Hence, in the experiments aimed at elucidating CM, one has to 
ensure that the excitation density is sufficiently low so that multi-photon absorption is 
negligible. To meet this criterion requires that the average initial excitation density per 

quantum dot, N0 is sufficiently small, at all positions within the sample. This latter 

boundary condition is important, as for samples of large optical density, an excitation 
gradient occurs along the propagation direction of the excitation pulse. To a first 

approximation, for a given N0 at low excitation fluence the relative populations of 

exciton, bi-exciton, and tri-exciton states can be described by a Poisson 
distribution6,7,36. In Poisson statistics, the probability of generating a particular number 
(m) of 1,2…N excitons per QD is given by6,7: 
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 In initial CM reports, the value of 
the required low excitation fluence 

was calculated by F =N0/in 

which is the absorption cross 

section. In these initial reports13,15, 

however, values for N0 of 0.25 - 

0.6 were used, but as can be seen in 
Fig. 4.6, there is a significant 
fraction of bi- and even tri-excitons 

for N0 = 0.6. Hence, it is likely that 

the use of too high pump fluences in 
early reports has resulted in 
sequential-photon absorption and 
the corresponding multi-exciton 
decay signatures37. Since the absorption cross section increases strongly for shorter 
wavelengths (see Fig. 4.2), the 400 nm excitation fluence for which there is no multi-
photon absorption is at least 10 times lower than the 800 nm  fluence that corresponds 

to N0 ~ 0.1. Such 400 nm fluences are associated with very low excitation densities, 

resulting in very small signals in spectroscopic measurements. Small signals require the 
use of experimental setups with excellent signal-to-noise characteristics. Even though 
the THz-TDS setup has good signal-to-noise characteristics, the data traces for 400 nm 
excitation in Fig. 4.5 were obtained after more than 12 hours of data acquisition, which 
was necessary to reduce the noise to acceptable levels. 

 Spatial inhomogeneities in the excitation beam (so-called ‘hotspots’), may lead to 
multi-photon absorption, locally in the excitation beam. If this occurs, bi-excitons may 
be formed in the sample, despite the fact that the average number of excitons remains 
low. The experimental results at 400 nm excitation presented in Fig. 4.5 have been 
measured with a so-called ‘diffuser’ in the excitation beam. The use of the diffuser 
resulted in a homogeneous beam profile, which was verified by recording the beam 
profile with a camera.  

 Additionally, it is not evident that the CM factor is reliably determined by assessing the 
ratio of S1/S2 (see Fig. 4.1(b)) in transient ultrafast measurements. As we have 
demonstrated in section 4.3, the THz signal does not scale linearly with the number 
excitons per QD as a result of which the CM factor may be underestimated. Also in 
Transient Absorption measurements, the signal does not necessarily scale linearly with 
exciton population, because of the twofold degeneracy of the 1Se level in e.g. InAs and 
CdSe QDs. On the other hand, the CM factor may be overestimated if the assumption 
that all multi-excitons decay to the single exciton state (represented by the level of S2) 
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Figure 4.6 Poisson distribution for N0 = 
0.1 and 0.6, where N0 is the average 
excitation density per QD 
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is wrong. It is conceivable that the QDs are heated by the pump pulses to such extent 
that thermally induced ionization takes place, leading to an underestimation of S2 and 
hence an overestimation of the CM factor.  

 Another experimental concern in experimental studies of CM using (high-intensity) 
ultrafast spectroscopy is the occurrence of “CM-like” decay signatures resulting from 
pump-induced effects such as degradation of surface passivation or QD photo-
ionization leading to QD charging37. The degradation of surface passivation can result 
in new decay pathways in the form of trapping at surface defects, while QD photo-
ionization can result in extraneous “CM-like” decay signatures due to e.g. Auger 
recombination of charged excitons (trions). In some (but not all) experiments, stirring 
the QD solutions resulted in a lower measured CM factor than in the case of measuring 
on static (non-stirred) samples37. 

 Finally, the QDs studied in the various CM reports are synthesized under different 
experimental conditions. It is possible that the resulting sample-to-sample variability 
results in different (surface) properties, which might explain the spread of the reported 
CM factors. However, the QD synthesis has become more sophisticated in recent years 
and the latest experimental reports consistently show that the CM factors are much 
lower than reported in initial CM studies. 

 
 
4.6 Conclusions 
 
To conclude, we have investigated the dynamics of multi-exciton recombination (MER) in 
colloidal InAs QDs using THz-TDS. The time constant associated with the recombination 
of a bi-exciton to the single exciton state was found to be ~10 – 40 ps, depending on the QD 
size. We also demonstrated that it is challenging to draw conclusions on the MER 
mechanism from THz-TDS data, primarily because the THz signal does not scale linearly 
with the number of excitons in a QD. The presence of bi-exciton recombination in the limit 
of low excitation fluence is a signature for the occurrence of Carrier Multiplication, the 
process in which multiple excitons are generated in QDs after the absorption of a single 
photon. In our studies, we find that the Carrier Multiplication factor (i.e. number of 
generated excitons per absorbed photon) is small or negligible in InAs QDs, in contrast to 
previous reports. Several experimental pitfalls in the determination of Carrier Multiplication 
were identified that may lead to an overestimation of the CM factor, including the use of 
too high excitation fluences and the presence of local hotspots in the excitation beam, both 
leading to the generation of multi-excitons via sequential-photon absorption.  
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