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Chapter 5  

Carrier Multiplication in bulk PbSe and PbS  

 
5.1 Background 
 
One of the important factors limiting solar cell efficiencies is that incident photons generate 
one electron-hole pair, irrespective of the photon energy. Any excess photon energy is lost 
as heat. The possible utilization of the excess energy of hot carriers is therefore of great 
interest for future solar cells1. One promising approach to achieve this goal is Carrier 
Multiplication (CM), the process in which the absorption of a single, high-energy photon 
results in the generation of 2 or more electron-hole pairs. The excess energy of the initially 
excited electron is employed to excite a second electron over the bandgap, rather than being 
converted into heat via sequential phonon emission. In bulk semiconductors, CM proceeds 
via ‘impact ionization’, an Auger process in which the excess kinetic energy of a hot carrier 
is transferred to a valence electron via Coulomb interactions, thereby promoting a valence 
electron to the conduction band2. The CM factor (number of photo-generated electron-hole 
pairs per absorbed photon) in bulk semiconductors is determined by two competitive 
processes via which the initially generated hot carriers can relax: relaxation via sequential 
emission of phonons and relaxation via impact ionization. Unfortunately, phonon-mediated 
relaxation is the dominant relaxation pathway in most bulk materials explaining why CM 
factors in bulk are low for excitation with visible frequencies. As a result, relaxation of hot 
carriers via phonon emission is a common loss mechanism in bulk semiconductor solar 
cells.  

In this context, semiconductor Quantum Dots (QDs) might be promising building 
blocks for future solar cells1. CM has been argued to be more efficient in nanostructured 
semiconductors due to quantum-confinement effects causing (i) a slowing of the phonon-
mediated relaxation channel1 and (ii) enhanced Coulomb interactions3, resulting from 
forced overlap between wave functions and reduced dielectric screening at the QD surface4. 
In recent years, several femtosecond spectroscopy studies have revealed considerable CM 
in PbS and PbSe3,5,6,7,8,9, PbTe10, CdSe11, Si12, and InAs13,14 QDs. Besides the conventional 
models based on impact ionization15-17, new mechanisms were proposed to describe CM in 
QDs including the coherent superposition of single and multi-exciton wavefunctions4 and 
the occurrence of virtual single exciton states5. 

Nearly concurrently, however, a controversy has emerged following reports of 
appreciably less efficient CM in CdSe18, InAs19,20, PbS21 and PbSe21,22 QDs. The authors of 
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these reports argued that CM factors may have been overestimated in initial studies due to 
several experimental complications, including too high excitation fluences (generating 
multiple carriers by sequential absorption of multiple photons), lack of stirring of QD 
suspensions (causing photo induced charging) and sample-to-sample variability22, as 
elaborated in the previous chapter. Furthermore, recent tight binding calculations15 suggest 
that CM in QDs is not only not enhanced relative to bulk, but is actually lower. Answering 
the key question in the controversy -whether the CM factor increases due to quantum-
confinement effects- requires a reliable comparison between CM factors in bulk and QDs. 
Remarkably, reliable numbers for CM factors in bulk materials are limited. PbSe and PbS 
are arguably the most important materials in the CM discussion, since their small bulk 
bandgap values result in an optimal energy gap for QDs of these materials to utilize the 
excess energy of visible photons of the solar spectrum. However, reports of bulk CM 
factors in PbSe and PbS are, respectively, absent or dated23. For PbS, there is only one 
report available from 1958 on CM in a PbS photovoltaic device23. In a device measurement, 
multiplication factors are determined on long timescales, relying on photocurrent 
measurements, which require charges to move over large distances. For the bulk-QD 
comparison,  Ref. 23 is of limited use because of a number of potential uncertainties in this 
work, as first pointed out by Nair et al.21 Two of the most important uncertainties of the PbS 
device measurement23 are given below: 

 

1. The (commercial) PbS film used by Smith23 was not characterized. As a result, 
severe oxidation of the sample surface will have taken place at the sample 
surface. The presence of a thin layer of PbO at the surface might influence the 
results of CM device measurements (see section 5.2). 

2. At high photon energy, carriers are generated in the proximity of the sample 
surface where the greatest concentration of trap sites is expected to reside. 
Trapped carriers do not contribute to the macroscopic photo-current, hence 
trapping can lead to an underestimation of the CM factor.  

 

Whereas CM in bulk materials is usually determined in photocurrent device 
measurements, i.e. by collecting the carriers, CM in QDs is studied with (optical) 
spectroscopic measurements, in which the orbital occupation of the QDs is probed on 
ultrafast (picosecond) time scales. Hence, the commonly used experimental procedures to 
determine CM in QDs (ultrafast spectroscopy) and in bulk (device measurements) are rather 
different. While time-resolved optical and IR spectroscopies are ideally suited to probe 
carrier populations in colloidal QDs3,5,7,8,10,11,14,18,20-22,24-26, light of TeraHertz (THz) 
frequencies interacts strongly with free carriers in bulk material, and allows for the direct 
characterization of carrier density and mobility27-29 (see Chapter 2). From THz-TDS 
experiments, one can quantitatively assess the number of photogenerated carriers 
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picoseconds after the light is absorbed. Additionally, as a result of the contact-free nature of 
the THz probe, it is possible to determine the CM factor in isolated samples of bulk 
semiconductors without the need of applying contacts, which is necessary in the device 
measurements.  

In this chapter, we quantify CM in bulk PbSe and PbS on ultrafast timescales using 
THz time-domain spectroscopy (THz-TDS)28. We directly determine the number of photo-

generated electron-hole pairs per absorbed photon, , for various photon energies from the 

UV to the IR. As illustrated in Fig. 5.1, the photo-induced THz modulation, which is related 
to the photoconductivity and hence to the number photo-generated carriers (see Chapter 2), 
can be measured with picosecond time-resolution, allowing for a direct comparison with 
previous QD results. Our results show that, for a given photon energy, an equal amount or 
more electron-hole pairs per photon are generated in bulk than in QDs. Hence, if QDs are 
claimed to exhibit more efficient CM, this claim is related to the ratio of the exciton energy 
and the photon energy that is indeed larger for QDs than for bulk systems, as we will argue 
in section 5.6. 
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Figure 5.1 THz conductivity as a function of pump-probe delay for the PbS film for 

various 800 nm fluences. The increase of E(t) with fluence is directly related to the 

higher carrier density, as explained in the text. 

 
 

5.2 Samples 
 

Epitaxial single crystalline films of PbSe and PbS were grown using chemical solution 
deposition on GaAs(100) and GaAs(111) substrates respectively and showed a well-defined 
orientation relationship with the substrate30,31,32,33. Transmission Electron Microscopy 
(TEM) and Scanning Electron Microscopy (SEM) were used to determine the thickness of 

the films (~ 1 m) and the flatness of the surface. Optimizing deposition parameters 
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resulted in high quality surface flatness. X-ray and electron diffraction indicated the 
presence of single-crystalline PbSe and PbS films. We experienced that the presence of a 
native oxide layer consisting of PbO or more likely, of Pb(O,Se) at the PbSe surface had a 
significant effect on the magnitude of the THz modulation. Possible explanations for the 
different THz results are (i) different reflectivity of pump photons from a PbO surface 
compared to a PbSe surface (ii) absorption of pump photons by the oxide layer (the 
bandgap of PbO varies from 2.07 – 3.36 eV, depending on the crystallographic phase34), 
and (iii) different mobility in PbSe that was exposed to oxygen35,36, leading to different 
magnitudes of the THz signals. To determine the CM yields in the absence of the PbO 
layer, we etched the PbSe sample with a 10% HCl solution to remove the oxygen before 
doing all THz measurements. The removal of oxygen is monitored by energy-dispersive X-
ray spectroscopy (EDX), as demonstrated in Fig. 5.2. Clearly, the O-peak at 0.5 keV has 
disappeared after the etching procedure. Oxidation occurred to a lesser extent at the PbS 
sample. A comparison between the oxidized sample and a sample where the native oxide 
had been removed by etching did not change the results of the THz measurements for PbS. 

 

a) PbSe before etching
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Figure 5.2. EDX spectra of the PbSe film (a) before etching and (b) after etching with a 10% HCl solution  

 
 

5.3 Experimental considerations in assessment of the CM factor 
 
The reliable determination of CM factors in single crystalline PbSe and PbS films requires 
the accurate determination of 2 parameters: the number of absorbed photons per unit area 
and the number of generated carriers. First, we achieve a homogeneous photon flux using a 
diffuser and determine the fluence at the sample position with ~ 3% accuracy using five 
calibrated pinholes with increasing area. For the calculation of the number of absorbed 



 

Chapter 5: Carrier Multiplication in bulk PbSe and PbS  

83

photons per mm2, the reflective losses at the sample surface have been taken into account 
by using the frequency-dependent optical properties of bulk PbS and PbSe from Refs. 37 
and 38, respectively. Secondly, the amount of generated electron-hole pairs is determined 
using THz-TDS measurements28. This technique has been used extensively to determine 
carrier dynamics in semiconductors, as it provides the frequency-dependent complex 

conductivity () of charge carriers27,29. We measure in the time domain the electric field 

of picosecond THz pulses transmitted through the unexcited sample E(t). The changes 

therein, E(t), following photo-injection of charge carriers using femtosecond laser pulses 

directly reflect the charge carrier density. Fig. 5.3 shows the complex conductivities () 

for PbS (Egap = 0.42 eV) following excitation with two different 266 nm (4.66 eV) fluences, 
as inferred from the Fourier transforms of the time-domain fields29. We follow prior 
authors28,29 and fit the data in Fig. 5.3 with the Drude model of free carriers, 

p
rr, where p is the plasma frequency, 0 the vacuum permittivity 

and r the carrier scattering time29 (as also described in Chapter 2). The plasma frequency is 

defined as p
e2N)/m, where m* is the carrier effective mass, e is the electron 

elementary charge, and N is the carrier density.  
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Figure 5.3.  Complex, frequency dependent conductivities for PbS measured 10 ps after 
photo-excitation for two different 266 nm excitation fluences (black and grey dots). The data 
is described well by the Drude expression (solid lines) yielding the plasma frequency 
(directly related to density) and the carrier scattering time. 

 

The black dots in Fig. 5.3 represent the photoconductivity that was measured at an 

excitation fluence of 15.2 nJ/mm2 266 nm light. This fluence corresponds to 9.56109 

absorbed photons/mm2, taking the 266 nm reflectance at the PbS surface into account. The 
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data in Fig. 5.3 (measured at a pump-probe delay of 10 ps) was fitted with the Drude 

expression, yielding a plasma frequency of p = 3.301014 Hz. From the value of p, a 

carrier density of 6.851024 m-3 is calculated, given the electron and hole effective masses 

(me ~ mh ~ 0.20 at room temperature)39. Using the 266 nm penetration depth of PbS, the 

carrier density is converted into a sheet density of 2.921010 electron-hole pairs per mm2. 

Here, we also took into account that in PbS, both electrons and holes make comparable 

contributions to E(t) because of their similar effective masses. Dividing the sheet density 

by the number of absorbed photons per mm2 yields , the number of electron-hole pairs per 

absorbed photon. For the 15.2 nJ/mm2 data in Fig. 5.3,  was found to be 3.05  0.15 

electron-hole pairs per absorbed photon. This value clearly demonstrates the occurrence of 
CM in bulk PbS for excitation with 266 nm photons (having 11 times the energy of the PbS 
band gap). Performing the same procedure for the 4.5 nJ/mm2 fluence data (grey dots in Fig. 

5.3), one finds a value for  of 3.06  0.15 electron-hole pairs per absorbed photon. The 

good agreement between the found CM factors illustrates the validity of our procedure for a 

range of fluences. The same analysis for 800 nm excitation results in an average of 1.02  

0.05 generated electron-hole pairs for each absorbed photon, indicating that CM does not 
occur significantly for 800 nm excitation (3.7 times the bandgap energy). 

As can be seen from Fig. 5.3, the scattering time does not change significantly as a 
result of a threefold increase of the excitation fluence. This observation is important, since it 
implies that the linear increase of the THz signal with fluence is not caused by variations in 

r, but is directly related to higher values of p (hence, linear increase of carrier density). 

The obtained scattering times from our Drude fits are largely consistent with reported room-
temperature electron and hole mobilities40 of  ~ 600 cm2/V·s. Such mobilities correspond to 
scattering times of ~ 70 fs, whereas we find values of ~ 120 fs. It is intuitive that THz 
spectroscopy provides somewhat larger values for scattering time (and, accordingly, 
mobilities)27. The reason for this is that THz spectroscopy probes the mobility over very 
short length scales (~ nm), since the field is only ‘switched on’ for a ~ ps. As a result, 
mobilities inferred from THz measurements are not affected by the presence of defects such 
as grain boundaries, which may act to reduce the mobility in conventional measurements 
that require motion over longer length scales. Indeed, conventionally measured mobilities in 
multicrystalline PbS films are 1-2 orders of magnitude lower than mobilities reported for 
single crystalline material41. 

When calculating the carrier density from the plasma frequency, we assumed that the 
carrier effective mass remained constant for the different excitation fluences. In principle 
however, high excitation fluences in femtosecond experiments might lead to changes in the 
carrier effective mass due to either non-parabolicities induced by high carrier densities 
and/or through band-filling42. We have previously29 investigated the effect of band filling in 
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silicon and TiO2.  For silicon, we found a linear dependence of the plasma frequency on 
carrier density over a wide range of excitation fluences, which indicates that the effective 
mass is not varying with increasing density29. This is expected, since silicon has a 
multivalley band minimum and band filling requires extremely high carrier densities and 
associated excitation fluences. The band structure of TiO2, in contrast, is non-degenerate. At 
high excitation fluences, we found indeed a non-linear dependence of the plasma frequency 
with carrier density in TiO2, which was attributed to band filling13. This non-linearity was 
only observed at carrier densities exceeding 1025 m-3). In the THz experiments reported 
here, the carrier densities were much lower (typically ~ 1023 m-3), so that effects due to band 
filling are not expected. Furthermore, PbS and PbSe have a multi-degenerate energy 
structure as a result of which band filling is not expected to take place until very high 
excitation fluences; in the experiment reported here, care was taken to remain in the low-
fluence excitation limit. That band filling does not play a role for the experiment reported 
here, is confirmed by the experimental observation that the THz modulation (which is 
proportional to the plasma frequency) simply scaled linearly with the excitation fluence (see 
Fig. 5.1). This means that we are measuring in a carrier density regime where band filling is 
not important and that the effective carrier mass does not vary over the investigated fluence 
range. 

 
 

5.4 CM factors in bulk PbSe and PbS 
 
In this section, we will determine the CM factors in PbSe and PbS by comparing the 

magnitude of E(t) per absorbed photon for various excitation wavelengths. This procedure 

is less elaborate than determining  via Drude fits of the photoconductivity, but gives the 

same results, as we will show below. Fig. 5.4(a) shows E(t) for PbS as a function of 

fluence for various photon energies. Since E(t) is proportional to the number of carriers 

(see justification in previous section and Fig. 5.1), the slopes of the lines in Fig. 5.4(a) 
directly represent the number of carriers generated per absorbed photon, i.e. the CM factor 

. After normalizing to the 800 nm slope, for which we have verified by a Drude fit of the 

photoconductivity that  = 1, one finds   for the different photon energies. 

Normalization of the 266 nm slope to the 800 nm slope in Fig. 5.4(a) yields a value for 

 of 3.04, in perfect agreement with determination of  via 2
p . This procedure is justified 

when changes in () occur only through a change in 2
p , and not by variations in r. For 

PbS, we have verified that r is indeed constant for a wide range of excitation wavelengths  
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Figure 5.4.  Determination of the CM factor. a) E(t) as a function of absorbed photons per 

unit area for various photon energies for bulk PbS. The slopes of the lines are proportional to 
the electron-hole pair yield per absorbed photon. b) average electron-hole pair generated per 
photon for varying photon energies, inferred from (a), compared to a PbS photovoltaic cell23. 
Error bars indicate 95% confidence level. 

 
and excitation fluences. This means that carrier-carrier interactions do not play a significant 
role, owing to an efficient screening of carrier-carrier interactions, which is consistent with  

the large dielectric constant of PbS ( = 169)34. Similar results were found for TiO2, another 

high dielectric constant material ( = 120)29. For PbSe, the extraction of the 

photoconductivity spectrum was complicated by the presence of a phonon at 1.25 THz, 
which is within the spectrum of our THz probe43. Therefore, the verification that changes in 

() occur only through a change in 2
p  could not be made. However, effects due to 

carrier-carrier interactions are expected to be smaller for PbSe compared to PbS, given its 

exceptionally high dielectric constant ( = 210)34. It was assumed that at 1.5 eV (800 nm) 
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excitation = 1 for PbSe. In the case of low dielectric constant materials (e.g. silicon), 

carrier-carrier interactions are expected to have a large effect on r
29. For such materials, the 

CM factor cannot be determined directly from the magnitude of E(t) per absorbed photon, 

but should be obtained from the Drude fit of (). 

Fig. 5.4(b) shows  vs. photon energy for PbS, as inferred from our THz 

measurements, together with the reported values for a PbS photovoltaic cell23. The number 
of additional carriers created by CM is over 1.5 times larger than concluded in Ref. 23. We 
report a electron-hole pair yield of 3.05 at 4.66eV photon energy for PbS (2.05 additional e-
h pairs), whereas Smith et al. report a value of 2.3 for the same photon energy (1.3 
additional e-h pairs). The relative change in additional e-h pairs therefore amounts to (2.05-
1.3)/1.3= 0.58: The true number of additional carriers created by CM is over 50% larger 
than determined by Smith. The differences in experimental approach between our work and 
that of Smith et al. presumably explain the discrepancy between the results. We therefore 
conclude that to make a definitive comparison between QDs and bulk, the experiments 
reported here are essential. While the data of Smith reflects the right trend, it underestimates 
the actual CM factor in bulk PbS presumably due to both details of the sample and the 
employed approach. 
 
 

5.5 Comparison between bulk and QDs 
 

The values of  for bulk PbS and PbSe along with literature QD values are given in Fig. 

5.5(a) and 5.5(b), respectively. Fig. 5.5 contains a selection of the literature that was 
published on CM in QDs over the past years. Not all QD reports were included in Fig. 5.5, 
since it was recently identified that several challenges are associated with reliably 
measuring CM in QD colloidal suspensions20,19,22.  These challenges include QD photo-
charging (which can be prevented by stirring the sample) and good control over the 
excitation fluence to prevent multi-photon excitation. Both effects lead to an overestimation 
of CM factors in QDs. From 2006 onwards, the community became aware of many of these 
effects. Therefore, we decided to omit early QD reports, since they would not be 
appropriate for the QD–bulk comparison. From the selected QD references in Fig. 5.5, Refs. 
7, 8, 17, and 18 were reported by four different groups after 2006. It is evident in Fig. 5.5 
that the CM factors observed in these recent QD reports are lower than or at most equal to 
our bulk values. This observation indicates that quantum-confinement effects do not result 
in enhancement of the CM factor. In fact, the CM factor seems to be significantly higher in 
bulk than in QD suspensions stirred to prevent photo-charging, as reported by Nair et al 
(2008)21 and McGuire et al. (2008)22.  
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Figure 5.5. Comparison of CM in bulk and QDs. Values of  for QDs reported in literature (markers of 

different colors) compared with bulk results from this work (black dots) for PbS (a) and PbSe (b). Most values 

of  for QDs lie at or below the bulk factors. Tight binding calculations based on Impact Ionization for a 

range of phonon-assisted relaxation times (h, dotted lines) yield CM factors that are in good agreement with 

our experimental results. Colored solid lines represent tight binding calculations for PbSe QDs with 0.6 and 

1.2 eV energy gap, for h = 0.5 ps. Error bars indicate 95% confidence level. 

 
In Fig. 5.5, there is significant scatter in the reported CM factors, possibly making a 

QD-bulk comparison difficult. Surface defects have been invoked to explain the variations 
in reported QD CM values21,22. Within the scatter that surface effects introduce in reported 
values of CM in QDs, it is important to note for the conclusion of this chapter, that all QD 
measurements (reported in four papers from four different groups) from 2008 onwards have 
reported CM factors below the bulk values. 
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5.6 Mechanism of CM in QDs 
 
To gain insight in the mechanism of CM in bulk and QDs, we collaborated with Christophe 
Delerue and Guy Allan from the University of Lille who performed tight-binding 
calculations for CM in bulk material and in QDs. The following model was used in the 
calculations: the absorption of a high-energy photon in a QD results in the generation of hot 
carriers (either electrons or holes). The relaxation of these hot carriers to the ground state is 
modeled as a competition between two relaxation processes, i.e. relaxation via impact 
ionization and relaxation via ‘heat generation’15,44,45. In bulk material, the relaxation via 
‘heat generation’ proceeds via sequential emission of phonons, but in QDs heat generation 
can occur via phonon emission (at high energies), Auger relaxation (see Chapter 3), or 
energy transfer to ligand vibrations46, all occurring on an ultrafast (typically sub-
picosecond) time scale. In the following discussion, we will refer to these combined 
relaxation pathways in QDs as ’relaxation via heat generation’, characterized by a time 

constant h. The relative rates of relaxation via impact ionization and relaxation via heat 

generation determine the final CM factor, which is defined as the number of generated 
electron-hole pairs (excitons) per absorbed photon.  
First, the electronic structure of bulk PbSe and PbSe QDs is calculated using a tight binding 
approach. For electrons (holes) excited in the conduction (valence) band, the rate of 
relaxation by impact ionization can be obtained from Fermi’s golden rule, requiring the 
density of initial and final (or bi-exciton states) as input. For varying carrier energies, the 
calculated density of initial and final states as a function of carrier energy is given in Fig. 
5.6. As can be seen in Fig. 5.6, the density of initial states to which carriers can be excited is 
relatively independent of the energy, whereas the density of final states increases strongly 
with energy of the hot carrier. The strongly increasing density of final states with carrier 
energy originates from the fact that there is a much larger number of relaxation pathways 
via which impact ionization can proceed for carriers at high energies. The fine structure in 
the QD densities of states arises from the discrete nature of the energy levels at low carrier 
energies. After having determined the density of initial and final states, the impact 
ionization rates were calculated using Fermi’s golden rule. For higher electron energies, the 
impact ionization rate increases steeply because of the increased density of final states15-17. 
The impact ionization rate, when summed over all possible final states after relaxation, is 
observed to strongly depend on the initial energy of the carrier and vanishes when the 
carrier excess energy (the energy of the carrier with respect to the band edge) is equal to, or 
less than, the QD gap. Finally, the CM factor was calculated, by modeling the relaxation of 
hot carriers as a competition between impact ionization (characterized by the above-
mentioned energy-dependent rate) and relaxation via heat generation, characterized by a 

fixed time constant h.  
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Figure 5.6 Density of States (DOS) per atom versus the energy of the excited carrier for 
bulk PbSe (solid lines) and PbSe QDs with an energy gap of 1.2 eV (dashed lines). The 
thin lines represent the DOS of initial states and the thick lines correspond to the DOS of 
final (bi-exciton) states. The zero of energy corresponds to the top of the bulk valence 
band. 

 

The results of the calculations for bulk material are given in Fig. 5.5(a) for PbS for 

different values of h. It is evident that the calculations describe the bulk data accurately for 

reasonable values of h. In Fig. 5.5(b), the results of the calculations are given for bulk PbSe 

(black line, h = 0.5 ps) and for two sizes of PbSe QDs (blue and green lines). Also for bulk 

PbSe, the calculations are in agreement with the experimental values and furthermore, the 
impact ionization based model can reproduce most of the reports of CM in PbSe QDs. 
Combining the experimental results of the THz-TDS measurements on bulk PbSe and PbS 
with the theoretical efforts, we can quantitatively account for CM in both bulk and QDs 
with impact ionization, without invoking mechanisms such as the coherent superposition of 
single and multi-exciton wavefunctions4 or the occurrence of virtual single exciton states5. 
Furthermore, it is evident that the CM factors are at least equal but presumably higher in 
bulk than in QDs. This observation can be explained by the reduced density of final states 
in QDs (see Fig. 5.6) leading to lower impact ionization rates in QDs compared to bulk. The 
conclusion that quantum-confinement does not lead to CM enhancement, in contrast to 
previous expectations1,3, can be understood in the light of the present knowledge of three 
key aspects of dynamic processes and carrier-carrier interactions in bulk and QDs:  
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 Firstly, the process of CM must compete with alternative intraband relaxation 
pathways in QDs. Although intraband relaxation was predicted to be slower in 
quantum-confined QDs than in bulk1 (phonon-bottleneck), sub-picosecond 
relaxation can still occur by the transfer of excess energy to ligand vibrations or 
via an Auger process24,25. Recently, it has been demonstrated that these alternative 
relaxation pathways can be slowed down considerably, potentially making CM 
much more favorable, for electrons in the 1P level by carefully engineering the 
QDs26. However, the excess energy of 1P electrons is typically insufficient to 
excite an additional electron over the bandgap. Since the density of states in QDs 
increases rapidly for higher lying energy levels, the intraband relaxation from these 
levels is expected to be fast because of the availability of phonon-mediated 
relaxation channels. Hence, fast phonon relaxation will always compete effectively 
with CM in QDs. 

 Secondly, it has been proposed that the enhanced Coulomb interaction in QDs 
would lead to higher impact ionization rates3,22. However, the impact ionization 
rate depends on both Coulomb interaction and the density of final (or bi-exciton) 
states15,21. In QDs, the density of final states in QDs is reduced because of a 
discretization of the states. As a result, calculated impact ionization rates are 
smaller in PbSe QDs than in bulk15. Apparently, the increase of Coulomb 
interactions in QDs is more than neutralized by the lower density of states. This 
theoretical prediction is confirmed experimentally in Fig. 5.5, where the QD data 
from 2008 onwards lie clearly below the bulk values.  

 Finally, the presence of large amounts of surface defects in QDs might provide an 
additional competing relaxation channel for hot carriers, possibly reducing the CM 
factor with respect to bulk. Differences in surface quality may also explain the 
sample-to-sample variability in CM factors22 as observed in Fig. 5.5, even for QDs 
of the same energy gap. We note that, despite the scatter in QD data points, these 
lie below the bulk values. 

 

The above argumentation on how phonon-relaxation, Coulomb interaction, and surface 
defects in QDs influence the CM factor is not strictly limited to PbSe and PbS QDs. 
Intraband relaxation is also known to proceed on ultrafast timescales in other QD 
materials24,25. Additionally, we performed calculations on Si and InAs QDs (not shown in 
this thesis) and for these materials as well, the increase in Coulombic interaction is more 
than compensated by the decrease of the Density of States. This indicates that the above 
argumentation can be extended to other materials beyond PbSe and PbS. 

This section will end with a brief discussion on the validity of the chosen graphical 

representation of the CM factors in Fig. 5.5, i.e. plotting  versus absolute photon energy. 
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In literature, CM yields in QDs have been reported as a function of the ratio of the photon 

energy and the energy gap (h/Egap) to account for variation of the QD energy gap. Indeed, 

it is true that plotting the number of generated excitons versus the absolute photon energy 
does not take into account the variations in the bandgap occurring for QDs. However, when 
considering the physics underlying the CM process for PbSe QDs, i.e. if one is interested in 
the mechanism of CM and the resulting number of electron-hole pairs, there are two reasons 
to justify the representation on an absolute energy scale. Firstly, given the bulk mechanism 
of CM as a competition between phonon emission and impact ionization, one would expect 
the initial excess energy of the carrier (and the associated density of initial and final states) 
to be the key parameter determining the CM factor, and not how many times this energy fits 
the band gap. Secondly, and closely related, it is evident that for the relevant photon 
energies >3 eV where significant CM occurs, the variation in excess energy of generated 
hot carriers for QDs of varying sizes is relatively small for a given photon energy, and the 
CM factor is therefore not limited by limitations due to energy conservation, but rather by 
variation in the DOS. Such a conclusion would not be apparent from inspection of the CM 
factor on a relative energy scale. A similar argumentation for using an absolute energy scale 
has previously been put forward by Nair and Bawendi18,21. 

 
 
5.7 Discussion and implications for solar cells 
 
Although the number of generated excitons is smaller in QDs than in the corresponding 
bulk semiconductor at a given photon energy, this does not directly imply that there is no 
motivation to use QDs in solar cells for their CM abilities. For photovoltaic applications, 
the CM factor is not the quantity of interest because the energy of the excitons is not the 
same in QDs and in the bulk. Rather, a more relevant quantity is the energy efficiency, 

(h), defined as the ratio between the total excitonic energy (the number of excitons times 

the energy gap) and the photon energy hν. As such, the energy efficiency corresponds to the 
fraction of the photon energy that is transformed into excitons, i.e. chemical energy, instead 
of heat after relaxation of the carriers. In Fig. 5.7, we plot the energy efficiency (by 
definition valued between 0 and 1) including (solid lines) and omitting (dashed lines) CM 
effects. At the gap energy, the energy efficiency is 1 since no energy is lost via ‘heat 
generation’. For increasing photon energies, the energy efficiency decreases until CM sets 
in, so that energy efficiency increases again at higher energies. Interestingly, the energy 
efficiency above the gap is much larger in small QDs than in the bulk. For PbSe QDs with a 

gap of 1.2 eV, we predict for h = 0.5 ps that the energy efficiency is always larger than 

50%. Also, the contribution of CM to the energy efficiency is largest for the smallest QDs.  
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Figure 5.7. Energy efficiency of light absorption versus photon energy hν. Thick solid lines: simulations 

(h = 0.5 ps) for bulk PbSe (εg = 0.28 eV) and for two QDs (εg = 0.6 eV and εg = 1.2 eV). Dashed lines: 

simulations in absence of CM, i.e. when excited carriers can only relax by emission of phonons. Black 
squares: experimental results for bulk PbSe. The grey shaded region corresponds to the ASTM G-173-3 
solar spectrum49. 

 
Even if the number of generated excitons is smaller in QDs than in the bulk, this is more 
than compensated by the increase of the excitonic energy due to the larger gap in QDs. 
Therefore strongly confined QDs are energetically relatively efficient for photons with 
energy above their gap. This conclusion is further confirmed by comparing the CM factor in 
bulk silicon with PbSe QDs of approximately the same gap (εg = 1.2 eV). Figure 5.8 shows 
that the absolute CM factor of PbSe QDs is clearly superior, the threshold for impact 
ionization being more than 1 eV lower in energy. Similar results were obtained for 
comparing bulk silicon with PbS QDs (not shown in this thesis). It is likely a general 
conclusion that QDs made of a small bandgap semiconductor have a higher CM factor than 
a bulk semiconductor with the same gap as the QDs. The general reason is that the density 
of states increases similarly with (photon) energy for different semiconductor materials, but 
from differently positioned starting points, i.e. the conduction and valence band edge. For a 
given carrier energy, the density of initial and final states is furthermore larger in bulk PbSe 
than in bulk silicon because of the eightfold degeneracy of the valence and conduction band 
extrema47. Since the density of final states for impact ionization is similar for QDs and bulk 
of the same material for photon energies above the energy conservation threshold15, it can 
hence be concluded that the density of states at a given energy is always larger in PbSe QDs 
than in bulk silicon, despite quantum confinement effects. Furthermore, Fig. 5.8 shows that 
also for bulk silicon the calculations are in excellent agreement with the experimental  
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Figure 5.8. Number of excitons generated by impact ionization after the absorption of a 

photon of energy h. Solid line: simulations for bulk silicon (gap = 1.2 eV). Crosses: 

experimental values from Ref. 25. Dashed line: simulations for a PbSe QD characterized by a 

diameter of 3.1 nm and a gap of 1.2 eV. All calculations are performed with h = 0.5 ps. 

 

results48 for a reasonable value h = 0.5 ps, once more confirming the validity of the 

methodology of the calculations.  
From the above, it is evident that our theoretical considerations can fully account for the 
higher energy efficiency in QDs compared to bulk (despite the lower CM factor) by means 
of density of states arguments15: In bulk materials, for energy regions relatively close to the 
band gap, impact ionization is energetically allowed but has a very low probability. This 
region of reduced impact ionization is smaller in QDs because of the quantum confinement 
that opens the gap: for QDs the density of states increases sharply above the bandgap 
towards bulk values (see Fig. 2 in Ref. 15). Above the threshold for impact ionization, the 
variation of the impact ionization rate is very large in the case of QDs, and it quickly 
reaches the bulk values, because the density of states at high energies increasingly 
resembles that of the bulk. This explains both why the absolute CM factor is lower in QDs 
compared to bulk, but also why the energy efficiency is enhanced for QDs: as soon as 
carriers in QDs have an energy slightly above the threshold, they have the same probability 
to relax by impact ionization as in bulk, but the energy of the additionally generated exciton 
is larger than in bulk, because of opening of the gap due to quantum confinement. 
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Finally, we discuss the implications of our findings on the benefits of CM in QDs for 

QD solar cells. Despite the observation that 1.2 eV PbSe QDs have a higher CM factor than 
bulk silicon, the added value of CM for photovoltaics seems limited. This is demonstrated 
in Table 5.1, where the calculated energy efficiency is averaged for the solar spectrum. The 

values for the averaged energy efficiency, *, are obtained by multiplying the energy-

dependent energy efficiencies in Fig. 5.7 with the unconcentrated ASTM G-173-3 reference 
solar spectrum49 via the following formula: 

 

)()(

)()()(*




hdhI

hdhhI







      (5.1) 

 

where I(h) is the energy-dependent spectral intensity of solar light. We assume that each 

photon with energy above the gap is absorbed, and that each generated carrier contributes to 
the photocurrent at the maximum voltage (not true for an operating solar cell). The absolute 
increase in the averaged energy efficiency induced by CM is 9% for bulk PbSe (last column 
in Table 5.1), but such small gap devices are inherently inefficient. For a realistic gap of a 
photovoltaic device (~ 1.2 eV), the absolute CM-related gain in the light to current 
conversion efficiency is limited to 2% when using PbSe QDs. This relatively small value is 
due to the fact that most of the photon flux in the solar spectrum is below the CM threshold 
(see Fig. 5.7) which is, for example, positioned at 2.5 eV for 1.2 eV PbSe QDs (Fig. 5.8). 
Furthermore, it might be challenging to harvest the additional carriers from the 1.2 eV PbSe 
QDs because of the short lifetime (~ 50 -100 ps) of the bi-exciton state in QDs50. Therefore, 
the benefit of CM in QD based photovoltaics seems minor, in spite of the relatively high 
energy efficiency of CM in PbSe QDs. 
 
 

Gap (eV) Without CM With CM Ratio 

0.28 0.199 0.217 1.09 

0.60 0.381 0.400 1.05 

1.20 0.476 0.485 1.02 
 
 

Table 5.1: Energy efficiency integrated over, and weighted with, the solar spectrum. This calculation 

(h = 0.5 ps) was done for bulk PbSe (εg = 0.28 eV) and for two QDs (εg = 0.6 eV and εg = 1.2 eV) 

under solar illumination, in presence or in absence of CM. The last column is the ratio between the 
third and second column, representing the increase of the averaged energy efficiency due to CM. 
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5.8 Conclusions 
 
In conclusion, we have determined the CM factors (number of generated excitons per 
absorbed photon) in bulk PbSe and PbS for a range of excitation wavelengths using THz-
TDS measurements. Our experimental efforts demonstrate that the CM factor in the bulk 
semiconductor is at least equal to but presumably larger than the CM factor in QDs. This 
observation is corroborated by tight-binding calculations. Our experimental and theoretical 
observations are consistent with a scenario where in both QDs and bulk, CM is governed by 
impact ionization, the rate of which is reduced by quantum confinement due to a reduction 
of the density of states. Although quantum-confinement effects do not result in higher CM 
factors, the energy efficiency (relative fraction of the photon energy that is converted into 
excitons) is higher in QDs. In spite of the higher energy efficiency in QDs, the gain in 
efficiency for QD-based solar cells resulting from CM is small: the benefit of CM is 
significant only for photons of UV frequencies, which constitute a small fraction of the 
solar spectrum. 
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