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Chapter 3: Intraband relaxation in QDs 
 
 

3.1 Background 
 
Colloidal quantum dots absorbing and emitting in the infrared (IR QDs) have received 
much attention over the past decade1. One reason is that IR QDs have interesting properties 
for the optical telecommunication market, where most IR components operate at 
wavelengths ranging from 1200-1600 nm. Since the emission of IR QDs can be easily 
controlled over this spectral range by varying the particle diameter, QDs can be used for 
optical switching, wavelength change or optical amplification outside the conventional 
erbium-doped-fiber amplifier window1,2. Another promising application is the use of IR 
QDs as fluorescent biological labels. Since human tissue absorbs little light in the near 
infrared region (NIR, 650-900 nm) and since few stable NIR-emitting dye molecules exist, 
NIR QDs are promising probes for in vivo imaging because their bandgap can be easily 
tuned to the 650-900 nm range3,4. Within the scope of this thesis, IR QDs are particularly 
interesting for use in QD solar cells5-7. In contrast to silicon solar cells, IR QD sensitizers 
can absorb IR light, which makes up approximately 20% of the total energy of the solar 
spectrum8. Furthermore, the excess energy of visible photons can potentially be harvested 
when using IR QDs as light absorbers by extracting hot carriers from the QDs or by 
generation of additional carriers via the CM process (see section 1.5).  

When utilizing QDs as light absorbing material in solar cells, it is important to 
understand the interaction between light and QDs, and the dynamics of photogenerated 
carriers. Using terahertz time-domain spectroscopy (THz-TDS), we study these topics in 
colloidal InAs QDs (having a tunable energy gap between 600 and 1600nm). First, it is 
discussed in section 3.3 how confined excitons in QDs respond to an externally applied 
THz DC electric field. For this purpose, we determine the exciton polarizability (αexc) as a 

function of QD size. The experimentally obtained values for the polarizability exc agree 

well with theoretically predicted values, as obtained from perturbative multi-band tight 
binding calculations. 

Next, we combine THz-TDS with femtosecond transient absorption (TA) to study 
electron and hole intraband relaxation. In bulk semiconductors, the conduction and valence 
band consists of densely spaced energy levels and relaxation of ‘hot’ carriers occurs via 
sequential emission of longitudinal optical (LO) phonons. In the case of InAs QDs, the 
energy difference between the 1Se and 1Pe level ranges from ~ 300 meV (6.0 nm diameter 
QDs) to ~ 550 meV (3.0 nm diameter QDs)9, much larger than typical LO phonon energies 
(~ 30 meV). Intraband relaxation in CdSe and InP QDs, materials with similar material 
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characteristics as InAs, takes place via an Auger-process, in which the excess energy of the 
‘hot’ electron is transferred to a ‘cold’ hole10-12. The resulting hot hole can subsequently 
relax via phonon emission since the energy difference between valence levels is of the order 
of typical LO phonon energies. In section 3.4, we use TA to probe the population of 
electrons in the 1Se QD level, giving information about intraband electron dynamics 
between conduction energy levels. THz-TDS is complementary to TA in the sense that the 
THz response originates predominantly from the polarizability of holes in the 1S3/2 energy 
level, giving information on the intraband hole dynamics between valence energy levels. As 
such, the combination of TA and THz-TDS is excellently suited to investigate the dynamics 
of (Auger) electron intraband relaxation from the 1Pe  1Se level. An understanding of this 
relaxation process is particularly important for the ‘hot carrier’ solar cell concept (see 
section 1.5), in which it is essential that the extraction of hot carriers is faster than intraband 
relaxation. 

 
 

3.2 Samples: InAs QDs 
 
Colloidal InAs QDs were synthesized as reported elsewhere13,14. The QDs for the 
polarizability experiments were trioctylphospine (TOP) passivated (4.0 nm diameter) or 
passivated with CdSe/ZnSe-shells (4.9 nm and 5.45 nm diameter InAs cores). These 
core/shell QDs consist of InAs cores onto which one atomic layer of CdSe and four layers 
of ZnSe are deposited. Samples are prepared by suspending the QDs in toluene in a 1 mm 
path length cuvet. The absorption and emission spectra of InAs cores and InAs core-shell 
QDs, respectively, are shown in Fig. 3.1. For both passivation methods, the absorption 
spectra and luminescence spectra are broadened inhomogeneously by the size distribution 
of the sample. The absorption spectrum of 4.9 nm InAs cores in Fig. 3.1(a) exhibits a clear 
1S exciton transition at 1120 nm and the 1P transition can be identified by the shoulder at 
830 nm. At shorter wavelengths, the absorption spectrum is characterized by the convolved 
spectra of high-energy transitions. The center of the luminescence spectrum (grey line) is 
slightly redshifted with respect to 1S absorption peak. The features in the luminescence 
spectrum around 1145 nm and 1200 nm are due to absorption by the solvent toluene, caused 
by secondary stretching overtones of methyl and aromatic C-H groups. For TOP-capped 
InAs QDs, the luminescence quantum yield is relatively low because of quenching via non-
radiative decay channels13. As can be seen in Fig. 3.1(b), the main features in the absorption 
spectrum are preserved after addition of the passivating CdSe/ZnSe-shells. The 1S and 1P 
transitions are less distinct compared to InAs cores, because the size distribution of the QDs 
becomes broader upon adding multiple shells around the cores. The core/shell structure 
leads to a significantly improved quantum yield (50 -70%) as compared of the TOP-
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passivated QDs (1 - 2.5%)14. This increase in fluorescence efficiency is caused by the 
effective removal of surface defects, leading to reduced losses associated with non-radiative 
decay channels. The redshift of the luminescence in the core-shell dots can be explained by 
the low potential barrier imposed by the CdSe shell on the InAs core14. As a result, the 
electron wavefunction leaks into the surrounding shell, effectively weakening the 
confinement.  
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Figure 3.1 Absorption and luminescence spectra of 4.9 nm InAs cores (a) and InAs 
core-shell QDs (b). The core-shell QDs consist of a 4.9 nm InAs onto which one 
atomic layer of CdSe and four layers of ZnSe are deposited. The features in the 
luminescence spectrum around 1145 nm and 1200 nm are due to absorption by the 
solvent toluene 

 
For the intraband relaxation experiments, TOP-passivated InAs cores are used (2.5 or 4.4 
nm diameter), since it was difficult to synthesize small core-shell QDs with good size 
distribution. 
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3.3 Exciton polarizability 
 
In this section, the response of quantum-confined excitons to an external electric field is 
discussed. For QDs with sufficiently strong confinement, the energies associated with 
(intra-)excitonic transitions are higher than typical THz photon energies. As such, the 
polarizability at THz frequencies equals the DC polarizability, which is an important 
parameter describing the QD response to an externally applied field. This response is 
usually parametrized as the exciton polarizability and has previously been inferred from 
Stark shift measurements for CdSe QDs15-17. Recently, THz-TDS has been successfully 
applied to determine the exciton polarizability in CdSe18 and PbSe19 QDs. The advantage of 
using THz-TDS is that it is a more direct determination of the polarizability, since the 
interaction of a THz electric field with a polarizable exciton is directly determined, in 
contrast to the more indirect procedure of the Stark shift measurements where the shift of 
the emission wavelength as a function of the applied electric field is recorded. When 
measuring carrier dynamics in photo-excited QDs using THz-TDS, the THz response is 
based on the exciton polarizability.  Since we will extensively use THz-TDS for probing 
carrier dynamics in QDs in section 3.4 and chapter 4, it is important to have a detailed 
understanding of the behavior of the exciton polarizability in InAs QDs. 

To determine the exciton polarizability, we first measure the electric field waveform 

ETHz(t)  through the unexcited sample. Next, the modulation in the THz waveform, ETHz(t), 

is recorded by chopping the 800 nm excitation pulse and monitoring the differential THz  
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Figure 3.2. a) Transmitted THz pulse ETHz(t,) and the exciton-induced modulation thereof, ΔETHz(t,) for 

5.45 nm InAs QDs. For monitoring the transient hole population, ΔETHz(t,) is measured at the point 

marked with an arrow (at t = 2.0 ps), as a function of . The dashed line corresponds to a model in which 

only the real part of the susceptibility is finite, with a frequency-independent value. b) Change in the real 

(Δ) and imaginary (Δ) part of the photo-induced sheet susceptibility of the QD dispersion. The black 

dots are obtained from the data in a) and the grey line represents a purely real, frequency-independent 
change in the susceptibility. 
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signal. ETHz(t) is measured at a pump-probe delay  of 20 ps in order to ensure that all 

excitons were in the ground state. Furthermore, low excitation fluences are used (< 2 

J/mm2 for the smallest QDs) to avoid the generation of multi-excitons by sequential-

photon absorption. Fig. 3.2(a) shows ETHz(t) and ETHz(t) for the 5.45 nm InAs QDs. From 

the time-domain THz traces in Fig. 3.2(a), the photo-induced change of the complex sheet 

susceptibility of the sample, s is obtained, which is defined as the change in the dipole 

moment per unit area divided by the THz electric field strength18. Following the procedure 

of reference 18, s is related to the relevant waveforms in the frequency domain as follows: 
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where c is the speed of light,  is the angular frequency of the THz field, and  is the 

dielectric constant of the unexcited QD solution. Fig. 3.2(b) shows the resulting complex 

sheet susceptibility )()()( '''  sss i  as derived from the THz waveforms from 

Fig. 3.2(a) and equation (3.1). In the limit of dilute QD suspensions, the pump-induced 

macroscopic sheet susceptibility can be related to the polarizability  of individual 

quantum-confined excitons via effective medium theory18: 
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In this equation,  = 2.25 is the dielectric constant of the QD solution, InAs ~12.4 is the 

dielectric constant of unexcited InAs20 and ns is the sheet excitation density (number of 
absorbed photons per unit area). The exciton polarizability can also be retrieved from the 
complex conductivity, as explained in section 2.4.2, since the slope of the negative 

imaginary conductivity (see Fig. 3.3(a)) is proportional to the exc (see equation 2.20).  

Fig. 3.3(b) shows exc as a function of the QD radius (open spheres). The values for the 

polarizability are of the order of ~ 10.000 Å3, similar to values found for CdSe QDs18,19, but 
larger than for PbSe QDs19, which is in agreement with expectation; qualitatively, the 
magnitude of the DC polarizability in QDs is determined by two factors: the dielectric 
function, responsible for screening of the electric field, and the effective carrier masses, the 
magnitude of which is determining the exciton transition energies19. Both factors 

differentiate PbSe from CdSe and InAs: First, the dielectric constants of CdSe ( ~ 9.5) and 

InAs ( ~ 12.4) are rather small compared to PbSe ( ~ 215)20. 
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Figure 3.3. a) Complex conductivity of 5.45 nm InAs QDs b) Polarizability of single excitons in 
photo-excited InAs QDs as a function of the QD radius. The experimental data (open circles) are well-
described with a simple R4 scaling (solid line). The QD polarizability was calculated by perturbative 
multiband tight binding calculations (black crosses). 

 
Hence, dielectric screening is relatively weak for CdSe and InAs QDs leading to a large 
exciton response compared to PbSe QDs. Secondly, the effective hole masses of CdSe and 
InAs are relatively high (mh ~ 0.4)20, resulting in low intraband hole transition energies, to 
which our off-resonant THz-probe is more sensitive than to the relatively large intraband 
transition energies for both electrons and holes in PbSe QDs (resulting from low effective 
masses in PbSe, mh = me = 0.05)20.  

Based on effective mass arguments, it had been argued previously18,19 that THz light is 
more sensitive to holes than to electrons in materials like InAs and CdSe QDs (for which mh 
> me). This prediction has been corroborated recently by quantitative measurements which 
revealed that the polarizability of electrons is two orders of magnitude lower than the 
polarizability of excitons (consisting of electrons and holes)21. An illustration of the 
different contributions to the overall exciton polarizability is presented in scheme 3.1. The 
electron and hole intraband transitions in InAs have energies in the mid- and far-IR 
window, respectively9. The left panel of scheme 3.1 depicts the lowest energy transitions, 
which correspond to transitions between hole levels in InAs QDs. The energies of the 
frequency components in the THz probe, as depicted by the light gray box, are much lower 
than typical energies of the hole transitions. Hence, the THz probe is below-resonant and is 
only sensitive to photo-induced refraction but experiences no photo-induced changes in 
absorption. For the QDs under investigation (R << ab = 37 nm), the confinement energy is 
much larger than the Coulombic attraction, and the electrons and holes can be treated as 
uncorrelated particles. The polarizability of electrons and holes in a specific energy level 
can be obtained by summing the contributions of i possible transitions to the polarizability 
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via the formula in scheme 3.1. The usual expression denoting the contribution of an 
electronic transition to the ground state polarizability reads18: 

E

eR
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where (e·R) is the transition dipole moment of a specific intraband transition and ΔE is the 

corresponding transition energy. Since the carriers are confined in a volume of size R, the 

dipole is of the order e·R and the transition energy is ~h2/mR2, where h is Planck’s constant 

and m is the carrier mass. Hence, the polarizability follows to a first approximation a  ~ R4
 

scaling, which is confirmed in Fig. 3.3(b) and in Refs. 18,19.  
 

Ψe

Ψh

Ψi,e

Ψf,2

Ψf,1

Ψf,3

Ψi,h
Ψf,1
Ψf,2
Ψf,3

eh αα >>

)1()1( PhSh αα >>

∑
Δ

ΨΨ
=

fi

fi
ihe E

eR

,

2

,/α

Frequency

R
ef

ra
ct

iv
e 

In
de

x

Absorption

Refractive index

 
Scheme 3.1 Left panel: position of the THz probe (grey panel) with respect to the lowest intraband 
transition energies in InAs QDs. The frequency of the THz probe lies below the resonances and the THz 
response of photo-excited QDs originates only from the photo-induced changes in the refractive index, 
and not from photo-induced changes in THz absorption. Right panel: treating electrons and holes as 
uncorrelated particles, the polarizability of an electron or hole in a specific energy level is obtained by 
summing the values of αi for i possible transitions.  

 
To characterize the exciton polarizability more quantitatively, detailed calculations 

were performed by Christophe Delerue of the University of Lille. In these calculations, the 
electronic structure of InAs QDs is calculated using a tight binding approach as described in 

Ref. 22. The electronic states k are written as linear combinations of s and p atomic 

orbitals, 
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,

, i

i

ikk c  where i,α is the αth atomic orbital of atom i at position Ri.  In 

tight binding, the response of a quantum-confined exciton to an external field Eext is 
determined by the susceptibility matrix which in the uncorrelated-particle approximation 
and in first order perturbation is given by23,24. 
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where fk (= 0,1) and εk are the population and the energy of the state k, respectively. With 

equation 3.4 as the starting point, the exciton polarizability was calculated by means of 
perturbative calculations (black crosses in Fig. 3.3). In this approach, the field E’ inside the 

QD is assumed to be uniform and given by the classical expression E’ = FEext where F = 

3/(εb + 2) is the local field factor. The exciton is polarized by the internal field and the 

induced dipole is defined by 
i

i
i

ne REp  exc

in

exc   where 
exc
ine  is the displacement 

of the charge on the atom i.  In vector-matrix notation, nexc is equal to ehVin where Vin is 

the potential energy in the field E’. eh is given by Eq. (3.4) but the set of states k is 

restricted to the excitonic electron and hole states. The polarizability is deduced by 

  uRuR   ji
ji

ij
e

,

eh2   where u is the unit vector along the electric field. The 

perturbative calculations confirm that holes have a much larger polarizability in InAs QDs 
than electrons, owing to the much smaller energy spacing between valence levels due to the 
larger effective hole mass. This result is consistent with the previously-mentioned argument 
that THz-TDS is more sensitive to the population of holes than of electrons in InAs QDs as 
a result of effective mass arguments. Comparing the polarizability of holes in different 
valence levels, the 1S3/2 energy level makes the largest contributions to the overall exciton 
polarizability. As a result, the THz-TDS signal is proportional to the population of ‘cold’ 
holes in the 1S3/2 level. The results in Fig. 3.3(b) confirm that perturbation calculations 
correctly predict the polarizability of single excitons, as shown previously for CdSe and 
PbSe18,19. 
 
 

3.4 Intraband relaxation in InAs QDs 
 
In this section, the assessment of intraband relaxation dynamics of hot carriers in InAs QDs 
is discussed. Knowledge, and ideally control of hot carrier relaxation is a crucial 
requirement for exploring possibilities for harvesting the excess energy of visible light (see 
Fig. 1.4) by hot carrier extraction or Carrier Multiplication, as was explained in Chapter 1. 
Intraband relaxation of hot carriers has been widely studied in CdSe QDs, where an Auger 
mechanism is usually proposed to explain sub-picosecond relaxation dynamics10,11,25,26. In 
the Auger relaxation process, the hot electron relaxes by transferring its excess energy to a 
cold hole, which is excited to a hot state. Subsequently, the hot hole will relax via emission 
of LO phonons, which is possible due to the relatively small energy spacing between hole 
levels in InAs QDs. Intraband relaxation via an Auger mechanism requires strong overlap 
between electron and hole wavefunctions. If the hole is trapped at the QD surface, the 
electronic overlap is reduced and the intraband relaxation of electrons has been reported to 
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proceed via unoccupied energy levels at the QD surface or via energy transfer to vibrations 
in the surface-passivating ligands27. 

To quantify carrier cooling dynamics in InAs QDs, THz-TDS measurements are 
complemented with Transient Absorption (TA) measurements. As explained in the previous 
section, the THz response in InAs QDs is dominated by holes in the 1S3/2 level and 

measuring ETHz(t,) at a time t when ETHz(t) = 0 [marked by an arrow in Fig. 3.1] for 

various pump-probe delays gives the transient hole population of the 1S3/2 level26. The 

risetime of the ETHz(t,) signal contains information about the timescale at which the 1S3/2 

level is populated, yielding information about intraband hole dynamics. In principle, TA 
measurements give information about holes and electrons in the ground state, but as a result 

of the large difference of electron and hole masses in InAs (mh /me  17) and the degeneracy 

of the valence band, the TA signal is dominated by the electron population in the 1Se 

level10. Hence, TA can be used to probe intraband electron dynamics. After photoexcitation 
of the QDs with 50 fs, 800 nm laser pulses, the bleach and the stimulated emission of the 
lowest energy inter-band transition (i.e. the transition between the electron and hole in their 

respective lowest energy states, described by 1S) are probed with a second 65 fs pulse 

tuned to the band edge of the QDs under investigation (wavelengths: 950 nm for 2.5 nm 
QDs and 1200 nm for 4.4 nm QDs) at time τ after photoexcitation.  

From the linear absorption spectra and from Scanning Tunneling Microscopy 
measurements28, it is known that the 1P energy transition is positioned at ~ 1.9 eV for the 
2.5 nm QDs and at ~ 1.4 eV for the 4.4 nm QDs. Hence, absorption of a 800 nm (1.55 eV) 
photon will generate electrons in the 1Pe state for the 4.4 nm particles but this photon 
energy is insufficient to populate the 1Pe level for the 2.5 nm particles, as is schematically 
depicted in Scheme 3.2. 
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Scheme 3.2 Absorption spectra for the two QD sizes used in the intraband relaxation experiment, 
combined with a schematic diagram of the QD energy levels and the laser excitation energies. 
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Figure 3.4 (a) Rise dynamics of the TA signal at the gap energy corresponding to 950 nm (2.5 nm 
QDs) and 1200 nm (4.4 nm QDs). The TA signal reflects the transient electron population of the 1Se 

level. (b) Dynamics of the rise of ETHz(t,), representing the transient hole population of the 1S3/2 

level. In both measurements, TOP-capped InAs QDs were used. The grey shaded regions 
correspond to the instrument response functions for the TA and THz experiments. 

 

The results of the TA experiments are shown in Fig. 3.4(a) for 2.5 and 4.4 nm diameter 
InAs QDs, having a 1S energy transition of 1.4 eV and 1.1 eV, respectively.  The fact that 

for 2.5 nm particles absorption of the 800 nm photon (at  = 0 ps) results in electrons in the 

1Se level, explains the very fast rise of the TA signal for 2.5 nm QDs after excitation; the 
rise time is limited by the instrument response function (black line through the data), 
reflecting the instantaneous population of 1Se electrons. However, the rise of the signal is 
clearly slower for the larger (4.4 nm) QDs. This is indicative of the delayed population of 
the 1Se level due to intraband relaxation of an electron from the 1Pe state. Since the TA 
signal is proportional to the population of 1Se electrons, the TA signals can be fitted with a 
two level model (see Scheme 3.3), representing the population of the 1Pe and 1Se levels (the 
fits are the black lines in Fig. 3.4(a)). From the fit of the TA signal of 4.4 nm QDs, the 
electron relaxation time is found to be ~ 0.8 ps, which is very similar to previous reports on 
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Scheme 3.3 Two-level model used to fit the TA data in Fig. 3.4(a). In the TA experiment, the probe light is 
sensitive to the population of electrons in the 1Se level (‘cold’ electrons). The time dependent populations (N) 

of each level are given by two coupled differential equations, in which eh is the electron-hole coupling time. 

The function (t) describes the occupation of the relevant electron state at t0 using a Gaussian function to 

describe the temporal profile of the excitation pulse. 
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relaxation times in CdSe10,11,26,29 and InP12 QDs. The observation that intraband electron 
relaxation occurs on a similar timescale in CdSe, InP, and InAs QDs is consistent with the 

very similar dielectric constant in these materials (= 9.5, 12.5 and 12.4, respectively, 

resulting in comparable dielectric screening) and the similar energy structure (high mh, low 
me) for these materials. These two material characteristics favor fast intraband relaxation via 
an Auger mechanism, since a low dielectric constant leads to stronger (Coulombic) 
electron-hole interaction and since hot holes (generated by electron-hole energy transfer) 
can lose their excess energy via sequential phonon emission. PbSe, in contrast, has a high 

dielectric function (= 215) and a different energy structure (mh = me = 0.05 for PbSe20, 

whereas mh ~ 0.4 for InAs and CdSe). Hence, the material characteristics are less favorable 
for Auger intraband relaxation process since dielectric screening is high and relaxation of 
hot holes can not occur via sequential phonon emission. Indeed, it has been reported that 
intraband relaxation in PbSe QDs occurs via a (temperature-dependent) multi-phonon 
process30, which is consistent with the different material properties of PbSe. 

The rise of the THz signals, reflecting hole relaxation dynamics in InAs QDs, is shown 
in Fig. 3.4(b). As explained above, carrier relaxation via an Auger process involves energy 
transfer from hot electrons to cold holes. As a result, cold holes are excited to higher energy 
levels and the effective time-constant of hole cooling increases. Hence, it is expected that 
the rise time of the THz signal (describing the population of cold holes) increases in case of 
Auger relaxation26. Since me<<mh in InAs, most of the excess energy of incident 800 nm 
photons (~ 0.42 eV for 4.4 nm InAs QDs) will be transferred to the electrons. For the 4.4 
nm QDs, an Auger process should lead to a slower rise of the THz signal as compared to 
the 2.5 nm QDs, due to the emergence of hot holes with 0.42 eV excess energy. 
Qualitatively, the predicted (Auger-like) behavior of hole cooling was confirmed in our 
measurements. In Fig. 3.4(b), it can be seen that the rise of the THz signal is slower for the 
4.4 nm QDs than for the 2.5 nm QDs, although the difference is rather small. To quantify 

this effect, we fitted our THz data with a four level model consisting of cold
holeN , hot

holeN , cold
elecN , 

and hot
elecN , which represent the population of hot and cold electrons and holes. This four-

level model for Auger intraband relaxation is schematically depicted in Scheme 3.4, 

together with the coupled differential equations. The function (t) describes the occupation 

of the relevant electron and hole state at t0 using a Gaussian function to describe the 
temporal profile of the excitation pulse.  

For the case of the 2.5 nm QDs, the cooling of holes with 0.13 eV excess energy occurs 

very rapidly and only an upper limit for the corresponding time constant (h) can be 

determined (<150 fs).  In case of the 4.4 nm QDs, the excess energy of the hot holes is 
larger (0.42 eV, transferred from electrons), giving rise to a small but significant slowing  
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Scheme 3.4 Four-level model for Auger intraband relaxation in QDs. The time dependent populations (N) of each 

level are given by four coupled differential equations, in which h is the hole cooling time, and eh is the electron-

hole coupling time. The function (t) describes the occupation of the relevant electron and hole state at t0 using a 

Gaussian function to describe the temporal profile of the excitation pulse. 

  
down of the hole cooling process. Given the limited time resolution and signal-to-noise of 

our experiments, again only an upper limit for h can be extracted from the THz data on the 

4.4 nm QDs, of ~ 150 fs. Although we are not able to quantify the absolute value of h from 

either of the two data sets, the data in Fig. 4.3(b) clearly indicate that the THz signal rise 
time is slower in the larger QDs, which makes the results of the THz-TDS and TA 
measurements consistent with an Auger mechanism for intraband relaxation of hot electrons 
in InAs QDs with an electron relaxation time of ~ 0.8 ps. 
In absolute terms, the timescale of hole relaxation in InAs QDs (< 150 fs) is at least a factor 
of two faster than that reported for CdSe QDs26,29. However, the energy dissipation rate of 
hot holes is comparable for both materials, amounting to ~ 1-2 eV/ps, depending on the QD 
size. Parameters that influence the exact value of the energy dissipation rate of hot holes in 
InAs and CdSe QDs include the QD size (relative to the exciton Bohr radius), the initial 
excess energy of the hot hole, and the hole-phonon coupling constant.     

 
 
3.5 Conclusions 
 
THz-TDS has been used to probe the response of individual quantum-confined excitons to 
an external electric field. The polarizability of excitons in InAs QDs was found to be of the 
order of ~ 10.000 Å3 and increases with the QD radius to the fourth power. These findings 
are in excellent agreement with previous THz studies on CdSe and PbSe QDs18,19. 
Perturbative calculations confirm the notion that the THz signal is proportional to the 
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population of holes in the ‘cold’ 1S3/2 level and quantitatively reproduce the experimental 
results. By combining THz-TDS with Transient Absorption, where one probes electrons in 
the ‘cold’ 1Se level, dynamics of intraband relaxation from ‘hot’ to ‘cold’ levels in QDs has 
been studied. It was found that relaxation of electrons from the 1Pe level to the 1Se level 
takes place on a sub-picosecond timescale. Our observations are consistent with the 
currently accepted Auger mechanism for intraband relaxation. All findings reported in this 
chapter can be qualitatively explained by the low dielectric constant of InAs (resulting in 
strong carrier-carrier interactions) and the low energy spacing between valence levels 
(resulting from the relatively high value of the hole effective mass). For application of QDs 
in solar cells, material properties like the dielectric constant and the carrier effective masses 
are hence crucial design parameters. 
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