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4
Loosening electronic quantum

confinement in colloidal
nanoparticles

We report on the gradual evolution of the conductivity of spherical CdTe
nanocrystals of increasing size from the regime of strong quantum confine-
ment, with truly discrete energy levels, to the regime of intermediate confine-
ment with closely-spaced hole states. We use the high-frequency (terahertz)
conductivities of optically injected carriers in the nanocrystals to report on
the degree of quantum confinement. For the smaller CdTe nanocrystals (3
nm < radius < 5 nm), the complex THz conductivity is purely imaginary. For
nanocrystals with radii larger than 5 nm we observe the onset of real conduc-
tivity, which is attributed to the increasingly smaller separation between the
valence hole states. Remarkably, this onset occurs for a nanocrystal radius
significantly smaller than the bulk exciton Bohr radius aB ∼ 7nm, and can-
not be explained by purely electronic transitions between hole states, as they
are computed by tight-binding calculations. The real conductivity observed
in the larger nanocrystals can be qualitatively explained by the emergence of
polaron states due to the resonant coupling between hole transitions and op-
tical phonon modes. These polaron states possess larger oscillator strengths
and broader absorption, and thereby give rise to enhanced real conductivity
within the nanocrystals.

4.1 Introduction

Downsizing semiconductor structures into the nanometer regime is an important
trend in electronic research and manufacturing, not only for the resulting increase
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4. Loosening electronic quantum confinement in colloidal nanoparticles

in performance and compactness of electronic devices. Electronic quantum confine-
ment occurring in materials possessing dimensions smaller than the charge carrier
wavefunction provides a unique means for tailoring electronic properties. Among
zero-dimensional nanostructures, i.e. quantum dots, colloidal nanocrystals have
proven to be particularly useful in optoelectronic devices such as displays and so-
lar cells, largely due to the tunability of the bandgap by size [191] in conjunction
with simple solution processing and ready control over surface functionality.

The degree of electronic confinement is commonly determined by the ratio between
crystal radius R and bulk exciton Bohr radius aB, and materials are classified ac-
cordingly into the strong (R/aB < 1), intermediate (R/aB ∼ 1) or weak (R/aB ≫ 1)
confinement regime [43]. Colloidal nanocrystals are typically manufactured to be
in the strong confinement regime. Such nanocrystals are characterized by the oc-
currence of discrete, "atom-like" electronic states as a result of the spatial quantum
confinement of electron and hole wavefunctions. The electronic properties are fun-
damentally different from their larger-sized (or bulk) counterparts where electronic
states form continuous bands. Electronic conduction in the classical sense is absent in
these nanocrystals due to the lack of closely spaced electronic levels into which car-
riers can scatter and consequently gain a directional net momentum when an electric
field is applied. Indeed, the complex conductivity of charge carriers in quantum
dots has been shown to have a finite imaginary, but zero real, component, since no
current can flow [208]. The imaginary conductivity arises from the polarizability of
electrons and holes within the nanocrystals: the extended wavefunctions are highly
polarizable under the influence of external electric fields [45].

A relevant and fundamental question arises in the transition region, where the crystal
size starts to exceed the exciton Bohr radius, i.e. in the intermediate regime between
the limits of weak and strong confinement. Various theoretical and experimental
efforts have shown that the electronic structure remains significantly altered, even
for material sizes several times the exciton Bohr radius [42]. The question that arises
is how and when conductivity emerges upon loosening of the quantum confinement
in quantum dots.

Here, we report on the onset of real conductivity upon loosening the electronic quan-
tum confinement in colloidal CdTe nanocrystals through increasing their size. The
conductivity transition is probed by measuring the terahertz response of excitons
that are optically excited in the quantum dots. The THz probe spectrum is broad and
on the low-energy side, ranging from ∼ 1 meV (∼ 300GHz) to a few meV. THz spec-
troscopy allows for contact-free conductivity measurements with very high (sub-
picosecond) time resolution [205]. We find evidence for the appearance of real con-
ductivity already for radii exceeding 5.3 nm. This is significantly smaller than the
bulk exciton Bohr radius aB of around 7 nm, which is defined through aB = ϵnph̄

2/µe2

, where ϵnp is the dielectric constant (ϵnp = 10.6), h̄ the reduced Planck’s constant, µ
the reduced exciton mass and e the electric charge.
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4.2. Methods

4.2 Methods

4.2.1 Synthesis and characterization of the nanocrystals

Colloidal CdTe nanocrystals with radii ranging from 3 to 8 nm were prepared by a
modified SILAR procedure using smaller CdTe nanocrystals (3.5 - 5 nm diameter)
as seeds [37]. The nanocrystal samples were characterized by optical spectroscopy
(absorption and photoluminescence) and transmission electron microscopy (TEM).
To remove excess surfactants and unreacted precursors the samples for THz spec-
troscopy were purified by dissolving the crude reaction mixture in toluene and sub-
sequently precipitating the nanocrystals by methanol addition. The details:

CdTe nanocrystal seeds with 3.5 nm diameter

Chemicals: Dimethylcadmium (99.9%) was purchased from ARC Technologies. Tel-
lurium (99.999%, < 250 µm) was purchased from Heraeus. Dodecylamine (DDA,
98%), Tri-octylphosphine (TOP, 90%), methanol and chloroform were purchased from
Aldrich. Before use, DDA was degassed and dried under vacuum at 100◦C for sev-
eral hours.

Synthesis of DDA capped CdTe QDs [216]: In a three necked flask 10 g of dry DDA and
7 mL of TOP were heated to 50◦C. To this solution 0.22 g (1.54 mmol) Cd(Me)2 in 7
mL of TOP and 0.16 g (1.25 mmol) Te powder were added. The reaction mixture was
heated to 200◦C under vigorous stirring and kept at this temperature for 4 h.

CdTe nanocrystal seeds with 10 nm diameter

Chemicals: Octadecylamine (ODA, >90%) was purchased from Fluka. Tributylphos-
phine (TBP, 99%) and Tetradecylphosphonic acid (TDPA, min 97%) were purchased
from Bunschwig and STREM Chemicals, respectively. 1-Octadecene (ODE, tech.
grade, 90%) and trioctylphosphine (TOP, tech. grade > 90%) were purchased from
Aldrich. Cadmium acetate dihydrate (Cd(Ac)22H2O, 99.99+%) and tellurium pow-
der (99.999%, ≤250 micron) were purchased from Chempur. Anhydrous toluene, an-
hydrous hexane, anhydrous methanol, and anhydrous acetone were purchased from
Sigma-Aldrich. All reagents were used as purchased with the exception of ODE and
ODA. Before use, ODE and ODA were dried and degassed under vacuum (3 h at
120◦C).

Stock solutions: A stock solution of Cd-TDPA precursor was made by heating a mix-
ture containing 1.76 g (7.08 mmol) Cd(Ac)22H2O, 4.34 g TDPA and 10.61 mL (8.37 g)
of ODE to 300◦C under N2 atmosphere. After completion of the reaction (colorless
solution was obtained) the temperature was lowered to ∼170◦C and the solution was
degassed under vacuum. Finally, 12.9 mL (10.18 g) ODE and 2 mL (1.66 g) TOP were
added. The stock solution of the Te precursor was made by dissolving 0.31 g (2.41
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4. Loosening electronic quantum confinement in colloidal nanoparticles

mmol) Te in 5.70 g (7.04 mL) TBP in a glove-box under nitrogen (< 5 ppm O2 and
H2O).

Synthesis of TDPA capped CdTe QDs [222]: The synthesis was performed in a glove-
box under nitrogen (< 5 ppm O2 and H2O). 0.4 g of Cd-TDPA stock solution and 3.6
g ODE were loaded in a reaction flask and heated to 300◦C. At this temperature a
mixture of 0.5 g Te-Stock and 1.5 g (1.9 mL) ODE was swiftly injected under stirring.
The temperature was allowed to cool to ∼270◦C and kept constant. A 1 mL aliquot
(sample 1, ∼1mL) was taken 10 min after the Te injection. The synthesis was contin-
ued 12 min after the injection of Te by alternate dropwise additions of Cd-TDPA and
Te stock, which are referred to as addition cycles. Every addition cycle took about 3
min, and was started by 10 drops of Cd-TDPA precursor solution, followed by alter-
nate additions of Cd-TDPA and Te stock (10 drops at a time) until the total intended
volume had been added. The precursors were allowed to react for 12 min after each
addition cycle. In the first four addition cycles 0.26 g Te stock, and a mixture of 0.31
g Cd-TDPA stock and 0.35 g ODE were added. From addition cycle five to eight 0.5 g
Te stock, and a mixture of 0.43 g Cd-TDPA stock and 0.17 g ODE were added. In the
final addition cycle 1 g Te stock, and 0.36 g Cd-TDPA stock were added. The mixture
of Cd-TDPA stock solution and ODE was pre-heated to 250◦C and added as a hot so-
lution, whereas the Te-TBP stock was kept at ambient temperature. Aliquots of ∼1mL
were taken from the reaction mixture 3 min before the start of every addition cycle.
The synthesis temperature was lowered to 250◦C after the second addition cycle. The
synthesis was stopped by removing the heating mantle 18 min after completion of
the final addition cycle.

Purification of the crude reaction mixture consisted of a hexane/methanol extraction in order
to remove unreacted Cd precursors: Extraction was performed by mixing a solution
of the crude reaction mixture in anhydrous hexane, and anhydrous methanol (1:1:1
volume ratio). The colored top layer containing the nanocrystals was removed and
the nanocrystals were precipitated by adding anhydrous acetone (1:1 volume ratio).
The sediment was isolated by centrifugation (3000 rpm, 15 min), and redissolved in
anhydrous toluene (or in ODE if they were to be used as seeds).

Preparation of CdTe nanocrystals with radius smaller than 5 nm from 3.5 nm di-
ameter seeds [37]

Briefly, the CdTe nanocrystal seeds were purified once by adding methanol to the
crude reaction mixture (3:1 volume ratio), followed by centrifugation and redisper-
sion of the precipitate in a mixture of ODE and octadecylamine (ODA) (4 mL ODE;
1.5 g ODA, and 0.1 mol seeds). Subsequently, pre-calculated volumes of a precur-
sor solution (0.1 M Cd oleate in ODE and 0.1 M Trioctylphosphine-Te in ODE) were
slowly added (1 monolayer of Cd or Te at a time), while keeping the temperature
constant at 220◦C. Each monolayer was allowed to grow for 10-15 minutes before
the next precursor solution was added.
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4.2. Methods

Preparation of CdTe nanocrystals with radius larger than 5 nm from 10 nm diam-
eter seeds

Chemicals: Cadmium acetate dihydrate (Cd(Ac)2xH2O, 99.99+%), octadecene (ODE,
tech. grade 90%), and oleic acid (tech. grade 90%) were purchased from Sigma-
Aldrich. Trioctylphosphine (TOP, tech. grade > 90%) and octadecylamine (ODA,
>90%) were purchased from Fluka. Tellurium powder (99.999%, ≤250 micron) was
purchased from Hereaus. Anhydrous toluene, anhydrous hexane, anhydrous methanol,
and anhydrous acetone were all purchased from Sigma-Aldrich.

Stock solutions: Stock solution of 0.093 M Cd-Oleate in ODE was made by heating
0.926 g Cd(Ac)22H2O with 2.92 mL oleic acid in 37.05 mL ODE to 100◦C under N2
atmosphere for 1h. Subsequently this Cd-stock solution was dried and degassed un-
der vacuum (2 h at 100◦C). A stock solution of 0.1M Te in TOP and ODE (TOP:ODE,
1:9 volume ratio) was prepared by dissolving 0.514 g Te powder in 4 mL TOP and 36
mL ODE under N2 atmosphere.

Synthesis: The synthesis was performed in a glove-box under nitrogen (< 5 ppm O2

and H2O). ODA (0.81 g), ODE (1.5 mL), and 1.3 mL of CdTe nanocrystal stock solu-
tion in ODE (37.5Œ10−9 mol of CdTe nanocrystal seeds) were loaded in a reaction
flask and heated to 230◦C. The amount of Cd and Te needed for an additional layers
was calculated based on CdTe wurtzite structure in which the average thickness of
one monolayer is 0.375 nm. During the synthesis alternate additions of Cd and Te
stock solutions were performed (each during ∼2 min). Before every Cd stock solution
addition, aliquots (0.5 mL) from the reaction mixture were taken. The synthesis was
started by the addition of Cd stock solution of the first monolayer. Each monolayer
was allowed to grow for 30 minutes before the next precursor solution was added.
After the third monolayer the waiting time was increased to 45 min. The synthesis
was finished after the addition of fourteen monolayers.

Purification and size selection procedure: The purification procedure consisted of pre-
cipitating the nanocrystals from a solution of the crude reaction mixture in toluene
(1:1 volume ratio) by adding anhydrous methanol. The sediment was isolated by
centrifugation (3000 rpm, 15 min) and redissolved in anhydrous toluene. By using
post-preparative size selective precipitation, ensembles of monodisperse (5 - 7% stan-
dard deviation) spherical CdTe nanocrystals ranging from 10.5 to 15.7 nm diameter
were isolated from the reaction mixture.

Characterization

Absorption spectra were measured on a double beam Perkin-Elmer Lambda 16 UV/Vis
spectrometer (scan rate: 1 nm/s). Emission spectra were recorded by using a Prince-
ton Instrument Liquid N2-cooled CCD-detector and a 0.25 m Acton Research monochro-
mator (150 lines/mm grating blazed at 550 nm). The excitation wavelength was se-
lected from a 450 W Xe lamp by a double-grating monochromator (0.22 m, SPEX
1680). All measurements were performed at room temperature under N2 atmo-
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4. Loosening electronic quantum confinement in colloidal nanoparticles

sphere. Samples for optical measurements were prepared by directly dissolving
the crude reaction mixture in anhydrous toluene under nitrogen. All measurements
were carried out on samples with a low optical density (0.2 at 300 nm). Transmission
electron microscopy was performed on a Tecnai20F (FEI) microscope equipped with
a Field Emission Gun, a Gatan 694 CCD camera and an EDAX spectrometer. The
microscope was operated at 200kV. Samples for TEM imaging were prepared by dip-
ping a carbon coated polymer film copper grid (300 mesh) into a toluene solution of
purified nanocrystals. The excess liquid was removed by blotting with filter paper.

For the THz measurements colloidal suspensions were contained in fused silica cu-
vettes that have an optical path length of 1mm. The absorbance at the pump wave-
length of 400nm was determined with a spectrometer and kept below an OD of 0.5.
The corresponding particle densities were sufficiently low to avoid particle agglom-
eration that could potentially perturb the results (interparticle electron transport).
Furthermore, the excitation profile can be approximated to be constant over the
whole cuvette length.

4.2.2 Exciton polarizability: theory including excitonic effects

The objective is to calculate the change in the polarizability of a QD after a single
excitation. Since experiments are performed at room temperature, it is not sufficient
to consider that the QD is in its lowest energy exciton states, many exciton states
must be considered.

Principle of the calculation

The excitonic states of the QD are calculated using a Configuration Interaction (CI)
method as described below. The excitonic states of energy Ei are denoted Ψi

exc (the
zero of energy corresponding to the QD is its ground states, i.e., without exciton).
Assuming that the external electric field is a small perturbation, the polarizabilty of
the exciton is given by:

α̂(hν) = −e2F2
∑
i,j

∣∣∣∣∣
⟨
Ψi

exc|
∑
n

e.rn|Ψj
exc

⟩∣∣∣∣∣
2

× fi − fj
hν− (Ej − Ei) + iη

where hν is the photon energy, e is the polarization vector, F is the local-field factor,
rn represents the position of the electron n, fi is the thermal occupancy of the exciton
state Ψi

exc, and η is the broadening which accounts for the coupling to phonons (or
eventually other mechanisms).

∑
n is a sum over all the electrons of the system,⟨

Ψi
exc|

∑
n e.rn|Ψ

j
exc

⟩
is the dipolar matrix element between two excitonic states.
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4.2. Methods

Configuration Interaction

The ground state |O > of the QD corresponds to filled valence states and empty
conduction states. We consider a basis of electron-hole pair (eh) states ψvc corre-
sponding to the excitation of an electron from a valence state v to a conduction state
c. In a basis of single-particle states (those obtained in tight-binding), each eh state is
a Slater determinant. With respect to the Slater determinant |O >, the single-particle
state v has been replaced by the single-particle state c.

In CI, the excitonic states are defined as linear combinations of the eh states:

Ψi
exc =

∑
vc

aicvψvc.
�� ��4.1

To solve the problem, we must write the matrix of the Hamiltonian in the basis of
the eh states and we must diagonalize it. The energies Ei are the eigenvalues. The
matrix element between two eh states ψvc and ψv ′c ′ are

⟨ψvc|H|ψv ′c ′⟩ = ([εc + Σc] − [εv + Σv])δcc ′δvv ′

−

∫
c∗(x1)v∗(x2)Vcoul(r1, r2)c ′(x1)v ′(x2)dx1dx2

+

∫
c∗(x1)v∗(x2)Vexch(r1, r2)v ′(x1)c ′(x2)dx1dx2

�� ��4.2

where x1 ≡ (r1, ξ1) in which ξ1 represents the spin variable of the particle 1. The
second line is the Coulomb term, the third one is the exchange one. Vcoul(r1, r2)
describes the energy potential of a charge +e at r1 induced by a charge +e at r2:

Vcoul(r1, r2) =
∫
ϵ−1(r1, r)

e2

|r − r2|
dr

�� ��4.3

in which ϵ−1(r1, r2) is the generalized dielectric constant (here taken in the static
limit). We assume that Vexch = Vcoul.

The term Σc (Σv) represents the self-energy of the electron (hole) coming from the
interaction of the electron with the polarization charges induced at the dielectric in-
terfaces (or surfaces) by its own presence:

Σc =
1

2

∫
|c(r1)|

2 lim
r2→r1

(
Vcoul(r1, r2) −

e2

ϵin|r1 − r2|

)
dr1

�� ��4.4

where ϵin is the dielectric constant of the material at the position r1. In the case
of a spherical QD, Vcoul is easily obtained assuming a dielectric sphere of dielectric
constant ϵin in a medium of dielectric constant ϵout (the solvent for example).
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4. Loosening electronic quantum confinement in colloidal nanoparticles

Optical matrix elements in CI

The optical matrix elements in CI are given by:

⟨
Ψi

exc|
∑
n

e.rn|Ψj
exc

⟩
=

∑
v,c ̸=c ′

a∗vc ′avc < c
′|e.r|c >

+
∑

c,v ̸=v ′

a∗v ′cavc < v|e.r|v
′ >

�� ��4.5

The single-particle dipolar matrix elements < c ′|e.r|c > and < v|e.r|v ′ > are easily
calculated in tight-binding.

4.3 Results

Figure 4.1: Redshift of the photoluminescence peak with
nanocrystal size for particles ranging from 3.1 to 6.2 nm
radius. The inset shows a TEM image of a batch with
mean particle radius of 7 nm.

The bandgap energies of nanocrys-
tals of different diameter were de-
termined using photoluminescence
measurements. Fig. 4.1 shows the
photoluminescence peaks for a set of
CdTe nanocrystal batches ranging in
radius from 3.1 to 6.2 nm. The red-
shift of the bandgap with increasing
size is clearly visible, converging to-
wards the bulk value of ∼ 1.48 eV (840
nm). The inset shows a TEM image
of nanocrystals with a mean radius
of 7 nm. Analysis of the TEM re-
sults reveals that the nanocrystals are
facetted but nearly spherical with a
standard deviation in radius of about

7 - 10 %.

We extract the exciton-induced change in the THz probe response of the nanocrystals
suspension following the method described in [75] and express it in terms of the
complex conductivity σ̂(ω). The pump fluence was chosen sufficiently low that the
probability of bi-exciton generation was less than 5%. Fig. 4.2 shows two exemplary
measured complex conductivities σ̂(ω) for batches with a mean radius of a) 4.25 nm
and b) 7.5 nm. The real part of σ̂(ω) is related to absorption, whereas the imaginary
part indicates the phase response of the THz probe. For sufficiently small quantum
dots (Fig. 4.2 a) the real part of σ̂(ω) is zero (no THz absorption), while significant
real conductivity is observed for larger particles (Fig. 4.2 b). The appearance of real
conductivity, i.e. absorption, for the large particles indicates the existence of low-
energy transitions that are resonant with the THz probe pulse.
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Figure 4.2: Exemplary THz conductivity spectra (black dots) for CdTe nanocrystal samples showing a) no
real conductivity and b) finite real conductivity. Red solid (real part) and dashed (imaginary part) lines
are the results of models for the exciton polarizability described in the text. The black lines in b) show the
electron contribution to the total exciton polarizability for this radius, and the grey-shaded area the hole
contribution.

Surprisingly, considering the Bohr radius of 7 nm, the largest size for which we see
no real conductivity is 4.4 nm. This observation is illustrated by Fig. 4.3 a), which
shows a summary of the THz spectra for all measured sizes. Plotted is the spectrally
integrated real part of σ̂(ω) divided by the excitation density Nex, which was deter-
mined experimentally from the absorption coefficient at the excitation wavelength of
400 nm.

Fig. 4.3 a) reveals a clear division in the response at a particle radius of 5 nm. Below
this size, no real conductivity is observed; for all larger particles the real conductivity
is finite. We note that, while the low measured signal amplitudes cause significant
scatter in the magnitude of the measured conductivities, the presence of real conduc-
tivity was always observed for R > 5nm, while the measured real conductivity was
never significantly larger than zero for R ≤ 4.4nm. Remarkably, the real conductiv-
ity sets in already for sizes significantly smaller than aB, which we attribute to the
emergence of low-lying, quasi-continuous distribution of energy levels for R > 5nm.
Considering that the valence hole levels are more densely spaced than the conduc-
tion electron levels (see below) we ascribe these levels to hole states.

For the smaller nanocrystal sizes, the conductivity is purely imaginary and negative,
increasing linearly with frequency. This is due to the real polarizability Re(α̂) = α

′

of the excitons within the QDs [208], which is proportional to Im[σ̂(ω)], according to
[28]:

σ̂
′′
(ω) = −ωNex

36πϵ2s
(ϵnp + 2ϵs)2

α̂
′ �� ��4.6

Here, ϵs is the dielectric constant of the solvent and ϵnp that of the nanocrystal. A
fit to this model is shown by the red lines in Fig. 4.2 a). Fig. 4.3 b) summarizes
the extracted values for the spectrally integrated Im[σ̂(ω)], divided by the sheet ex-
citation density Nex. Previous measurements of the THz conductivity of carriers in
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4. Loosening electronic quantum confinement in colloidal nanoparticles

nanocrystals [208, 28, 169, 9] have mostly been performed for relatively small parti-
cles (R < 3.5nm), for which generally zero real conductivity was observed. Previ-
ously, real conductivity was reported for small and large CdSe QDs [9], but it has
since been established that the real conductivity for small particles is zero, with the
imaginary conductivity being determined by the exciton polarizability [208, 28, 169].

Size-dependent polarizability measurements of carriers in semiconductor nanocrys-
tals have previously revealed scaling laws of Im[σ̂(ω)] ∼ α ∼ R3.6 for CdSe [208, 28]
and Im[σ̂(ω)] ∼ R4 for InAs [169]. Our data can be well described by Im[σ̂(ω)] ∼ R3.6

scaling for sizes up to 5 nm, as indicated by the black solid line, in analogy to CdSe
which is very similar regarding its band structure and electronic parameters such as
electron and hole effective mass. Above 5 nm, the data deviates from this trend, in
agreement with the appearance of the real conductivity shown in Fig. 4.2 a). For
R > 5nm the imaginary conductivity is no longer solely defined by the polarizability
of strongly confined carriers but also by the response of carriers experiencing weak-
ened confinement approaching bulk-like states.

4.4 Discussion

In the following, we discuss the observation of real conductivity for CdTe nanocrys-
tals with radii larger than 5 nm. This behavior is directly linked to the loosening
of electronic quantum confinement, which in turn decreases the level spacing be-
tween intraexcitonic states. One should bear in mind that several distinct physi-
cal mechanisms play a role in the confinement, such as confinement effects on the
single-particle (electron and hole) levels, electron-hole correlations and dielectric po-
larization effects. The confinement regime investigated here is particularly intricate
as, in contrast to the limiting cases of strong and weak confinement, approximations
with respect to the confinement energy cannot be applied. In the strong confinement
regime, electrons and holes are largely uncorrelated and their confinement can thus
be treated separately, with electron-hole correlations treated as a perturbation. On
the other hand, in the weak confinement regime the excitonic contribution to the to-
tal confinement energy prevails. We therefore performed tight-binding calculations
that fully include all confinement contributions. They allow computing the electronic
energy levels and, based on that, to calculate the complex exciton polarizability in the
THz spectral range (see 4.2.2). The polarizability α̂ at the energy h̄ω is written as

α̂(ω) = −e2F2
∑
n,m

|⟨n ||m⟩|2 (fn − fm)

h̄ω− (Em − En) + iη

�� ��4.7

where |n⟩ is a state of the system with energy En and thermal occupancy fn, ⟨n ||m⟩
is the dipolar matrix element between states n andm, and F is the local-field factor.

The factor η may account for the broadening of the transitions, in particular due to
coupling to phonons. We performed two types of calculations in which the states |n⟩
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4.4. Discussion

Figure 4.3: Spectrally integrated a) real conductivity and b) imaginary conductivity, divided by the exci-
tation density Nex. On the right axis: imaginary polarizability (a) and real polarizability (b). Black dots
represent the experimental data. The vertical error bars were obtained from the standard deviation of
the values extracted from various measurements on the same batch. The horizontal error bars are deter-
mined by the standard deviation of the particle size distribution which is 7%. The black solid line in b)
sketches the R3.6 dependence that was observed in previous publications for the exciton polarizability
in the strong confinement regime. Colored solid lines are the results of the TB calculations (η = 5meV):
single electron in QD (blue) electron and hole without considering Coulomb interactions (red), electron
and hole including Coulomb interactions (green). The yellow dashed line indicates the bulk exciton Bohr
radius aB = 7nm.

are either single-particle TB states or excitonic states built from the TB states using
a full configuration-interaction approach. The comparison between the two calcula-
tions sheds light on the effect of the electron-hole interaction on the polarizability.

Figure 4.3 displays the results of the calculations together with the experimental val-
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4. Loosening electronic quantum confinement in colloidal nanoparticles

ues. The colored solid lines show the calculated polarizabilities for a single electron
in the QD (blue), an electron and hole without considering Coulomb interactions
(red), and finally electron and hole including Coulomb interactions (green). The
difference between the red and green curves is small. It is thus apparent that, as
expected, the influence of Coulomb interactions is minor, particularly for smaller
sizes. Electrons and holes contribute approximately equally to the real polarizabil-
ity. The imaginary part (and thus the real conductivity) is however solely due to the
hole, which starts to increase appreciably for sizes above 5 nm, in agreement with
the experimental observation. This increase originates from the redshift of the hole
transitions for increasing particle sizes whose resonances are approaching the THz
probe window, a direct manifestation of weakening confinement (see Fig. 4.4 a) ).
The observation of an emerging imaginary part for R > 5nm is thus qualitatively
explained. The actual values however do not match.

Above 5nm, where we observe the transition to finite THz absorption, the computed
complex conductivities start to deviate from the experimental values. The calculated
imaginary parts are about a factor two larger than the experimental values, whereas
the real parts are approximately three times lower. The observed variance points to a
type of light-matter coupling mechanism that is not accounted for in our calculations.

The discrepancy may be traced to the fact that the complex polarizability as com-
puted here only considers "vertical" optical transitions between electronic states. The
effects resulting from carrier-phonon coupling enter only through a simple broaden-
ing η of the transition lines. The calculations used η = 5meV but further broadening
did not appreciably alter the polarizabilities. We also performed additional calcula-
tions to probe the pertubative influence of the THz electric field induced quasi-static
lattice polarization on the selection rules of the electronic transitions, and thus pos-
sibly their oscillator strengths. The effect turned out to be negligible: the oscilla-
tor strengths of the transitions remained small and did not increase the imaginary
polarizability. A plausible and likely scenario that explains the present deviation,
and which is not accounted for in the TB calculations, is that at R > 5nm electronic
transitions become resonant with optical phonon modes and the resulting coupling
creates mixed polaron states. In that case, one can expect additional transitions to
emerge, for the polaron allows coupling of THz probe photons to optical phonon
modes [64]. To illustrate this scenario, it is instructive to first inspect the computed
size-dependent electronic energy levels.

The calculations reveal that the energy spacing between electron levels is always
larger than those between hole levels. Even for the R = 6 nm particles the transition
energy between the electron ground state and the next-highest state is still larger
than 60 meV. This is expected: due to its lower effective mass the electron wavefunc-
tion is more spread out than the hole wavefunction and thus confinement effects are
stronger. The electron transition energies are therefore too high to be relevant for
phonon coupling; hence only hole levels are relevant for our discussion. The calcu-
lated confinement energy of the hole levels, i.e., their transition energy with respect
to the ground state, is plotted for several sizes in Fig. 4.4 a). The lengths of the bars
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4.4. Discussion

Figure 4.4: a) calculated hole states as a function of the CdTe nanoparticle radius. The length of the bar
indicates the relative thermal occupation probability at room temperature and the double arrow the LO
phonon energy of 21 meV; b) oscillator strengths of all possible hole transitions, multiplied by the relative
thermal occupation of the initial state, for nanocrystals of R=6nm.

that indicate the energy levels correspond to the relative thermal occupation proba-
bility at room temperature. It is evident that several energy levels are significantly
populated.

The lowest hole states are composed of multiplets with splittings in the sub-to-few-
meV range for the largest sizes. Due to symmetry reasons the oscillator strength for
transitions between these multiplets is practically zero. This is shown in Fig. 4.4 b)
which plots the oscillator strengths of all possible hole transitions, multiplied by the
relative thermal occupation of the initial state, for nanocrystals of R=6nm. The oscil-
lator strength is zero for all transitions below 10 meV. The longitudinal optical (LO)
phonon energy in CdTe is 21 meV and is largely unaffected by confinement effects
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[35]. For radii approaching 6 nm the energy between the two lowest states and the
next-higher ones falls below 20 meV, which matches the LO phonon frequency (indi-
cated by the arrow labeled LO in Fig. 4.4 a). Other transitions become resonant with
the LO phonon frequency, too. In fact, a summation over the oscillator strengths for
all transitions of thermally populated hole states shows a large enhancement of the
total oscillator strength around 20 meV when going from 5 nm to 6 nm size (see Fig.
4.4 b). It has been shown before that such a situation, in which electronic transitions
in quantum dots become resonant with LO phonon modes, can lead to the formation
of mixed carrier-phonon, i.e. polaron, states [64]. The coupling through Fröhlich in-
teraction can be described by an entangled two-level system with wavefunction |Ψi⟩
which is comprised of the uncoupled excited hole state |hi,exc⟩ |0LO⟩ and the hole
ground state, which is coupled to the one-LO-phonon mode |hi,g⟩ |1LO⟩ [64]:

|Ψi⟩ = x |hi,exc⟩ |0LO⟩ ±
√
1− x2 |hi,g⟩ |1LO⟩

�� ��4.8

At room temperature a large number of polaron states is populated (hence the sub-
script i in |Ψi⟩), with presumably each of them possessing different coupling strengths
to the probe light. The polaron state essentially permits coupling of the THz probe
light to optical phonons by exciting the phonon part of the polaron wavefunction
|Ψi⟩, which would give rise to new absorption features associated with the phonon
excitation when the polaron eventually relaxes via its LO phonon component through
anharmonic coupling into a continuum of multiphonon states.

In order to isolate the anticipated hole polaron THz response from the measured
THz spectra, we subtract the electron contribution from the imaginary part of the
measured conductivities by reducing it by a factor of two, for the TB calculations
showed that the electron contributes about half to the total imaginary conductivity.
The resulting hole response can be described well by an overdamped Lorentzian
oscillator with a center frequency of (18.5 ± 5.2) meV and width of (38.2 ± 10.6)
meV. A fit to this model is shown in Fig. 4.2 b), where the red lines depict the
total polarizability and the black lines the electron contribution. The error to the
values are derived from the standard deviation of the fitted parameters extracted
from approximately fifty measurements. The center frequency of 18.5 meV is close
to the LO phonon energy of 21 meV, corroborating our picture that polaron states are
the main source of the emerging real conductivities at R > 5nm.
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4.5 Conclusions

In conclusion, we have investigated the THz response of photogenerated excitons in
CdTe nanocrystals of radius between 3 and 8 nm, ranging in size from the strong to
the intermediate quantum confinement regime. For nanocrystal radii below 5 nm
we only measure an imaginary conductivity originating from the polarizability of
strongly confined excitons, in agreement with previous publications. Above 5 nm we
observe the onset of real conductivity, which we attribute to THz transitions between
closely-spaced polaron states.
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