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Chapter

Introduction

"Maar ik maak steeds wat ik nog niet kan om het te leeren
kunnen.”

"But I keep on making what I can’t do yet, in order to learn to
be able to do it.”

- Vincent Van Gogh, "Aan Anthon van Rappard", brief (letter)



Chapter 1

1.1 Introduction to the nanoscale

This thesis has a measurable size, a measurable thickness, and a measurable weight. If the
readers throw this thesis away, they can set it in motion with any speed they like, from the
gentlest touch to the hardest push their arms allow. Whether it’s flying away or sitting still
on a desk, it’s position can be satisfyingly determined, with an accuracy seemingly limited
by one’s commitment to perform a precise measurement.

These properties set this thesis squarely in the realm of macroscopic objects, the objects
known to our senses. Objects belonging to this category have dimensions, mass and speed
which are not extremely different from the dimensions, mass and speed typically possessed
by our own human bodies. From Newton’s discovery of the laws of motion to the beginning
of the 20th century, scientists have developed a remarkably accurate description for the
motion of macroscopic objects in the presence of external forces, developing a scientific
toolset collectively known as “classical physics” Although the prediction of classical
physics can be challenging to compute, their interpretations are deeply rooted in our
intuitive picture of the world, quantitatively attributing to the fundamental components
of the world the same properties we can qualitatively attribute to balls or PhD theses.

Despite its success in the description of the macroscopic world, applying a classical
interpretation to the behavior of atoms, subatomic particles and electrons produces
paradoxical answers. The observation that atoms absorb radiation only in precise
amount, called “quanta’”, opened the floodgates for the discovery of a class of atomic and
sub-atomic phenomena irreconcilable with classical phenomena. The interpretation of
these phenomena built the foundation of the theory called “quantum mechanics’, allowing
extremely precise predictions of particle behavior, while departing from an intuitive
picture of reality.

Nanomaterials, whose scale is in the order of 10-9 m, are intermediate between the
macroscopic and the atomic world. Electrons inside nanometer-sized objects can be
delocalized over the whole object, and yet have properties similar to those of electrons
confined inside atoms: they develop a discrete series of allowed energy levels. Quantum
effects dominate the electronic behavior of these objects, and yet they can be assembled into
large-scale films, centimeters-wide, giving rise to macroscopic properties that depend on
the nanoscale size of the objects. Nanoscale systems offer unique opportunities to observe
quantum mechanical properties and to exploit them in real-world device, providing
answers for the large societal challenges that we need to face in the energy transition.

But before we dive into the quantum properties of nanomaterials, lets first quickly look a

particular class of solids, i.e. semiconductors, and at what happens when a macroscopic
semiconductor absorbs light.

1.2 Photoexcitation in bulk semiconductors

In an infinitely extended crystal, electrons are delocalized over the whole system and their
wavefunction is given by:
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Figure 1.1. a, Schmetics of electron relaxation through a continuous distribution of energy states.
Single phonon emission causes the electron to quickly perform small (< 20 meV) energy relaxation
steps, allowing the system to return to its ground-state in a sub-ps time-scale. b, Schematics of
electron relaxation through a distribution of energy states with a band-gap separating the empty states
(conduction band) from the full states (valence band). Once the electron reaches the conduction band
edge, single phonon emission cannot bridge the energy gap with the first lower energy state, and
further relaxation requires either multi-phonon emission or light emission, both occurring on a longer
time-scale.

U =u,re* 1.1

where U,(r) is a function with the same periodicity as the crystal, and €’ is a running
wave with crystal momentum k. The presence of the periodic potential induces the
formation of energy bands, allowed energy ranges separated from each other by gaps of
forbidden energies. Semiconductors are characterized by the presence of a completely
full band (valence band) separated from an empty band (conduction band) by a gap of
forbidden energies (band-gap) that is not too large (typically between 0.5 and 3 eV).

The presence of this modest bandgap confers semiconductors peculiar optoelectronic
properties. In a continuous, unbroken energy distribution, electrons promoted to
higher energy levels by the absorption of a photon quickly lose energy via interaction
with vibrational mode of the material, returning to their unexcited state in a 100 fs - 1
ps timescale. The emission of a single phonon in a vibrational mode subtracts a small
amount of energy (< 20 meV) from the electron, and repeated phonon emission allows
the electron to efficiently relax through the continuous density of state (See Figure 1.1a).

The band-gap slows down electronic relaxation significantly. To dissipate the energy
produced by the relaxation of the electron over the band-gap, multiple phonon-emission
events need to happen to simultaneously, decreasing the likelihood of the relaxation event.
Consequently, photoexcitation of semiconductors leads to rapid relaxation of electrons
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Figure 1.2. a, TEM micrograph of a QD sample. The inset show a 3D representation of a single QDs
capped with oleate ligands. b, Picture showing the effect of QD size on the color of QD solutions, due
to the shift in the wavelength of the first absorption feature. ¢, Absorption spectra of different sizes of
QDs.

and holes towards the band-edges (intraband relaxation), followed by a much slower
interband relaxation, mediate by multi-phonon emission or by the emission of light (See
Figure 1.1b).

1.3 Quantum Dots: an overview

Quantum Dots (QDs) are a class of semiconductor nanoparticles in which the electronic
properties are strongly influenced by the size of the particle, an effect called quantum
confinement. Colloidal QDs are synthesized via solution-based methods, typically via
hot-injection synthesis'. In this synthesis, a QD precursor is rapidly injected into a flask
containing a hot solution of the second QD precursor as well as ligands that bind both to
the precursors and the QD surface, leading to a burst of formation of small QD nuclei.
After the nucleation burst, the concentration of the QD precursors in solution drops,
preventing further nucleation but allowing the growth of the existing nuclei. After the
reaction is completed, QDs are suspended in the reaction mixture, together with unwanted
reaction by-products. The QDs can be purified via precipitation, adding an antisolvent
and centrifuging the mixture, until the precipitated QDs form a pellet on the bottom of
the centrifuging vial, from which they can be re-dispersed in a suitable solvent.

The solution-based synthesis of QD samples allows facile QD assembly into QD solids,
that can be obtained via solution-based methods such as dropcasting, spin-coating or
dip-coating. The ligands on the surface of the QDs can be exchanged for stronger binding
ligands, immersing the QD solid into an anti-solvent containing the desired new ligand.
The film fabrication process leads to the formation of a QD solid, whose level of disorder
varies depending on the fabrication conditions*®. The QD film fabrication process does
not require the high-temperatures and high-vacuum conditions required for epitaxial
growth techniques, and can therefore be adopted for deposition on large scale surface.

QDs are characterized by a strong absorption cross section and by a sharp emission feature
at the band-gap energy, that increases in energy as the QD size get smaller (quantum-size-
effect). Their excellent thermal- and photo-stability give QDs an advantage over molecular
emitters for applications in light emitting devices.
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1.4  Quantum Dots: a (simple) physicist’s picture

What happens if the delocalized electron states found in bulk crystals are confined into a
finite volume? The simplest model showing the effects of confinement on the energy and
wavefunction of a particle is the particle-in-a-box model.

In a spherical potential-well of radius R with infinite barriers, the Schrédinger equation
for the particle is given by:

2

HY(F) = L—(F) +- V() = HEW(r) 1.2
2m

where m is the mass of the particle, p is the momentum operator and V the potential
experienced by the particle. In spherical coordinates, the momentum operator can be
expanded as:

o 20
LR ) B e 1.3
p [8r2+r8r rzhz]

Each term in the Hamiltonian depends either on the radial coordinate alone or on the total
angular momentum operator L*. The operators L* and L, (projection of the total angular
momentum along a fixed axis) act only on the angular coordinates, and consequently
commute with the terms containing only the radial coordinate. Furthermore, L, commute
with L?, and thus with the entire Hamiltonian, implying that it is possible to find solutions
of eq. 1.2 that are simultaneously eigenfunctions of the two angular momentum operators.
Thus, the wavefuncitons for the particle can be written as:

WO =F(N)Y,, (0,) 1.4

where Y, (6,¢) are spherical harmonics. Substituting eq. 1.3-1.4 in eq. 1.2 leads to:

(0> 20 I+
L 4 2Y N r V(r)f(r)=Ef 1.5
>l 27 +- e (N4 V(r)f(r)=Ef(r)

Taking the potential inside the sphere equal to zero, eq. 1.5 becomes the spherical Bessel
differential equation, and the full wavefunction inside the sphere can be expressed as:

W)= jykn)Y,, (9,) 1.6

where k=+/2mE/h? is the wavevector of the particle and j, is the spherical Bessel
function of the first kind. Imposing that the potential goes to zero at the edge of the sphere
(impenetrable potential wall), the allowed wavevector values are determined by:
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kR=z,, 1.7

where z_| is the n-th zero of the j, function. Consequently, the energy eigenvalues are
determined via:

E: thZ B hzz;/

- 1.8
2m  2mR?

The function z_ increases as a function of the indices n and . For I=0 (nS wavefunctions),
the allowed energies are given by:

_ r’r’n? 1.9

2mR’
Examining the allowed energy values, it can be noticed that:
Although the particle-in-a-box model is extremely simplified, it captures the most
important features of zero-dimensional systems: the size-dependence of the energy levels
and the presence of a discrete distribution of allowed states.

The potential experienced by electrons inside a QD is very different from potential of
the particle-in-a-box model, varying strongly as a function of the position, as electrons
are attracted to the atomic cores and are repelled by the other electrons. However, the
particle-in-a-box model can be used to give a surprisingly effective description of the
qualitative features of the properties of photoexcited QDs.

Upon photoexcitation, the excited electron and hole attract each other, while their
electric field polarizes the crystal. In the effective mass approximation, the behavior of the
interacting pair, called exciton, can be described by the Hamiltonian:

h? h? e’
H:__vz__vi_ﬁ_‘_ve,seh‘ +Vh,se!f +Veh,cross 1.10
2m, 2m, 4mee,|r,—r,

where m_, is the effective mass of the electron/hole, Fem the position of the electron/hole,
and ¢ is the dielectric function of the QD. V,, _is the self-polarization term, the potential
energy resulting from the interaction of a charge with the polarization induced by the same
charge. V,, _ is the cross-polarization term, resulting from the interaction of each carrier
with the polarization produced by the other carrier®. In the limit of strong confinement, in
which the energy associated to the confined motion of the carriers dominates over their
electrostatic interaction, the ground-state wavefunction for the electron-hole pair in the
QD can be expressed as a product of two uncorrelated electron and hole wavefunctions,
ground-state solutions of the Schrédinger equation for a particle of mass m_, inside a
spherical potential well with infinite barriers:
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W (Fe,Pn) =, (re)h, (rn) 1.11

A1) = j,(kr)Y, o(0,) 1.12

Evaluating the expectation values of the Hamiltonian in eq. 1.10 on the wavefunctions in
eq. 1.11, leads to an approximation for the ground-state energy of the exciton inside the
QD, called Brus equation®:

R 11 e’
Eex = Eg + 2 + -1.8 + Ecross + Eself 1 1 3
2R \m, m, 4mee,R

e

The excitonic energy levels predicted by Brus equation capture qualitatively the
size-dependence of the band-edge absorption energy observed experimentally for QD
samples' (See Figure 1.2¢).

1.5  Quantum Dots: band-edge bleach

A large fraction of this thesis is devoted to measuring changes in the absorption of QDs
upon light absorption, from which it is possible to obtain a large amount of information
about the distribution of energy states and the dynamics of electrons populating those

states.

L. Unlike the continuous distribution of energy values that a free particle can take,
inside the box the particle can take only discrete values.

2. The lowest energy for the particle, corresponding to the indices n=1 and 1=0,
is higher than the potential value inside the box (V=0). This energy increase is
called the ground-state confinement energy.

3. The ground-state confinement energy increases quadratically as the size of the

box decreases.

To see how changes in the absorption can be related to the electronic population of the
QD states, let’s consider the results of the previous section on the nature of QD states. The
discrete nature of the QD states leads to strong non-linearity of the band-gap absorption,
as the presence of photoexcited carriers significantly decreases the number of available
band-edge states, thus decreasing the band-gap absorption cross-section. Assuming
that each transition from a valence band edge to a conduction band edge state has the
same oscillator strength, that the transitions properties (energy, oscillator strength) are
independent of the carrier population, and momentarily assuming that the transitions
are independent on the electron spin state, the band-gap absorbance can be expressed as:

A, =Ag.9, 1.14
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Ground-state absorption Excited-state absorption

—> Allowed transitions Blocked transitions —> Stimulated-emission
J

Figure 1.3. Scheme of the possible optical transitions between a full and an empty electronic level, both
discrete and with finite degeneracy, represented by the number of horizontal lines at the same energy.
The left part of the scheme shows the absorption transitions possible in the unexcited system, while
the left side shows the effect of an excited electron and an exciton hole on the absorption. The excited
species reduce the amount of absorption transitions possible, while allowing stimulated emission to
occur, further decreasing the absorption.

where A* is the absorbance of of each transition, g is the degeneracy of the conduction
band-edge state, and g, is the degeneracy of the valence band-edge state. When an excited
electron or hole is added to the band-edge, all the absorption transitions involving the
occupied state are blocked, since Pauli-exclusion principle prevents placing two electrons
in the same quantum state (state-filling). Furthermore, if both electrons and holes are
present at the band-edge, the light at band-gap energy that interacts with the system
can stimulate the emission of another photon, identical to the incoming photon, via the
radiative recombination of an electron-hole pair. The process, called stimulated emission
occurs with the same efficiency as the absorption process, and is accounted in the total
absorbance via a negative absorption transition (as it increases the transmittance through
the system).

Thus, in presence of n<max(g,g,) photoexcited electron-hole pairs, the excited state
absorbance will be given by:

A'=A"(g,—n)(g,—n)—An’ 1.15

The fractional difference between the excited state absorbance and the steady-state
absorbance, is given by:

AA/ A =-—nTet9n 1.16
gegh

This result implies that the band-gap absorbance in the presence of photoexcited carriers
decreases proportionally to the number of electron-hole pairs, reaching a fraction of
the steady-state absorbance determined by the degeneracy of the band-edge states. The
decrease in intensity of an absorption transition due to the presence of photoexcited
carriers in the initial or final state is called “absorption bleach”
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The differential absorbance AA resulting from photoexcitation can be determined in
a transient absorption (TA) measurement. Measuring TA on QD samples reveals the
presence of a band-gap bleach, developing after photoexcitation, proportional to the
absorbed photon fluence. According to eq. 1.16, the time-dependence of the band-gap
bleach reflects the time-dependence of the carriers in the band-edge states, and can be
used to obtain information about the dynamics of the photoexcited carriers.

Furthermore, understanding the behavior of the differential absorbance in QD samples
has important consequences for lasing applications. When the band-edge bleach exceeds
the steady-state absorption, shining light on the sample leads to the emission of additional
light. This behavior, called optical gain, is required to achieve lasing, and its onset as a
function of the carrier population can be determined via TA or spectroelectrochemical
measurements on the QD samples”®.

In equation 1.16, both electrons and holes contribute to decrease the band-edge
absorbance. However, in cadmium chalcogenide QDs samples, the band-edge bleach is
attributed entirely to the presence of photoexcited electrons, neglecting any contribution
from photoexcited holes. Despite the lack of consensus on the reason for the apparent
absence of a hole contribution to the bleach, this assumption has been commonly used
to interpret TA results on cadmium chalcogenide QD samples. However, the presence of
efficient optical gain in samples of CdSe QDs suggest a significant hole contribution to the
bleach, and increased understanding of the relationship between band-edge bleach and
density of excited carriers is required to model the onset of optical gain in QD samples
(see Chapter 5: Hole contribution to the bleach of cadmium chalcogenide quantum dots).

1.6  Quantum Dots: plenty of room at surface

In the naive QD description outlined in the previous sections, the surface of the QD acts
primarily as a boundary, after which core wavefunctions decay into vacuum. However,
from the early days of QD spectroscopy it was clear that QD surfaces play a very big role
in the determination of the properties of QD samples, crucially determining the presence
of trap states”!?, the characteristic of the vibrational modes in the QD system (both core
and surface)’> "3, the electron affinity’**, and the position of the Fermi level>#*. In the
current state of QD research, selecting appropriate surface passivation is a fundamental
step in the fabrication of QD samples with the required properties. The pivotal role played
by QD surfaces can be easily understood looking at the fraction of all the atoms in a QD
that reside on the surface. For a 5 nm CdSe QD, approximately 35% of the atoms are on
the surface, and the percentage increases for smaller QDs.

In recent years, increased control of surface passivation techniques has allowed remarkable
increases in sample quality, and unlocked new properties. Saturation of surface-
localized traps, achieved by targeted binding of Z-type ligands increases dramatically
the photoluminescence quantum yield of II-VI and III-V QDs". Similar effects can be
achieved filling trap states electrochemically, which does not remove the trap states but
prevents photoexcited species to relax into them. Electrochemical control over the degree
of trap filling allows to tune the involvement of trap states in the photoluminescence
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process®? or allowing charge transfer to occur between different QD species®. Changes

in the chemical species present at the QD surface have been found to significantly affect
the rigitidy of the QD structure, affecting the intensity of electron-phonon coupling®’.

Furthermore, the control over the chemical species bound on the QD surface can be used
to tune the band-alignment in QD systems. Brown et al. demonstrated the possibility
to control the electron affinity in PbS QD sample by variation of the ligands on the QD
surface®. In the following years, various reports have shown the extent of the ligand-shift
control over electron affinities > * and electron band-gaps®*, and ligand exchange
strategies have been employed to control the energy alignment in QD homojunctions" .
These effects add new possibility to the already remarkable degree of energy control of QD
systems, potentially allowing full control over the energetics of QD-based heterostructures
(See Chapter 3: “Band-alignment engineering in CdSe-PbSe QD heterojunction film via
ligand-exchange”).

1.7 Quantum Dot Heterostructures

Most optoelectronic devices rely on the ability of semiconductor heterostructures to
engineer the behavior of electrical carriers, spatially separating carriers of opposite charge
or concentrating them in the same region, increasing the chances of recombination.

Core-shell heterostructures have had a tremendous impact on the QD field, both for
fundamental studies™* and for practical applications” ***’. They are formed when a
semiconductor QD core is surrounded by a concentric layer of a different material, called
shell (Figure 1.4a).

The most wide-spread use of core-shell heterostructure consist in the choice of a large
band-gap shell material in a type-I alignment with the core band-gap, i.e. the lower
band-gap is contained within the larger band-gap (Figure 1.4a). This energy structure
confines any excited carriers to the QD core, preventing interactions with the external
surface. At the same time, the shell material passivates the states at the surface of the
core, effectively cleaning the materials band-gap from localized trap states. Because of
the high degree of overlap between the electron and hole wavefunction maintained in
the heterostructure, and the suppression of trapping processes, type-I core-shell can
greatly enhance the photoluminescence efficiency of the core material, up to unity values
for the quantum yield*®*. Furthermore, the fabrication of graded type-I shells, whose
composition vary gradually from the core interface to the shell’s surface, have been shown
to suppress the rate of Auger recombination, allowing long multiexcitonic lifetimes and
high biexcitonic photoluminescence quantum yield**%

The photoluminescence enhancement, defect passivation and Auger suppression
associated with type-I core-shell QDs have allowed efficient QD-based LEDs and efficient
lasing in QD films”*¢¥. From a fundamental standpoint, suppression of surface-mediated
effects allows to study the carrier dynamics of the intrinsic core states, potentially obscured
by the presence of fast trapping processes in unpassivated samples (see Chapter 5, Hole
contribution to the bleach of cadmium chalcogenide quantum dots).

10
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Core-shell QD Janus QD QD heterojunction film
Figure 1.4. a, Scheme of a type-I energy alignment in a core-shell heterostructure geometry. b, Scheme
of a Janus QD with quasi-type-II band-alignment. ¢, Scheme of a QD heterojunction film with type-II
band-alignment.

Beside type-I aligned heterostructures, other energy alignment schemes are possible,
enabling different optoelectronic behaviors. Type-II heterostructures are characterized by
a staggered band-alignment, occurring when the highest valence band and the lowest
conduction band are located in two different materials. This energy alignment leads to the
separation of photoexcited electrons and holes, as they relax towards their energy minima
in the system. Reduced electron-hole overlap in a type-II heterostructure increases the
radiative recombination lifetime of the carriers, while reducing the energy of the emission.

Finally, an energy structure in which two conductions (or valence) bands have the same
energy and the other two valence (or conduction) band have different energy is said to be
in a quasi-type-II alignment. This alignment structure is characterized by the presence of
a wavefunction delocalized over the whole system for the carriers in the aligned bands,
while the other carrier type is localized in the lowest band-gap material. Quasi-type-II
heterostructures can find use in the optimization of QD-based solar cells, as they can be
used to reduce the energy threshold for the carrier multiplication process®** (see Section
“QD-based solar cells” in the current Chapter).

In addition to core-shell heterostructures, other heterostructure geometries, such
as Janus QDs and QD heterojunction films, can be employed to tailor the behavior
of charge carriers in the QD-based systems. Janus QDs are composed of two lobes of
different materials, as shown schematically in Fig. 1.4b. As opposed to type-II core-shell
structures, in which charge separation localizes one of the two carriers inside the QD
core, hampering carrier extraction and thus decreasing its mobility, in type-II Janus
structures both carriers interact with the surface and can be extracted from the particle.
Kroupa et al. demonstrated the possibility to use quasi-type-II Janus heterostructure to
enhance carrier multiplication, exploiting the advantages of the heterostructure while
maintaining the possibility to harvest the photo-generated carriers. Similar advantages are
offered by QD heterojunction films (Fig. 1.4c), films composed of layers of two different
core-only QD materials, coupled by short molecular linker and assembled in alternating
layers of the two materials***. The short inter-QD spacing ensures electronic coupling
between adjacent QDs, allowing the formation of a heterojunction even in the absence of

11
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epitaxial connections between QDs. Talgorn et al. demonstrated the possibility to enhance
the photoconductivity of a QD film via charge separation in a type-II QD heterojunction
film*. Furthermore, the possibility to control the ligands on the surface of each QD species
via ligand exchange during the layer-by-layer fabrication provides the possibility to tune
the energy alignment between different QD species, via the band-shift caused by ligand-
induced surface dipoles (See Section “Quantum Dots: plenty of surface” in the current
Chapter, and Chapter 3: “Band-alignment engineering in CdSe-PbSe QD heterojunction
film via ligand-exchange”).

1.8  Electronic transport in QD solids

One of the reason QDs materials are good candidate for use in optoelectronic devices
is the ease in which they can be casted from QD solutions into thin-films, forming QD
solids. However, the long ligands passivating the QD surface after synthesis make QD
films insulating, limiting their device applications. Substituting the original ligand for
shorter ones leads to significant increases in the mobility of both carrier species 2. High
carriers mobilities are required for the development of QD-based transistors and solar
cells. For the latter, in particular, the probability to collect a photo-generated carrier at an
electrode depends on the diffusion length of the carrier, in turn depending on the carrier
mobility and on the carrier lifetime. For the same carrier lifetime, samples with higher
mobility will be able to collect more photoexcited carriers, thus increasing the efficiency
of the device. Consequently, understanding the factors limiting the mobility in QD films
remains an important issue.

Electronic transport through QD films is typically described via site-to-site hopping, a
thermally activated process, whose rates can be described via the Miller- Abrahams model:

exp _EBoh , forE,>E,
k =k, exp(—p5d) k,T

1, for E, > E,

where E, is the energy of the final state, E, the energy of the initial state, B is an effective
barrier length, dependent on the ligands separating the QDs, and d is the distance between
QDs.

An alternative description of charge transfer process in the nanoscale is offered by Marcus
theory, developed for transfer of electrons between dielectric spheres and commonly used
to describe charge transfer between molecules™. In the Marcus model, the rate of electron
transfer between different sites can be expressed as:

Kk _(AE-E)
k— TOE e e 1.18
A

12
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where E, is the reorganization energy, the energy required to change the polarization of
the environment induced by the charge transfer process, and AE is the energy difference
between the final and the initial state.

Although the Miller-Abrahams model has been used extensively to describe hopping
process, Chu et al. showed that the Marcus model can be used to describe carrier
transport in QD solids*. The two models impose different temperature-dependences for
the transfer rates. In particular, equation 1.18 contains a T"'? factor, allowing the presence
of a temperature range in which hopping rates are temperature de-activated. As such,
in considering the presence of temperature de-activated transport in low mobility QD
samples, the possibility that the Miller-Abrahams model does not capture the temperature-
dependence of hopping rates need to be considered (See Chapter 6: Kinetic Monte-Carlo
modeling of temperature dependent mobilities in InP QD films).

The distribution of band-edge carrier energies in QD films is determined by the size
distribution of the QDs, as quantum confinement is less strong in larger QDs, leading to
lower energy levels, while the smaller, more quantum-confined QDs have higher carrier
energies. As carrier hop through a QD film, they tend to move more efficiently to the lower
energy site (upward energy jump in eq. 1.17), implying preferential occupation of the larger
QDs. In conductive QD solids, carrier funneling into the larger QDs increases the impact
of Auger recombination on carrier lifetime, as multiexcitons are formed into the larger
QDs even at moderate fluences™. The effect of the shift of the carrier populations towards
the larger QDs can be observed optically, monitoring the energy of the QD band-edge
bleach, induced by the presence of carriers at the QD band-edges (see Section “Quantum
Dots: band-edge bleach” of the current Chapter). As carrier move to lower energies, the
bleach of the high band-gap part of the QD population decreases, while the bleach of the
low band-gap part of the QD population increases, resulting in a shift in average bleach
towards lower energies (red-shift). Comparison of the time-dependent red-shift of the
band-edge bleach, which can be obtained via transient absorption measurements, with
simulations of carrier hopping with Miller- Abrahams rates allows to extract estimates for
the hopping rates and the diffusion coefficient associated with the hopping process™*.
Diffusion coefficient and carrier mobility are related via Einstein-Smoluchowski equation:

p-kTl, 1.18
e

where D is the diffusion coeflicient and y the mobility.

With increasing mobility reported for ligand exchanged QD films (up to tens of cm?/(Vs)),
some reports have suggested the presence of band-like transport in QD solids, inferred
from the presence of a temperature de-activated mobility regime®" ***°. Gilmore et al.
have reported a similar temperature de-activate behavior in QD films with lower carrier
mobility, although they attributed the effect to a temperature-induced contraction of the
interparticle distance. Shedding light on the temperature dependence of carrier mobility
in QD films could provide valuable insights on the nature of the electronic motion in
these systems, aiding in the improvement of the performances of QD films (see Chapter
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Figure 1.5. a, Energy scheme representing the hot-electron transfer process. b, Energy scheme,
highlighting how carrier multiplication is hampered by the momentum mismatch between the
high-energy and the low-energy state. ¢-d, Energy scheme, depicting carrier multiplication for
symmetric (c) and asymmetric (d) excitation.

6: Kinetic Monte-Carlo modeling of temperature dependent mobilities in InP QD films).

1.9 QD-based solar cells

The design of the next generation of solar cells is centered around the ability to convert an
increasing fraction of the solar power incident on the cell into an external current. This
result can be achieved via different routes, and solar cell concepts have been proposed
to eliminate channels for efficiency losses. In particular, QD have been suggested as a
material candidate for next generation solar cell concepts exploiting carrier multiplication
or hot-electron transfer.

1.9.1 Hot-electron transfer
In traditional solar cells, the largest source of losses is due to carrier thermalization®.

When photons with an energy higher than the band-gap of the solar cell are absorbed,
they produce carriers above (or below) the band-edge position. The energy difference
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Figure 1.6. Schematics of electron relaxation in a continuous distribution of energy states (a) and in
the presence of a phonon-bottleneck (b). While for a continuous distribution of states single phonon
emission events allow efficient electron cooling, in the presence of a phonon-bottleneck multiple-
phonon events are needed to progress cooling further.

between the initial carrier energy and its band-edge is called excess energy, and the sum
of the two excess energies is equal to the difference between the photon energy and the
material band-gap (Fig. 1.5a). This excess energy is rapidly transferred from the carriers to
lattice vibrations (i.e. is dispersed as heat), thus reducing the output power of the cell. In
addition, the resulting increase in the temperature of the system has additional deleterious
effects on the performance of solar cells, including changes in the material band-gap and
increased thermodynamic losses®.

One of the solar cell concepts put forward to circumvent thermalization losses is the
hot-electron solar cell. In a hot-electron solar cell, high-energy carriers are efficiently
extracted by energy selective contacts (hot-electron transfer), preventing their
thermalization. However, efficient hot-electron transfer alone is not sufficient to provide
any improvement in solar cell performance. In fact, a solar cell whose contacts extract
high-energy electrons would be prevented from extracting the lower energy ones, and
would behave similarly to a higher band-gap solar cell with a high-density of trap states
in the band gap. However, if efficient carrier-carrier interactions are present, after the
extraction of a high-energy carrier, cold carriers are quickly scattered into the higher
excess energy states. If both carrier-extraction and carrier-carrier interaction are faster
than carrier thermalization, a steady stream of high energy carriers are extracted from
the system, potentially increasing the maximum power conversion efficiency from 33%
to 66%.

In the past, semiconductor QD have been proposed as material platform for the efficient
use of hot-electrons. In QDs, quantum confinement spreads the bulk density of states
into a discrete set of energy levels, whose separation increases as the size of the QD
decreases. If the energy difference between two neighboring energy states becomes
larger than the phonon energies in the system, more than a single phonon is necessary
to mediate the relaxation process, leading to a decrease in the cooling rate. This process,
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called phonon-bottleneck, could slow down thermalization in a hot-electron solar cell
architecture, benefiting the competing processes (carrier extraction and carrier-carrier
scattering). However, despite reports suggesting the presence of a phonon-bottleneck in
QDs®¢, typical carrier relaxation processes in QD samples occur on the same timescale
as in bulk materials®®*”°. Phonon-bottlenecks can be circumvented via the presence of
Auger-mediated cooling” 7, efficient multiphonon emission'”*, and via the contributions
of surface-related effects®> 7.

Despite the lack of a clear phonon-bottleneck in most QD materials, the size-dependence
of their energy levels is a valuable resource in the energetic fine-tuning required for the
energy-selective contacts, and the presence of hot-electron transfer between different
QD components shows that a QD heterostructure satisfies one of the conditions required
for a functioning hot-electron solar cell (see Chapter 2: “Hot-electron transfer in QD
heterojunction films”).

1.9.2  Carrier Multiplication

In the carrier multiplication (CM) process, a high-energy electron-hole pair scatters with
valence band electrons, cooling to the band-edges and creating additional electron-hole
pairs as a result’””. The effect enables to use the energy of the high-energy photons to
increase the photocurrent, preventing losses due to carrier thermalization”7® 7%, The CM
process is the inverse of the Auger recombination process, in which an electron-hole pair
recombines promoting a spectator charge to higher energy. The two processes share the
same matrix element, as they differ only by a reversal of the initial and final state. In bulk
materials, momentum conservation makes both Auger and CM processes inefficient’*,
as depicted in Figure 1.5b. As the momentum operator is related with translation of
the physical system, momentum conservation is valid only in systems with translation
symmetry, and does not hold for QDs. Breaking of momentum conservation increases the
rate of the Auger and CM processes.

Since CM originates from high-energy carriers, it competes with phonon-mediated
cooling, which removes energy from the electron-hole pair releasing it as lattice vibrations.
As in the case of hot-electron transfer, the presence of a phonon-bottleneck for electronic
cooling in QDs would increase CM efhiciencies, allowing CM to outcompete the phonon
emission.

The impact of CM on solar cell performances depends strongly on the efficiency of the
CM process and on the energy onset of the process, i.e. the minimum photon energy
required to obtain CM. Modeling of solar cell efficiencies in the presence of CM revealed
the importance of having the lowest CM threshold possible®. Since energy needs to be
conserved in the process, the minimum photon energy allowing the production of two
electron-hole pairs via CM is equal to twice the material band-gap. On the other hand,
if the energy of the photon is distributed equally between the photoexcited electron and
hole, to undergo carrier multiplication each carrier needs to have an energy distance
from its band-edge equal to the band-gap, as depicted in Figure 1.5c. Thus, symmetric
excitation leads to a CM onset of 3E , and an asymmetry in the distribution of the initial
photon energy is required to shift the CM onset towards 2E *. While a CM threshold
of 3E leads to only minor increases in the maximum power conversion efficiency of a
solar cell, lowering the onset leads to a sharp increase. In the presence of step-like (no
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thermalization losses) CM with a threshold at 2E, the maximum power-conversion
efficiency is increased from 33% to 42%.

Asymmetric energy distribution might be achieved via the presence of optical transitions
involving a band-edge state and a state inside one of the bands® (Figure 1.5d).
Alternatively, instead of relying on the presence of appropriately positioned transitions
in a material’s band-structure, it is possible to engineer custom energy structures via
the use of heterjunctions®”. In a quasi-type-II heterojunction, excitations of the high
band-gap material deliver one of the two carriers at the band-edge of the whole system,
while the other carrier can lower its energy transferring to the lower band-gap material,
possibly undergoing CM in the process. Heterojunction enhancement of CM efficiency
has been demonstrated by Cirloganu et al. for core-shell QDs*, opening the possibility
to substantially increase the impact of CM on the performance of QD-based solar cells.

1.10 Thesis outline

This work stems from an attempt to increase the understanding of charge transfer, carrier
transport and carrier photogeneration in QD films.

In Chapter 2 we demonstrate the presence of hot-electron transfer occurring between
two different QD species in a QD heterojunction film. In Chapter 3 we examine the
effect of ligand-induced energy shift on the band-alignment of the two QD species
characterized in Chapter 2, showing a shift from a type-I to type-II energy alignment.
In Chapter 4 we present a model for the extraction of carrier multiplication rate from
carrier multiplication yield measurements and carrier cooling times, allowing the first
experimental determination of carrier multiplication rates. In Chapter 5 we present
evidence for the contribution of holes to the band-edge bleach of cadmium chalcogenides
QDs, demonstrating that their contribution becomes appreciable for passivated samples.
In Chapter 6 we present the results of Kinetic Monte-Carlo modeling of spectral shifts in
conductive InP QD films, obtained as a function of temperature, revealing the presence of
a temperature deactivated mobility-regime and analyzing its causes.
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Chapter

Hot-electron transfer in quantum-dot heterojunction films

Abstract

Thermalization losses limit the photon-to-power conversion of solar cells at the high-energy side
of the solar spectrum, as electrons quickly lose their energy relaxing to the band edge. Hot-electron
transfer could reduce these losses. We demonstrate fast and efficient hot-electron transfer between
lead selenide and cadmium selenide quantum dots assembled in a quantum-dot heterojunction
solid. In this system, the energy structure of the absorber material and of the electron extracting
material can be easily tuned via a variation of quantum-dot size, allowing to tailor the energetics
of the transfer process for device applications. The efficiency of the transfer process increases with
excitation energy as a result of the more favorable competition between hot-electron transfer and
electron cooling. The experimental picture is supported by time-domain density functional theory
calculations, showing that electron density is transferred from lead selenide to cadmium selenide
quantum dots on the sub-picosecond timescale.

Based on: Gianluca Grimaldi, Ryan W. Crisp, Stephanie ten Brinck, Felipe Zapata, Michiko van
Ouwendorp, Nicolas Renaud, Nicholas Kirkwood, Wiel Evers, Sachin Kinge, Ivan Infante, Laurens
D. A. Siebbeles and Arjan J. Houtepen. Nature Communications, 2018, 9 (1), 2310.



Chapter 2

2.1 Introduction

Semiconductor quantum-dots (QDs) have drawn considerable interest due to their low-cost
solution-based synthesis and unique photophysics, controllably bridging the divide
between molecular and bulk material properties"2 As the size of a semiconductor crystal
is decreased to below the bulk exciton Bohr-radius, quantum-confinement starts breaking
the continuous band-structure into discrete electronic levels. It has been suggested that
the sparse density of states in QDs could slow electron cooling?, as single phonon emission
does not suffice to bridge the energy between levels and slower multi-phonon emission
events are needed to dissipate the electron energy. Such a “phonon-bottleneck” would
enable making use of high energy (“hot”) carriers before they thermalize, for instance
via carrier multiplication (CM)* or hot-electron transfer (HET), provided appropriate
quenching of surface related relaxation channels**¢. In addition to posing an interesting
scientific problem, these processes may also find applications in solar energy conversion
via suppression of thermal losses. Hot-electron solar cells in particular can theoretically
enhance the maximum power conversion efficiency of solar cells from 33% to 66%.”

In practice, experimental evidence concerning slowing of carrier cooling in QDs remains
scattered™® and cooling rates are usually high®. At the same time, CM and HET have been
demonstrated using QDs. The interplay of cooling and CM or HET in nanostructure
remains largely ununderstood.

The HET process involves high-energy carriers, transferring between different species
before thermalizing, and occurs in any materials where electron transfer outcompetes
cooling. In recent years HET has been demonstrated to occur from QDs to metal-oxides'®
1, acceptor molecules” and localized surface states’'>. However, harvesting of
hot-electrons to increase solar cell efficiency requires careful choice of both the absorber
material band-gap and the energy of the extraction level. The latter is difficult to control in
the previously reported hot-electron acceptors, requiring a change in the materials used
for extraction.

In this work, we demonstrate ultrafast HET across PbSe-CdSe QD-heterostructures in
QD heterojunction (QDH]J) films coupled by molecular linkers. We demonstrate that
HET occurs in these QD HJs with an efficiency that increases as the excitation photon
energy increases. Our results suggest that the facile control over the energetics of QDHJs
can be used to spectrally tune photon absorption and electron injection without requiring
changes in material composition.

2.2 Films characterization

QD heterojunction films were prepared by depositing alternating layers of PbSe and CdSe
QDs on a quartz substrate (See Appendix, Fig. 2.6-7), and exchanging the insulating
ligands on the surface of the QDs with short conductive linkers'® 7. The spectroscopic
investigation focused on a sample fabricated with 1,2-ethanedithiol (EDT) linkers, while
similar results are obtained treating each layer with 1,2-ethanediamine (EDA) (See
Appendix, Fig. 2.3-4). Figure 2.1a shows a transmission electron microscope (TEM)
image of a reference film prepared with a single cycle of PbSe and CdSe QD deposition,

28



Hot-electron transfer in quantum-dot heterojunction films

b C
0.25
0.20F —— PbSe QD-film
—— CdSe QD-film

o — HJ film
2 015
8
S
2 0.10F
<

0.05 \\«

0.00
400 600 800 1000 1200
Wavelength (nm)

Figure 2.1. Film properties. a, High resolution transmission electron microscope (TEM) image
showing PbSe and CdSe quantum dots (QDs) drop-casted on a TEM grid and subsequently treated
with 1,2-ethanedithiol (EDT). The inset displays the result of a Fourier bandpass analysis of the image,
distinguishing the two QD materials via their atomic lattices, and showing close proximity between
the two components. b, linear absorption spectra of the combined PbSe-CdSe QDH]J film and of the
single material films. ¢, schematic of the energy alignment in the system.

displaying close proximity between the different QD components. The optical absorption
spectra of the QDH]J film and of the reference single-material films are shown in Figure
2.1b.

The energy alignment was investigated via spectro-electrochemical measurements on
the QDHJ films (See Appendix, Fig. 2.10). A type I alignment with a 1S energy level
offset of 0.25 eV was found, in agreement with trends reported in literature'. This
small conduction band offset, in conjunction with a significant difference in band gaps,
allows selective study of the transfer of hot-electrons from PbSe to CdSe QDs. As shown
schematically in Figure 2.1¢c, upon low-energy photoexcitation (red and green lines) PbSe
QDs are selectively photoexcited, while higher energy light is required to also photoexcite
CdSe QDs (blue line). Excitation above the PbSe band gap may provide the electron with
sufficient energy to transfer to the CdSe QD, while the hole is prevented from transferring
by the large valence band offset.

2.3  Hot-electron transfer probed by Transient Absorption
Spectroscopy

Transient absorption (TA) spectroscopy can be used to detect and quantify electron
transfer between the two QD species. Upon selective photoexcitation of the PbSe QDs,
electrons transferring to the CdSe QDs induce a decrease in the 1S CdSe absorption,
commonly known as an absorption bleach, due to state filling and stimulated emission'®.
The differential absorbance AA ( is proportional to the number of electrons in the CdSe
1S state, while holes contribute negligibly, on account of the higher degeneracy of hole
states**’. The CdSe AA , signal can then be used to quantify the number of electrons
transferring to the initially unoccupied CdSe QDs.

In order to identify PbSe and CdSe QD contributions to the TA response of QDH]J films
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Figure 2.2. Transient Absorption (TA) on QD-films. a, color map showing the differential absorbance
of a film composed of 4.5 nm CdSe QDs, excited at 600 nm with a fluence of 1.27-10" photons/cm? per
pulse (0.07 excitons per CdSe QD). b, spectral cuts of figure 2a, showing the TA response for two delay
times after photoexcitation. ¢, color map showing the differential absorbance of a film composed of 2.3
nm PbSe QDs, excited at 700 nm with a fluence of 9.84:10" photons/cm? per pulse (0.39 excitons per
PbSe QD). d, spectral cuts of figure 2c. e, color map showing the differential absorbance of a QDH]J
film, composed of 4.5 nm CdSe QDs and 2.3 nm PbSe QDs. The film is excited at 700 nm with a fluence
of 1.19-10" photons/cm?* per pulse (0.36 excitons per PbSe QD), closely resembling the excitation
conditions of the PbSe QD film. £, spectral cuts of figure 2e, showing the comparison between the TA
response of the HJ film (dark and light blue) and the response of the CdSe QD film excited with the
same conditions; i.e. 700 nm excitation with a fluence of 1.19-10" photons/cm? per pulse.

in the CdSe 1S spectral range, we characterized the response of films composed of the
individual components. Figure 2.2a-b shows a TA measurement on an EDT-treated 4.5
nm CdSe QD film, whose absorption spectrum is shown in Figure 2.2b, excited at 600
nm, clearly showing an absorption bleach at the CdSe 1S energy. The shape of the feature
is maintained throughout the 3 ns window of the measurement, decreasing in amplitude
as a result of charge carrier recombination (radiative and non-radiative).

Figure 2.2c-d shows the result of a TA measurement on EDT-treated 2.3 nm PbSe QD film,
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excited at 700 nm. At wavelengths in the visible, absorbance changes are characterized by
the presence of a broad increase in absorbance (650-900 nm) and by an absorption bleach
at the high-energy side of the probe window (500-650 nm). The photo-induced absorption
feature is always observed in TA measurements of PbSe QDs, and has been attributed to
biexciton shifts of the absorption spectrum® %, while the bleach feature is typically seen
in transient absorption or spectro-electrochemical measurement on PbSe QD films®, but
not on dispersions. The nature of this broad absorption bleach has yet to be identified.

The TA response of the combined PbSe-CdSe film, excited at 700 nm, i.e. below the CdSe
bandgap, is shown in Figure 2.2e-f. As can be noted from the early time TA signal, both sets
of TA features present in the individual films can be seen in the combined film response.
In particular, the negative peak at the CdSe bandgap is associated with bleaching of the
CdSe 1S transition, implying the presence of electrons at the CdSe conduction band edge.
The spectral cut of the TA measurement in Figure 2.2f compares the TA response of the
combined film (continuous line) with the TA response of the CdSe-only film (dotted line),
both excited at 700 nm with identical incoming photon fluence, proving that the bleach of
the CdSe 1S feature in absence of neighbouring PbSe QDs is negligible. We conclude that,
as CdSe QDs are not directly photoexcited, electrons are transferred from PbSe to CdSe
QDs. The excitation energy dependence of the rise time of the CdSe 1S bleach feature is in
line with the suggested pathway (See Appendix, Fig. 2.11).

The bleach at the CdSe 1S energy quickly decreases in a few ps. Considering the type
I energy level structure (Fig. 2.1c) it is to be expected that after HET electrons quickly
transfer back to the PbSe QD. To verify that this back-transfer is efficient we performed
a separate experiment where we excited the CdSe 1S feature directly and quantified the
efficiency of electron transfer by monitoring the ingrowth of the absorption bleach at the
PbSe QDs 1S position (See Appendix, Fig. 2.12). In that case we observe fast electron
transfer from the CdSe to the PbSe QDs with a near unity efficiency. Thus we conclude
that the fast decay of the CdSe 1S bleach after HET observed in Figures 2.2¢,f is due to back
transfer to PbSe QDs. On a longer timescale of 50-100 ps, an anti-symmetric negative-
positive feature appears at the CdSe 1S position and remains constant throughout the
3 ns measurement time. A second antisymmetric feature appears around 520 nm. This
type of TA feature, resembling the first derivative of the absorption spectrum, is usually
associated with an electric field induced shift of the absorption spectrum? .

The PbSe-related induced absorption between 650-850 nm decreases with the same
time-constant as the shift features increase. These observations suggest that as charges
depopulate the CdSe and PbSe QDs core states, excited carriers accumulate in proximity
of CdSe QDs, electrostatically influencing the QDs and shifting the energy of the 1S and
1P absorption features. We tentatively attribute this to carrier trapping at the surface of the
CdSe and/or PbSe QDs. However, for the current discussion the important observation
is that CdSe 1Se states are populated after selective excitation of PbSe QDs, indicating
ultrafast HET from PbSe to CdSe QDs.

We measured TA on the QDH]J film in both the visible (450 nm - 900 nm) and NIR

(1150 nm - 1600 nm) spectral regions, varying the excitation energy to characterize the
dependence of HET on the initial energy of the electron. Figure 2.3a-d shows the TA
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Figure 2.3. Heterojunction-film (HJ-film) TA response for different excitations and fitting
method. a, TA color map showing the differential absorbance per absorbed fluence of the combined
PbSe-CdSe film, photoexcited at 700 nm with an absorbed fluence of 1.4-10'* photons/cm?x pulse (0.36
excitons per PbSe QD). b, spectral slices of the color map 3a. ¢, TA color map of the combined film
photoexcited at 1000 nm with an absorbed fluence of 3.4 (3.0)-10" photons/cm? x pulse in the visible
(NIR) range (~0.07 excitons per PbSe QD). d, spectral cuts of color map 3c. e, color maps showing the
different contributions to the fit of the TA response around the CdSe 1S feature; i.e. a Gaussian bleach,
a linear background and a shift feature, as described in the text. The orange arrows in the schematics
represent the 4 fit parameters (See Supporting Info). f, spectral slice of a TA measurement showing the
agreement between fit and experimental trace, together with the shape of the different contributions.
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response of the QDH] film normalized for the absorbed fluence (i.e. AA/F ] , where ] the
incident photon fluence and F, the fraction of absorbed light)**, excited at 700 and 1000
nm. For both excitations the NIR response is dominated by the absorption bleach of the
lowest PbSe transition, while for 700 nm excitation an induced absorption feature is visible
immediately after photoexcitation, which is related to a hot-carriers induced biexciton
shift* 2+ 2. Besides the differences in the first picosecond, related to differences in carrier
cooling, the NIR PbSe bleach remains largely the same for the two different excitations.
In stark contrast, the CdSe TA features in the visible range differ significantly. For 1000
nm excitation, the CdSe 1S bleach is barely visible on top of the negative TA signal arising
from PbSe QDs, indicating a much lower efficiency of hot-electron injection to the CdSe
QDs compared to the measurement performed with 700 nm excitation wavelength.

2.4  Hot-electron transfer efficiency

Figure 2.3 qualitatively shows that HET process depends on the energy of the absorbed
photon. To quantify the HET efficiency and rate, the TA bleach of the CdSe 1S feature
needs to be separated from other spectrally overlapping contributions, namely the
slowly varying background, related to photoexcitation of PbSe QDs, and the shift feature
prominent for t >100 ps.

To separate the different contributions, we fitted the TA spectrum obtained at each
delay-time with a superposition of a Gaussian bleach and a derivative-like shift feature,
while the slowly varying PbSe contribution is approximated by a line* (See Appendix,
Fig. 2.13). The color maps in figure 2.3e show the results of the fit to the TA measurement
displayed in figure 2.3a, highlighting the behavior of the different contributions, while
Figure 2.3f displays the excellent match between the fitted function and the experimental
data. This fitting method allows to extract the amplitude of the CdSe bleach component
and to follow its time evolution. Furthermore, integrating the Gaussian profile over the
entire 1S feature corrects for the effect of inhomogeneous broadening of the 1S feature
and thus facilitates comparison between different samples. We will indicate this quantity
as AA*= [ AA dE.

We measured TA varying the excitation energy between 650 nm, the onset of the CdSe
absorption (See Fig. 2.1b), and 1100 nm. Figure 2.4a shows the energy-integrated,
absorbed fluence-rescaled differential absorbance of the CdSe 1S feature AA*/E].
The time dynamics shows a ~200 fs ingrowth of the signal (similar to the instrumental
response limit), followed by decay with a T, of ~600 fs. A clear trend is observed in the
excitation energy dependence of AA*, with a 7-fold signal increase between 1100 nm and
650 nm excitation. Sub-bandgap excitation of the CdSe QD reference film showed at least
20 times lower bleach signals than the combined film excited with equal photon fluence
(See Appendix, Fig. 2.14-15), thus demonstrating that direct CdSe excitation contributes
negligibly to the combined film response.

To quantify the efficiency of the transfer process, we followed the procedure reported by

Boehme et al.?® We first determine the bleach of the 1S absorption due to a single exciton
by direct excitation in a CdSe QD reference film, i.e. the bleach cross-section (derived in
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Figure 2.4. Excitation energy dependence of Hot-electron transfer (HET). a, fitted amplitude of
the CdSe bleach component as a function of time, plotted for different excitation wavelengths. The
plot shows an increase of the maximum bleach amplitude for shorter excitation wavelengths. b, plot
of the bleach amplitude maxima as a function of excitation energy. The right axis shows the HET
efficiency corresponding to each bleach value. Error bars are obtained from the standard deviation of
the amplitude maxima, obtained from repeated measurements. ¢, schematics of the HET dynamics.
Upon higher-energy excitation electrons have longer time available to transfer to CdSe QDs before
cooling below the HET threshold than electrons excited at lower energy. In addition, transfer rates
are expected to be larger for high-energy electrons, due to an increased amount of final CdSe states
and more pronounced electron delocalization. The fast decrease of the CdSe bleach is attributed to

back-transfer of electron from CdSe to PbSe QDs.
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" (aA )max In(10) 51

F.Jo

a
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can then be expressed as:
(a4)

Nrer =

max IN(10) )

FaJO O

where (AA*)__ is the peak of the integrated differential absorbance.

Figure 2.4b shows that the estimated HET efficiency increases as a function of excitation
energy, a behavior recently observed for HET from QDs to molecular acceptors'?. Exciting
the system just below the CdSe absorption onset leads to a HET efliciency of 4.5%. For
higher energy excitations, electron injection from PbSe to CdSe QDs is mixed with the
contribution stemming from direct photoexcitation of the CdSe QDs, which represents
the dominant contribution to the CdSe bleach.

The observed trend in the electron injection efficiency can be understood within the HET
picture schematically depicted in Figure 2.4c. Electrons excited high in the manifold of
PbSe conduction band states lose their energy quickly. When the energy of the electron
drops below the CdSe QD 18 state, transfer is no longer possible. This implies that higher
energy electrons have a longer time-window to undergo HET. At the same time the
increase of the QD density of states as a function of electron energy leads to a higher
number of available CdSe states, increasing the rate of electron transfer.

In these experiments, only electrons in the CdSe QD 1Se level contribute to the bleach,
while undetected higher energy electrons can back-transfer to the PbSe QD component
before reaching the conduction band-edge. Therefore, the highest extracted HET efficiency
of 4.5% represents a lower limit for the real HET efliciency. Furthermore, higher transfer
efficiencies may be achieved by further increasing the initial electron energy, although
direct absorption from CdSe QDs prevents us from determining the transfer efficiencies
at higher excitation energies.

2.5  Rate-equation modeling

To obtain an estimate of the rate associated with the HET process from the HET efficiency,
it is required to model the competition between HET and electron cooling. We employed
a very simple rate-equation model, describing the conduction bands of the two materials
as a discrete set of levels with equal energy spacing and electron transfer rates that are
constant in energy and equal for forward and back transfer (See Appendix, Fig. 2.16). The
model was fitted to the dynamics of the CdSe 1S_ population in the QDH]J film, with the
transfer rate and the energy-loss rates in the two materials as fitting parameters. Figure 2.5a
shows the experimentally determined CdSe 1S_population for 675 nm excitation (black),
together with the fit of the population with the rate-equation model (blue). An electron
transfer rate of 1.1 ps™' and energy-loss rates of 2.2 eV/ps and 0.5 eV/ps for PbSe and CdSe,
respectively, are extracted from the fit. Figure 2.5a also shows the comparison between
the fractional CdSe 1S, population and the total HET efficiency (green), accounting for
the charges that back-transfer before reaching the lowest CdSe excited state. In this way, a
total HET efficiency of 6.2% is found.

The estimated energy-loss rates are in agreement with values reported in the literature®
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3031 The electron transfer rate of 1.1 ps is similar to rates observed for “cold” electron
transfer between CdTe and CdSe nanocrystals®® and for electron transfer between
differently sized PbSe QDs*2. Despite the strong oversimplifications, the model is able to
describe the kinetics of the experimental signal, yielding reasonable values for the cooling
and transfer rates.

2.6 DFT modeling

To verify the extracted efficiency and rate of HET and to test the physical description of
the competition between HET, cooling, and back transfer we also modelled the QDH]J
system with density functional theory (DFT) calculations on a system composed of a PbSe
QD and CdSe QD, bound covalently by a EDT bridge. To achieve the experimentally
reported type-I band alignment, we employed a ~1.2 nm CdSe QD passivated with
methane-thiol ligands and a ~1.8 nm PbSe QD passivated with formate ligands. After
geometrical relaxation, we analyzed the electronic structure of this system at the DFT/
PBE level of theory**?** using the CP2k code (Figure 2.5b)*. In this representation, each
line corresponds to a molecular orbital (MO), and the color of the line represents the
contribution of each fragment to this MO: the PbSe fragment is depicted in red, CdSe in
green, and the organic bridge in black.

At energies near the CB edge, the MOs are mostly localized on the PbSe QD, with the
exception of the 1S state of CdSe appearing at an energy of ~0.7 eV above the overall
conduction band edge. At higher excess energies (> 1.2 eéV) MO mixing occurs between
the CdSe and PbSe states. Such overlap is associated with the small inter-dot distance
provided by the EDT bridge, and is reduced if longer bridge molecules are used (Fig.
2.17-18). On the right of Figure 2.5b, four different molecular orbitals are depicted: (1)
a PbSe-localized MO located near the CB edge, (2) the 1S CdSe state that shows little
mixing with PbSe, (3) a delocalized MO at high excess energies, showing contribution
of all three fragments, and (4) a PbSe-localized MO also present at high excess energies.
We then performed time-domain non-adiabatic molecular dynamic (NAMD) simulations
(see computational details) to analyze the electron-phonon relaxation dynamics. Because
we are interested only in the electron relaxation, we fixed the hole at the VB edge, and we
started our NAMD simulations at different excess electron energies: ~1.2 eV (denoted A
in figure 2.5b), ~1.5 eV (B), and ~1.8 eV(C). Figure 2.5¢ shows the results of the NAMD
simulations. For all simulations, electron density is seen to transfer rapidly from the PbSe
QD to the CdSe QD on a ~50 fs timescale. Afterwards, the electron density is transferred
back to PbSe, and after about 600 fs, electrons are again fully localized on the PbSe QD.
Figure 2.5c also shows that by starting the dynamics at higher energy in the CB, the fraction
of electron density transferred to CdSe increases, in agreement with the experimental
observations presented above. The maximum fraction of electron density transferred to
the CdSe QDs is 20% in the TDDFT calculation. This number, which includes electrons
in all CdSe QD levels, not just the 1S_level, is somewhat higher than the experimentally
extracted 6.2%. The fact that the theoretical efficiency peaks at 20% is simply due to the
fact that the electron density spreads over both the PbSe and CdSe QD states before
localizing fully at the PbSe QD in the 1S_level.

36



Hot-electron transfer in quantum-dot heterojunction films

a o b
® CdSe 1S,: Experimental
;\? 5H ~— CdSe 1S,: Fit
= —— CdSe total: Fit
)
s 1 2
o
5 3
&
T 2
. seete,,
0.0 0.5 1.0 1.5
Time (ps) -
C —
S
()
SN—
>
g 08 Initial energy A B C QI:J')
© e _—— L
§ 0.2 Cdse —— —— —— 1 4
g L == Bridge
w o1 == PbSe QD
== CdSe QD
0.0 0-
0 200 400 600 800 1000
Time (fs) CdSeQD  PbSe QD

Figure 2.5. Modeling of HET. a, fit of the experimentally determined HET efficiency (black) with the
rate-equation model discussed in the main text. The blue curve shows the fitted efficiency of charge
injection in the CdSe 1S level, while the green curve indicates the total fraction of electrons injected
in any CdSe state. The TA measurement is performed exciting the HJ film with 650 nm laser light, with
a fluence of 4.14*10'? photons/(cm*pulse). b, Computed electronic structure at the DFT/PBE level of
theory of the PbSe-CdSe model system, which is composed of a PbSe QD and a CdSe QD coupled by a
EDT molecule (bridge). The horizontal bars specify what fraction of each molecular orbital is localized
on the PbSe QD (red), on the CdSe QD (green) and on the bridge (black). The contribution of the
EDT bridge is almost negligible. The figure also shows the molecular orbital plots associated with 1)
a high-energy state mostly localized on PbSe, 2) a high-energy state delocalized over both CdSe and
PbSe, 3) the CdSe 1S, state, and 4) the PbSe 1S, state. c, NAMD simulations illustrating the electron
dynamics started from three different initial conditions indicated in Figure 5b as A, B and C. Electrons
are rapidly injected into the CdSe QD, and transfer back on a longer timescale. The data show an
increase in the maximum transferred electron density for initial states with higher energy.

The combination of the experimental observation of HET and the DFT calculations shows
that HET between QDs can indeed take place on very short timescales provided that the
QDs are strongly coupled and wave functions at high energy are significantly delocalized
over both QDs. This strong coupling is evident in the calculated wave functions and,
given the good match with the experimental results, likely also occurs in the experimental
QDH]J film. Using longer ligands to space the QDs will slow down both the HET process
and the back-recombination rate. Engineering the coupling could potentially lead to an
optimum between HET and back transfer, as has been shown for electron transfer from
molecular dyes to TiO2 in dye sensitized solar cells*.

The above experiments show that HET between QDs is fast and feasible. However, for
applications that aim to make use of hot-carriers it is clear that a pathway away from
the CdSe QD - PbSe QD interface must be provided to avoid back transfer and to allow
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extraction of the carriers.

2.7 Conclusions

In conclusion, we have demonstrated ultrafast hot-electron transfer between two different
quantum dot species. A maximum of 4.5% was observed for the transfer efficiency just
below the CdSe QD absorption onset. Exciting above this threshold should give higher
transfer efficiencies. Electrons injected in CdSe QDs are quickly transferred back to PbSe
QDs, due to the type-I energy alignment. TDDFT calculations confirm the presence of
sub-ps electron transfer between the two QDs and the dependence of the HET efficiency
on the initial electron energy.

An efficient hot-carrier solar cell requires selective contacts, allowing only carriers within
a narrow energy range to be extracted’. Hence, in addition to efficient HET, hot-carrier
solar cells require control over the energy levels of both the donor and the acceptor in the
HET process. The QDH] system allows such control over the energy level of both the donor
and the acceptor and, as demonstrated here, may also show efficient HET, indicating QDs
as a promising material candidate for both light-absorbing and hot-electron extracting
materials in HET solar cells.

2.8 Methods

Synthesis of CdSe QDs. CdSe QDs were obtained via a hot-injection synthesis method, adapted from
van Embden et al.””. The QDs were synthetized by swift injection of a Se-precursor solution in a hot
Cd-precursor solution held at 260° and kept under nitrogen atmosphere, followed by multiple injections
of both solutions to sustain further QD growth. The Se injection solution was obtained dissolving
0.327 g Se powder in a solution of 2.5 g trioctylphosphine (TOP, tech grade 90%), 2.5 g 1-octadecene
(ODE, tech grade 90%) and 6 g oleylamine (OAm, tech grade 70%), yielding a clear and slightly yellow
solution, stored in a nitrogen-filled glovebox. The Se growth solution was obtained dissolving 0.25 g
of Se powder in 1.55 g TOP in a nitrogen-filled glovebox, yielding a clear solution. The Cd-precursor
growth solution was obtained adding 0.22 g CdO (99.999%), 0.970 g oleic acid (OA, 90%), and 6.23
g ODE to a 3-neck round-bottom flask (BPF) attached to a Schlenk line. The solution was degassed
under vacuum (< 1 mbar) for 1 hour at 80°, it was heated to 260° under nitrogen atmosphere until it
turned clear and then cooled back to room temperature. Oleylamine (1.13 mL, tech grade 70%) was
added to the Cd-solution during cooling. The Cd growth solution was stored in a glovebox. Finally
0.22 g CdO, 3 g OA and 30 g ODE were added to a 3-neck BPF flask, degassed under vacuum for 1
hour at 80° and heated to 260° until the solution turned clear. The Se injection solution was loaded
into a 24 mL syringe equipped with a 16G needle an quickly injected into the cadmium solution at
260°. The temperature of the reaction solution was allowed to recover to 250°, where it was held for
QD growth. After 20 min, 2 mL of cadmium growth solution and 0.2 mL of selenium growth solution
were added dropwise to the reaction. After 3 additions, one every 10 min, the reaction was allowed to
proceed further for 10 minutes at 250°, then cooled at room temperature. The reaction solution was
washed three times via QD precipitation, induced by the addition of acetone and centrifugation, and
resuspension in toluene. After the last precipitation step, the QDs were resuspended in hexane and
were stored in a glovebox.

Synthesis of PbSe QDs. PbSe QDs were obtained via a hot-injection synthesis method, adapted
from Steckel et al.*®. The QDs were synthetized by swift injection of a Se-precursor solution in a hot
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Pb-precursor solution held at 120° and kept under nitrogen atmosphere. The Se injection solution
was prepared dissolving 0.553 g Se powder in 19 mL TOP and adding 0.13 mL diphenylphosphine
(DPP, 98%). The reaction solution was prepared adding to a 3-neck BPF flask 1.35 g PbO (99,999%),
17 mL ODE and 4 mL OA. The flask was connected to a Schlenk line, where the solution was degassed
under vacuum (<1 mbar) for 1 hour, then heated to 125° under nitrogen atmosphere, until it turned
clear. The solution was further degassed under vacuum at 100° for half an hour, then heated back to
180° under nitrogen atmosphere. The Se injection solution was loaded into a 20 mL syringe equipped
with a 16G needle, and quickly injected into the reaction solution. The solution temperature dropped
to approximately 120° after injection. The reaction was allowed to proceed for 30 s, after which it
was quenched by immersing the flash in water bath. The reaction solution was diluted in hexane,
with addition of ethanol to induce QDs precipitation upon centrifuging. The washing procedure was
repeated three times, then the QDs were resuspended in hexane and stored in a glovebox.

TEM analysis. HR-TEM images were obtained from a JEOL-JEM 3200 FSC microscope. PbSe and
CdSe QDs were deposited on a copper TEM grid covered with a 3 nm thick carbon supporting layer. A
single dip-coating cycle was used for each QD material, to obtain roughly a monolayer coverage of the
grid. A Fast Fourier Transform (FFT) analysis performed on the TEM images revealed the presence of
two lattice periodicities. Applying a band-pass Fourier filter to the TEM image, in order to selectively
display one of the two lattice spacing, we found that the smallest lattice spacing correspond to smaller
QDs. Furthermore, FFT analysis of individual QDs revealed a square geometry for the reciprocal space
points for the smallest spacing component, with a d-spacing of 3.08 nm, compatible with the expected
values for a {200} PbSe plane. For the other component, a d-spacing of 3.7 was observed, which can be
associated with a {111} plane in wurtzite CdSe. We conclude that both QD species are present on the
TEM grids and that intimate contact is possible between QDs of the two materials.

Film fabrication. The heterojunction films were fabricated via layer-by-layer growth with a
mechanical dip-coater (DC Multi-8, Nima Technology), performed inside a nitrogen-filled glovebox.
Each layer is obtained by dipping for 30 seconds a quartz substrate in a solution of QDs (PbSe or
CdSe) in hexane, followed by 20 second drying outside the solution, 30 seconds dipping in a solution
of the linker molecule (EDT or EDA) in acetonitrile. The concentration of the QD solution was 0.1
mM, determined from the linear absorption of the solutions and from the size-dependent extinction
coeflicient reported in literature®” *°, while the ligand solution had a concentration of 10 mM for EDT
and 1 M for EDA. The LbL procedure was repeated 14 times for the EDT capped film (12 for the
EDA capped), yielding 7 (6) layers of each of the two QD materials. For each HJ film, two reference
individual-QD films were fabricated, employing only one of the two QD solution and half of the total
LbL cycles. Thickness measurements were performed scratching a QD film with a razor blade and
measuring the depth of the scratch with a profilometer (DEKTAK 8, Veeco). A film thickness of 75 nm
was measured for a HJ film fabricated with similar conditions as the EDT-capped HJ film measured
in Transient Absorption, while the reference CdSe QD film had a thickness of 47 nm. These values
correspond to a layer thickness of 1.6 QDs per layer for the CdSe QD component and 1.8 QDs per
layer for the PbSe QD component.

Transient Absorption. Pump-probe TA measurements are performed on solid state samples placed
inside an air-tight holder, loaded inside a nitrogen filled glovebox. Two quartz windows on opposite
sides of the holder allow to perform optical measurements on the sample. A Yb:KGW oscillator
(Light Conversion, Pharos SP) is used to produce 180 fs pulses with a 1028 nm wavelength, at a 5
kHz frequency. The pump beam is obtained by sending the fundamental beam through an Optical
Parametric Amplifier (OPA) equipped with a second harmonic module (Light Conversion, Orpheus),
performing non-linear frequency mixing and producing an output beam whose wavelength can
be tuned in the 310-1330 nm window. A small fraction of the fundamental beam power is used to
produce a broadband probe spectrum (500-1600nm), by supercontinuum generation in a sapphire
crystal. The pump beam is transmitted trough a mechanical chopper operating at 2.5 kHz, allowing
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one every two pump pulses to be transmitted. Pump and probe beam overlap at the sample position
with a small relative angle (~8°), with a relative time delay controlled by an automated delay-stage.
After transmission through the sample, the pump beam is dumped while the probe is collected at a
detector (Ultrafast Systems, Helios). The differential absorbance is obtained via AA=In(I_/I ;), where
I is the light incident on the detector with either pump on or pump off. TA data are corrected for
probe-chirp via a polynomial correction to the coherent artifact. Pump photon fluence was estimated
by measuring with a thermopile sensor (Coherent, PS19Q) the pump beam transmission through a
pinhole of 1 mm radius.

TDDFT calculations of a coupled PbSe QD - CdSe QD system. To computationally investigate the
electron injection between PbSe and CdSe QDs, we employed one of the most powerful approaches
to study the electron-phonon relaxation dynamics: the non-adiabatic molecular dynamics (NA-MD)
method. NA-MD combines a classical description of the nuclei motion and a time-dependent
description of the electronic evolution, which includes quantum transition between electronically
excited states. In this framework, electrons move in the potential energy surface of a single adiabatic
electronic excited state, while the whole set of excited states, is computed “on-the-fly” at each step
of the trajectory. Quantum transitions between different electronic states are evaluated stochastically
using the fewest switches surface hopping (FSSH) method developed by Tully*'. When implemented
in the time-domain Kohn-Sham (TDKS)*, TDKS-FSSH can be used to study electronic transitions
for large systems, whereas multi-electronic excited states are derived from one-electron transitions
between the computed Kohn-Sham (KS) orbitals.

The time-dependent wave function of the system is calculated in the basis of KS orbitals by:

[L0at)= (0], (x:R)) 2.3
k=1

Where c,(t) are the time-dependent expansion coefficients and ¢ (xR) is the adiabatic wave
function representing the electronic excited state p. The electronic solution is obtained by solving the
time-dependent Schrodinger equation:

By combining the two equations above, we obtain the time-dependent Schrédinger equation in the
basis of the expansion coefficients:

Ne
0= e, 06,8+ ) 2

where ¢_ is the energy of the excited state m and d,__ is the time-derivative non-adiabatic coupling
vector between states k and m, and can be reformulated as:

dyy =~ h<‘ﬂk

0
2 2.6
2 )

Typically, a standard electronic structure package provides the energies and the coefficients of the
KS orbitals, while a separate module is needed to compute non-adiabatic couplings in (4). For this
purpose, we have implemented a new module called QMflows-NAMD [https://github.com/SCM-NV/
qmflows], which interfaces several quantum chemical codes with PYXAID, a program that describes
the time evolution of electronically excited states as illustrated in equation 2.5**. QMflows-NAMD
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is used to compute the molecular orbital coefficients, energies, and the nonadiabatic coupling elements
between KS states at the DFT level of theory using the CP2k code. The non-adiabatic couplings
are evaluated numerically using the Meek-Levine formula®. Additionally, a min-cost algorithm,
implemented in QMflows-NAMD, is used to track the nature of each electronically excited state along
the whole trajectory*. Finally, the non-adiabatic couplings and excited state energies are written on file
in a format readable by PYXAID, which is then used to study the time evolution of the excited states.
Here we employed the neglect the back-reaction approximation to decouple the electron dynamics
from the nuclear dynamics, and ultimately using the ground state trajectory as the only meaningful
one”. Such approximation has been demonstrated to be valid for large nanocrystals*.

To study the electron dynamics, we first relaxed the PbSe-CdSe system to its most stable structural
configuration. We then performed an equilibration NVT dynamics using ab-initio DFT/PBE
molecular dynamics simulation at 300 K using a velocity rescaling thermostat. Once the system had
reached an equilibrium, we performed a production run with an NVE ensemble for 2 ps.

For each simulation, we used a single initial condition at t=0, and we solved stochastically between
7-14 hopping trajectories, depending on the number of available PbSe-localized states available in
between CdSe-localized states at different excess energies.
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Figure 2.6. Identification of the two quantum dot (QD) components via Transmission Electron
Microscopy (TEM). a, TEM image of a sample fabricated dipcoating a TEM grid one time in a
PbSe QD solution, one time in a CdSe QD solution, and ligand exchanging for EDT linkers between
the cycles. b, Fourier transform of Figure 2.6a, highlighting the presence of two rings of diffraction

features. c, radial integration of Figure 2.6b, fitted with a Gaussian feature and a line.

Fourier analysis of TEM images

Figure 2.6a shows a TEM image of a substrate dipped once in a solution of PbSe QDs
(2.3 nm) and in a solution CdSe QDs (4.5nm), followed by ligand exchange with
ethanedithiol (EDT) linkers. The small size of the PbSe QDs and the material contrast of
the CdSe QDs did not allow us to resolve the two QD components with our TEM setup.
Therefore, we performed a Fourier transform of the images, displayed in Figure 2.6b,
highlighting the presence of two resolvable lattice distances.

Radial integration of the Fourier transform, displayed in Figure 2.6¢, revealed the
presence of two intensity peaks superimposed on a varying background. Fitting the
two peaks with a Gaussian profile and a linear slope, approximately describing the
background, yielded a d-spacing for the two features of 0.32 nm and 0.37 nm.

Table 2.1. d-spacings for planes in rocksalt-PbSe.

Rocksalt-PbSe Miller indices d-spacing (nm)
{200} 0.306
{2-20} 0.217
{4-2-2} 0.126
{4-40} 0.109

Table 2.2. d-spacings for planes in wurtzite-CdSe.

Waurtzite-CdSe Miller indices d-spacing (nm)
{100} 0.372
{002} 0.351
{101} 0.329
{102} 0.255
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Figure 2.7. Fourier analysis of neighboring QDs. a, superposition of two images obtained applying
to the image in Figure 2.6a two different Fourier bandpass filters, selecting the periodicity 0.32 + 0.02
nm (red) and 0.38 + 0.02 nm (green). b, Fourier transform of the portion of Figure 2.7a contained
in the green square. ¢, plot of the intensity of the diffraction features in Figure 2.7b along the radial
direction (blue lines). d, Fourier transform of the portion of Figure 2.7a contained in the red square.
e, plot of the intensity of the diffraction features in Figure 2.7d along the radial direction (blue line).
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Applying a bandpass filter to the image, centered to one of the two periodicities, and
taking the inverse Fourier transform of the image, we produce two images containing
only the atomic features corresponding to the selected lattice spacing. Figure 2.7a shows
the superposition of the two images: the atomic feature corresponding to the 0.32 +
0.02 nm periodicity (highlighted in red), those corresponding to the 0.38 + 0.02 nm
periodicity (in green). Table 2.1 and Table 2.2 show the calculated lattice spacing of
different planes for rocksalt PbSe and wurtzite CdSe, respectively. It must be noted that,
while the 0.38 nm can be unambiguously assigned to the periodicity of the {100} plane
of wurtzite CdSe, the Fourier peak at 0.32 nm can contain contributions from both the
CdSe {101} plane and the PbSe {200} plane. From Figure 2.7a it can be seen how the
QDs corresponding to the 0.32 nm periodicity have a smaller size than the other QDs,
suggesting this periodicity can be attributed primarily to the presence of the smaller
PbSe QDs. Applying the Fourier transform on the two neighbouring QDs shown in
Figure 2.1a (red and green rectangles in Figure 2.7a), produces the Fourier images in
Figure 2.7b and Figure 2.7d. Figure 2.7b corresponds to the QD with 0.32 nm spacing
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Figure 2.8. TA response of an EDA-capped HJ film. Color map showing the differential absorbance
of a HJQD film composed of 4.5 nm CdSe QDs and 2.3 nm PbSe QDs, treated with EDA. The film is
excited at 700 nm with an absorbed fluence of 9.03-1012 photons/cm2 per pulse.
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(red highlights) and clearly shows a square arrangement of the diffraction points. The
d-spacing, shown by the intensity peaks in Figure 2.7c, closely matches the predicted
0.306 nm spacing of {200} planes in PbSe. Similar analysis of the other QD (green
highlights) reveals diffraction peaks with centered at 0.37 nm, closely matching the
periodicity of {100} facets in wurtzite CdSe. Hence, we attribute the two QDs to the two 2
different materials and note that they are in close proximity to each other but that they

remain distinct particles.

Transient Absorption results for an EDA-treated film

This section shows the result of a TA investigation on the HJQD film treated during the
layer-by-layer processing with ethanediamine (EDA) instead of EDT. The treatment is
expected to reduce inter-particle distance via removal of the original ligands, leading to
QD necking**.

Figure 2.8 shows a TA measurement performed on the EDA-treated HJQD film with

700 nm excitation, showing the same behavior observed for the EDT treated films: the
appearance of a CdSe bleach upon photoexcitation, which decays in a sub-ps timescale;
on a longer time-scale (~100 ps) a derivative-like feature appears at the CdSe bandgap
energy. The traces in Figure 2.9a show the normalized CdSe bleach of the EDA-HJQD
film obtained fitting TA measurements performed with different excitation wavelengths.
The initial value of the bleach increases for decreasing excitation wavelength, as observed
for the EDT-treated films. HET efficiency values obtained for the measurements are
shown in Figure 2.9b, which are in line with the values obtained for the EDT-treated
sample.
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Figure 2.9. Hot-electron transfer in an EDA-capped HJ film. a, fitted amplitude of the CdSe
bleach component of the EDA-HJQD film, plotted for different excitation wavelengths. b, plot of the
bleach amplitude maxima as a function of excitation energy. The right axis shows the HET efficiency
corresponding to each bleach value. Error bars are obtained from the standard deviation of the
amplitude maxima, obtained from repeated measurements. The green line indicates the onset of the
CdSe QD absorption. Error bars are obtained from the standard deviation of the bleach amplitude
maxima obtained in repeated measurements.
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Figure 2.10. Spectro-electrochemical determination of conduction band offset. a-b, differential
absorbance of the QDH]J film as a function of the applied potential, for the visible (a) and NIR (b)
spectral regions, highlighting the presence of two bleach features at the bandgap of the two QD
materials. ¢, Amplitude of the Gaussian features fitted to the PbSe and CdSe bleach as a function of
the applied potential.

Spectro-electrochemical determination of conduction-band offset in heterojunction
film

The HJ film used for the spectro-electrochemical measurements was prepared depositing
alternating layers of the same QD materials used for the TA study, using a layer-by-layer
dipcoating processing on an ITO substrate. During each deposition cycle the film is
dipped into the QD solution, slowly extracted, leaving a layer of QDs on the substrate,
and then ligand exchanged with ethanedithiol (EDT).

The spectro-electrochemical measurement was performed in a previously reported
setup®. The sample was immersed in a LiClO4 electrolyte solution in acetonitrile,

with a Ag wire pseudoreference electrode and a Pt counter electrode. The potential of
the sample was controlled with a PGSTAT128N (Autolab) potentiostat, while changes
in the sample absorbance were monitored simultaneously with a USB2000 (Ocean
Optics) spectrometer (300-1000 nm) and a NIRQuest 256 (Ocean Optics) spectrometer
(900-2500 nm). In the following text, reported values of the potential are relative to the
potential of the Ag electrode.

The CV scan was performed with a scan rate of 20 mV/s, scanning from 0 to -1 V.

Figure 2.10a shows the absorbance changes of the QDHJ film in the visible range.
No absorbance change is observed up to -0.7 V, after which a positive background
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starts increasing, remaining roughly constant over the visible range. Around -0.8 V a
bleach feature appears on top of the positive background at the wavelength of CdSe 1S
absorption (597 nm), indicating the injection of electrons in the conduction band of
CdSe QDs. Figure 2.10b shows the same potential scan, monitored in the NIR range.
From ~-0.6 V a bleach feature appears at the wavelength of the PbSe 1S absorption
(1068 nm), indicating electron injection to the conduction band of PbSe QDs. When
the potential is lowered further, a broad induced absorption feature start increasing, and
eventually dominates the signal for the lowest potentials. The spectral traces obtained
from the two measurements where fitted at each applied potential, to separate the
bleach contribution from the induced absorption background. The visible range data
were fitted with the sum of a Gaussian term (CdSe bleach) and a constant background.
The NIR signal was fitted with a Gaussian term (PbSe bleach) and a linear term, to
empirically take into account the shape of the NIR background. Figure 2.10c shows the
amplitudes of the two Gaussian terms, allowing us to extract the potential difference
between the onsets of the bleach features; i.e. AV=0.25 V . The measured offset probably
provides an upper limit for the actual conduction band offset, as additional energy is
required to overcome charging effects.

Rise dynamics of CdSe QDs bleach signal

Rise time of CdSe bleach signal: T
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Figure 2.11. Rise time coefficient for the CdSe QD bleach signal as a function of excitation energies.
Going from direct excitation of CdSe QDs to the hot-electron transfer excitation regime leads to a
sharp increase in the rise time, arising from the electron transfer pathway. Error bars represent the
standard deviation of the rise time coefficients at each excitation wavelength, obtained from repeated
measurements.
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In order to quantify the rise time of the CdSe QDs bleach signal, we fitted the
experimental bleach traces to the equation:

t—t
f(t)y=Al1+erf 0 .
(t) [+er[\/§0]] 2.7

Where o is a coefficient indicating how quickly does the bleach signal rise. Figure 2.11
shows a plot of o for different excitation wavelengths, indicating that the CdSe bleach
rise time increases sharply going from direct CdSe QD excitation to a sub-CdSe bandgap
excitation of the system. In this regime, the electron needs first to transfer from PbSe

to CdSe QDs, and subsequently cool within the manifold of CdSe excited states, thus
resulting in a longer build-up time for the bleach signal.

Estimate of electron back-transfer from CdSe to PbSe QDs

TA measurements on the QDHJ film show that the CdSe bleach decays rapidly after
photoexcitation, for both below and above CdSe bandgap excitation, indicating that
electrons leave the CdSe QDs. The measured type-I band alignment between the two QD
materials suggests electrons would favorably transfer from CdSe to PbSe QDs.

To confirm this relaxation pathway, we measured the TA response at the bandedge

of the PbSe QD component, comparing the PbSe bleach measured with different
excitation energies. Upon below CdSe bandgap excitation, only a small fraction of the
excited electrons populate CdSe QDs (Fig. 2.4b). Conversely, above CdSe bandgap
excitation results in more than 15% of the charges localizing on CdSe QDs, estimated
with the same method employed to calculate HET efficiencies: rescaling the initial
normalized bleach by the bleach cross section. Figure 2.12 displays in as red dots the
normalized PbSe bleach for below CdSe-bandgap excitation. Errors bars, when present,
are obtained repeating the measurement with different excitation fluence and taking

the standard deviation of the results. This procedure is allowed because of the linearity
of the measured bleach signal with power. Comparing the average value of the PbSe
bleach for below CdSe-bandgap excitation (red line) with the values obtained for above
CdSe-bandgap excitation (green points), it is possible to notice that the difference is not
statistically significant. Thus, within the accuracy of the measurement, initial excitation
of a significant fraction of electrons in CdSe QDs doesn't result in an appreciable change
in the final electron population of the PbSe QDs. We then estimated the expected
decrease in PbSe bleach in the absence of electron transfer, multiplying the average PbSe
bleach with the fraction of charges initially photoexcited on PbSe QDs. The estimated
bleach values (Figure 2.12, blue dots) are significantly lower than what is experimentally
observed. The result suggests near unity yield of the transfer process from CdSe to PbSe
QDs.

Fitting method for TA measurements

To solve the spectral overlap between the TA features of the two QDs in the visible range
we fitted each TA spectrum with the function:
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Figure 2.12. Normalized PbSe TA bleach as a function of excitation wavelength. The red dots
indicate the value of PbSe bleach for below CdSe-bandgap excitation, while the green dots show the
PbSe bleach for above CdSe-bandgap excitation. Comparing the average value of the PbSe bleach for
below CdSe-bandgap excitation (red line) with the green dot values indicates that the two excitation
regimes produce the same amount of PbSe bleach, within experimental errors. Furthermore,
estimating the reduction of PbSe bleach in the case of negligible electron transfer (blue dots) indicates
that the constant PbSe bleach value is associated with efficient transfer from CdSe to PbSe QDs. Error
bars are obtained repeating the measurement with the same excitation wavelength multiple times and
calculating the standard deviation of the normalized TA bleach.

— (>‘7>‘9)2 ()‘7>‘9)2 (Af)‘g*A/\fh)z
fLt)=A,(t)exp —2—; +A.(t){exp —T‘; —exp|— 707
A, (A=A () 2.8

The first term, a Gaussian peak, accounts for the bleach of the Gaussian-shaped CdSe

1S feature. The second term describes the TA signal produced by a shift of the linear
absorption associated with electrostatic interaction: it is obtained by subtracting the
Gaussian feature of the unperturbed CdSe 1S absorption by the same Gaussian feature
shifted by AA . The last term is a line, empirically describing the shape of the slowly
varying PbSe induced absorption background in a small wavelength range around the
CdSe 1S feature. Of the 7 fit parameters, 3 are held constant: A_and o_are extracted from
a fit of the CdSe 1S linear absorption in a CdSe-only film; A\, is fixed at 5 nm, chosen
to be a reasonable value for a Stark-shift of the CdSe 1S transition (more details on the
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choice for A\ are provided in the following section). Thus the TA signal originating
from the CdSe QDs is fitted changing the amplitudes of two fixed-shape features, while
the line describing the PbSe background is left unconstrained.

The bleach amplitude A (t), extracted from the fit, is multiplied by V27 o, to obtain
the energy integrated bleach amplitude AA* (t), whose value divided by the absorbed
photon fluence is shown in Figure 2.4a for different excitation energy.

Effect of the choice of A\ ; on the TA fit

The A\ parameter of the TA fit was held at a constant value of 5 nm, corresponding to
a 17 meV redshift of the CdSe absorption spectrum. Similar shift values were obtained
in electric-field dependent PL measurements on CdSe QDs under a ~100 kV/cm electric
field*. Figure 2.13 shows the CdSe bleach rescaled by the absorbed photon fluence,
obtained fitting the same TA measurement (700 nm excitation, 1.05-10"* photons/
cm’pulse) with AA, values between 3 and 10 nm. While the choice for A\ | affects
appreciably the bleach estimate in the 10 ps — 3 ns range, the peak value of the bleach
remains largely unaffected. Thus the HET efficiency, based on the peak value of the
bleach, can be safely estimated considering any A\ | value in the 3 - 10 nm range.

Response of CdSe QD film in TA measurements with below-bandgap excitation

As mentioned in the main text, exciting a CdSe QD film below the onset of its linear
absorption still results in bleaching of the CdSe bandedge absorption, which is however
negligible compared to the magnitude of bleach arising in the HJ film excited at the same
wavelength with comparable power (Figure 2.2f).
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Figure 2.13. Influence of AX  on the fit of the CdSe 1S bleach. Time-dependence of CdSe rescaled
bleach obtained fitting a TA measurement with different values of the A\, parameter. The TA
measurement was performed exciting at 700 nm, with a fluence of 1.05-10'* photons/cm*pulse.
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Figure 2.14. Power dependence of below-bandgap excitation response in a CdSe QD film. Exciting
a CdSe QD film with 700 nm light, a small bleach of the CdSe 1S feature develops. The intensity of the
bleach signal scales linearly with the incoming power.
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Figure 2.15. Estimate of the contribution of direct CdSe excitation to the CdSe 1S bleach. a, bleach
per incoming photon per pulse in the HJ and CdSe QD film, as a function of excitation wavelength.
The graph makes clear that the bleach arising from CdSe QDs alone does not contribute significantly
to the signal observed in the HJ film. b, ratio between the CdSe bleach amplitude observed in the HJ
film and the same quantity measured in the CdSe QD film. Error bars represent the standard deviation
of the ratios at each excitation wavelength, obtained from repeated measurements.
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We characterized the behavior of the CdSe QD film upon below-bandgap excitation,
measuring the power-dependence of the bleach resulting upon 700 nm excitation. Figure
2.14 shows the power-dependence of the bleach signal, averaged over three different
time intervals, showing a linear dependence.

The presence of a bleach feature in the CdSe QD film for below-bandgap excitation is
clearly arising from a different process than the one proposed for the HJ film, involving
transfer of hot-electron from PbSe to CdSe QDs. Thus, is crucial for our interpretation
of the CdSe TA bleach in the 675-1100 nm excitation range that the bleach observed in
the CdSe QD film is negligible compared to the same quantity measured in the HJ film.
We compared the amplitude of the bleach feature in the CdSe QD film and HJ film,

for excitations in the 675-800 nm range. The bleach amplitudes were rescaled by the
number of incoming photons in each pulse, exploiting the linearity of the bleach with
the incoming power, in order to compare measurements with different powers. Figure
2.15a shows the bleach per incoming photon in the two films. Figure 2.15b shows the
ratio between the bleach amplitude in the HJ film and in the CdSe QD film, indicating
that the HJ film signal remains more than 20 times higher than the signal observed in
the CdSe QD film.

Determination of the bleach cross-section of CdSe QDs

In order to quantify the efficiency of the transfer process, we need to estimate the bleach
induced in a CdSe QD by a unit area density of electrons; i.e. the bleach cross-section o,.
As reported by Boehme et al.?%, the energy integrated differential absorption of the CdSe
1S feature can be related to the area-density of electrons N, by:

AA*=N T 2.9
“In(10)

where o, is an energy integrated bleach cross-section and F, ] is the absorbed photon
fluence. In a CdSe QD-film, directly excited and in absence of carrier multiplication

or significant Auger recombination during the excitation pulse, each absorbed photon
leads to the creation of one exciton. Thus, directly after photoexcitation, N=F ], and the
bleach cross-section can be determined as:

AA*(t =0,CdSe-only)
Fodo

In(10) 2.10

0, =

Rate-equation model for the fitting of CdSe bleach dynamics

In order to rationalize the dynamics of the CdSe bleach observed in the TA
measurements, we consider HET to be in competition with cooling and back-transfer
of injected electrons to PbSe QDs, and employ a rate-equation model to qualitatively
describe the process. The conduction bands of the two materials are modeled by two
sets of electron levels, uniformly spaced in energy and displaced by a fixed conduction
band offset, determined spectro-electrochemically. The energy spacing between levels,
dE, is taken as small as possible, to simulate a continuous density of states. This choice
is motivated by the lack of detailed information on the position of energy levels in the
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Figure 2.16. Schematics of the energy structure in the rate-equation model. The conduction bands
of the two materials are represented via two sets of energy states, separated by an arbitrarily chosen
energy spacing dE. The two cooling rates (k, ... and k, , . ) and the transfer rate (k) are constant in
energy.

coupled QD film. The rate of population change of an electron level N_(x = CdSe or
PbSe) is determined by:

d(;\ix (t,E)=k, (N, (t,E) =N, (t,E))O(E — Ecys, )

+ke (N, (t,E-+dE)—N,(t,E))O(E—E, ) 2.11

where k_and k_are, respectively, the rate of transfer between the two QDs and a
transition rate to the following lower energy state in the same QDs, while dE indicates
the chosen energy step. ® indicates the Heaviside function, stopping the transfer
between the two QDs for states below the lowest CdSe state and stopping the cooling

at the conduction band edge of each material. The transfer rate and the cooling rate are
assumed to be independent of electron energy and the transfer rate is assumed to be
equal in both directions, in order to keep the model as simple as possible.

The simulation is initialized with the electron density completely localized on a single
PbSe level at energy E__, determined considering a symmetric division of the photon
excess energy between electron and hole. As the simulation evolves, the electron density
starts spreading to lower energies and transferring to the CdSe QD component. At each
time t, the electron density N(t, E) is equal to the probability of finding an electron in E,
at time t, given an initial excitation at the energy E .

The model was used to fit the time-dependence of the fractional CdSe 1S, population,
determined experimentally, using the transfer rate and the two materials cooling rates
as fitting parameters (Figure 2.16). The rate k _sets the cooling dynamics in each of the
two energy continua, and, as such, depends on the choice of the energy spacing between
levels. We can relate the value of k to the experimentally determined energy loss rate,
v~k dE.
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Figure 2.17. Influence of ligand length on the electronic structure. Conduction band electronic
structure of a coupled CdSe QD - PbSe QD system (see Methods) for two different bridging molecules:
ethanedithiol (EDT) and hexanedithiol (6DT). Each line corresponds to a molecular orbital (MO),
and the color of the line represents the contribution of each fragment of the simulation to the MO:
the PbSe fragment is depicted in red, CdSe in green, and the organic bridge in black. It can be seen
that for the EDT linked system, most of the MOs with a contribution from the CdSe fragment have a
significant contribution from the PbSe fragment, resulting in a high degree of electron delocalization.
Conversely, for the 6DT-linked system, MOs are mostly localized on one of the two QDs.
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Figure 2.18. Influence of ligand length on electron delocalization. MO plot for the lowest energy MO
with a significant contribution from the CdSe fragment. The EDT-linked system shows delocalization
of the MO on the PbSe QD, while the 6DT-linked MO remains localized on the CdSe QD.
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Chapter

Engineering the band-alignment in QD heterojunction
films via ligand exchange

Abstract

Colloidal Quantum Dots (QDs) allow great flexibility in the design of optoelectronic devices, thanks
to their solution-processed thin-film assembly and their size-dependent optical and electronic
properties. In particular, in QD-based heterojunctions, the bandgap of both components can be
controlled by varying the size of the QDs. However, control over the band-alignment between the
two materials is required to tune the dynamics of carrier transfer across an heterostructure.

We demonstrate that ligand-exchange strategies can be used to control the band-alignment of PbSe
and CdSe QDs in a mixed QD solid, shifting it from a type-I to a type-II alignment. The change
in alignment is observed in both spectroelectrochemical and transient absorption measurements,
leading to a change in the energy of the conduction band-edges in the two materials and in the
direction of electron transfer upon photoexcitation. Our work demonstrates the possibility to tune
the band-offset of QD heterostructures via control over the chemical species passivating the QD
surface, allowing full control over the energetics of the heterostructure without requiring changes
in the QD composition.

Based on: Gianluca Grimaldi, Mark J. van den Brom, Indy du Fossé, Ryan W. Crisp, Nicholas
Kirkwood, Solrun Gudjonsdottir, Jaco J. Geuchies, Sachin Kinge, Ivan Infante, Laurens D.A.
Siebbeles and Arjan J. Houtepen. In preparation.



Chapter 3

3.1 Introduction

Semiconductor heterojunctions provide control over the distribution and the motion of
charge carriers, and thus are at the core of many optoelectronic devices. Semiconductor
quantum dots (QDs) offer great flexibility in designing heterojunctions. The bandgap
of QDs can be readily tuned via a change in the QD size, without requiring changes in
material composition'*. Colloidal solutions of QDs can be cast into thin films via solution-
based processing, leading to densely packed films of QDs>®. During film fabrication, the
long, insulating ligands capping the surface of as-synthesized QDs can be exchanged for
shorter, more conductive ligands®'*, allowing a high degree of electronic coupling between
QDs while maintaining the quantum confined nature of QD states. These properties make
QD solids excellent candidates for use in solar cells'®", transistors'® 222, LEDs**?*4, lasers®”
% and photodetectors®>!. In contrast to bulk semiconductor heterojunctions, junctions
formed between different QDs do not require epitaxial connections, which allows the
fabrication of QD films composed of different, non-lattice-matched QD components,
without building up strain in the system.

Beside the tunability of QD bandgaps, numerous studies have demonstrated that the
ligands on the QD surface significantly affect the position of the QD band-edges with
respect to the vacuum level'>32-3%364_This effect arises from changes in the surface dipoles
induced by the different ligands: inward-pointing surface dipoles increase the electron
affinity, i.e. the difference between the vacuum level and the conduction band, while
outward-pointing surface dipoles decrease it*2. The possibility to shift the energy structure
of QDs via control of the capping ligands, depicted schematically in Figure 3.1a, can be
used to control the band-offset in a junction. Chuang et al.’ and Santra et al.*” showed
the effect of the ligand shift on working devices, by fabricating a homojunction with two
different ligand treatments on PbS QDs, resulting in an increase of the photovoltaics
performance of a QD-based solar cell.

In this work, we use ligand-exchange treatments to control the band alignment of QD
heterojunctions. We fabricated films composed of alternating layers of PbSe and CdSe
QDs via layer-by-layer dip-coating. The film structure is shown schematically in Figure
3.1b. During the fabrication step, the oleate ligands, capping the as-synthesized QDs, are
exchanged for shorter ligands. In earlier work performed in our group, we characterized
the band-alignment of PbSe-CdSe heterojunction films capped with ethanedithiolate
ligands (EDT). We found a type-I alignment between the two materials, in which the
band edges of the smaller bandgap component (PbSe) are located within the bandgap of
the larger bandgap component (CdSe), as represented in Figure 3.1b*.

Although a type-I alignment is beneficial for optoelectronic applications involving
radiative electron-hole recombination, such as LEDs or lasers, for many devices other
band-alignment configurations are preferred. Type-II heterojunctions lead to separation of
photoexcited electrons and holes, decreasing their recombination rate and thus increasing
their lifetime. Such a configuration is preferred for light detection and photovoltaic
applications. Alternatively, it could be beneficial to have a so-called quasi-type-II
band-alignment, where the conduction band (CB) levels of both materials are resonant.
This would be ideal in the context of optimizing carrier multiplication, where upon photon
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Figure 3.1. Schematics of QD heterojunction films. a, The band-edges of a semiconductor QD can
be shifted by the presence of passivating ligands with different dipole moments'>**%. b, Structure of a
PbSe-CdSe heterojunction QD film, fabricated by dip-coating alternating layers of PbSe and CdSe QDs,
and ligand-exchanging the original ligands of the as-synthesized QDs for shorter linker molecules.
The inset shows the heterojunction formed by CdSe and PbSe QDs treated with ethanedithiol (EDT),
characterized by a type-I band-alignment*. ¢, Relative energy shift induced by the benzenethiol (BT,
top left) and tetrabutylammonium chloride (TBACI, top right) ligand treatment with respect to the
band-edge position in an EDT capped QD, as reported by Brown et al.*?, together with the possible
type-II heterojunction resulting from BT-treatment of PbSe QDs and TBACI-treatment of CdSe QDs.

absorption in the CdSe QDs, impact ionization of the hole can lead to the generation of
multiple electron-hole pairs, as has been shown for CdSe/PbSe core-shell QDs* and Janus
particles®. In general, it is clear that the ability to control the relative alignment of the
energy levels increases the possibilities to form functional QD heterojunctions.

We demonstrate that the type-I band-alignment between CdSe and PbSe QDs, can be
altered into a type-II alignment (see Figure 3.1c) by the functionalization of the two
QD components with appropriate ligands. Considering the changes in electron affinity
reported by Brown et al.*?, we treated the PbSe QDs with benzenethiol (BT) ligands,
leading to lower electron affinities than the EDT treatment. The CdSe QDs were treated
with tetrabutylammonium chloride (TBACI), leading to higher electron affinities than the
EDT treatment.

We performed spectroelectrochemical measurements on heterojunction QD films,
confirming a type-I alignment for EDT capped heterojunctions, which is altered into
a type-1II band alignment following a BT-TBACI treatment. Transient absorption (TA)
measurements confirm that this type-II offset leads to charge separation and longer charge
carrier lifetimes, but also reveal the presence of a high density of interfacial trap states. Our
results demonstrate the possibility to engineer the band-alignment of QD heterojunctions
via control of the passivating ligands on the QD surface, enabling full control over the
energetics of the heterojunction. At the same time, a high degree of electron trapping at
interfacial states is observed, which hinders the usage of PbSe-CdSe QD heterojunctions.
Density functional theory (DFT) calculations of CdSe-PbSe QD dimers suggest that the
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presence of defect states is related to insufficient passivation of the QD surface, and not to
states localized at the interface between the CdSe and PbSe QDs. Further improvement in
the understanding and passivation of the heterojunction surface is needed to bridge the
gap with device-grade heterojunctions.

3.2 Film fabrication

We fabricated QD heterojunction films composed of alternating layers of PbSe and CdSe
QDs via layer-by-layer dip-coating of quartz or ITO substrates in QD solutions. Two
solutions of 2.3 nm PbSe QDs and 4.5 nm CdSe QDs were used for dip-coating, which
is a combination of sizes that we previously characterized to have a type-I alignment
with a small conduction band-offset***. Each QD layer is ligand exchanged by dipping
the substrate in a solution of the new ligand in a polar solvent (See Methods). For the
TBACI-BT treatment, the layer-by-layer deposition technique used, which allows intimate
contact between the CdSe and PbSe QDs, could lead to exposure of already ligand-
exchanged QDs to the wrong ligand type, leading to the presence of benzenethiolate
ligands on CdSe QDs and Cl- ligands on PbSe QDs. However, the electron affinity shifts
observed in the spectroelectrochemical measurements are consistent with a predominant
benzenethiolate passivation of PbSe QDs and Cl passivation of CdSe QDs*.

3.3  Spectroelectrochemical determination of band-alignment

In order to determine the relative position of the conduction bands in the PbSe and
CdSe QDs, we performed spectroelectrochemical measurements on the heterojunction
QD films assembled on a conductive ITO substrate. In these measurements, the sample
is immersed in an electrolyte solution (0.1 M lithium perchlorate in acetonitrile) and a
potential is applied between the substrate and a Ag wire quasi reference electrode, while
the absorbance of the sample is recorded. The potential of the quasi reference electrode
was calibrated with the ferrocene/ferrocenium redox couple (See Appendix, Figure 3.6).
All potentials are reported with respect to vacuum.

When the Fermi level of the system is raised above the conduction band edge of one of the
QD components, charges are injected into the conduction band of the QDs, leading to a
reduction of the band-edge absorption, an effect called absorption bleach**°. Measuring
the development of the absorption bleach of the two QD components as a function of
the applied potential allows to reconstruct the band-alignment in the heterojunction:
if the PbSe bleach develops at more positive potentials than the CdSe bleach, the PbSe
band-edges lie within the CdSe bandgap, and the system is in a type-I alignment; vice
versa, if the CdSe bleach develops first, the system is in a type-II alignment**.

Figure 3.2 shows the results of spectroelectrochemical measurements performed on an
EDT-treated sample and on a TBACI-BT-treated sample. Figure 3.2a shows the differential
absorbance of the EDT-treated film for different applied potentials. As the potential is
decreased, a negative bleach feature appears at the PbSe bandgap wavelength (1030 nm),
followed at lower potential by a bleach feature at the CdSe bandgap (603 nm). In contrast,
for the TBACI-BT sample (Fig. 3.2b) the first absorption bleach is observed at the CdSe
QD bandgap, while a PbSe absorption bleach becomes apparent at lower potential.
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Figure 3.2. Spectroelectrochemical determination of band-alignment in EDT and TBACI/BT
heterojunction films. a,b, Differential absorbance spectra of the a) EDT-treated and b) TBACI/BT
film for different applied potentials. Dotted lines indicate fits of the data around the bandgap energies
of the two QD components. For the EDT-treated film (a) the PbSe bleach appears at higher potential
vs. vacuum than the CdSe bleach, while the order of appearance is reversed in the TBACI/BT film
(b). ¢,d, Amplitude of the bleach component extracted from a fit to the data (see Appendix), plotted
as a function of the applied potential. Dotted lines show error function fits to the experimental data,
allowing to quantify the energy position of the conduction band levels (see Table 3.1). e,f, Schemes
representing the band-alignment of the QD heterojunction consistent with the measured order of the
PbSe and CdSe bleach features. As the potential versus vacuum is decreased, in the EDT-treated film
(e) the PbSe QDs bleach first (type-I alignment), while in the TBACI-BT-treated film the CdSe QDs
bleach first (type-II alignment).

Beside the presence of the band-edge bleaches, the measurement shows a broad induced

absorption background, which is often observed in similar measurements on QD films**
*, and is likely related to increased scattering and reflection due to the reduction of surface
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cations®. To disentangle the potential dependence of the bleach features from the increase
in the background, we performed a fit of the signal in a spectral range around each bleach
feature, employing a Gaussian shape for the bleach and describing the slowly varying
background with a straight line (dotted lines in Figure 3.2a and 3.2b). Figure 3.2c and 3.2d
show the amplitude of the two bleach features as a function of the potential in the EDT
(Fig. 3.2¢) and in the TBACI-BT sample (Fig. 3.2d), clearly demonstrating that the PbSe
bleach appears at higher potential in the EDT sample, while the CdSe bleach appears at
higher potential in the TBACI-BT sample.

Figure 3.2e and 3.2f display the energy alignment inferred from the spectroelectrochemical
results. In the EDT film, the PbSe CB edge lies at lower energy (higher potential) than the
CdSe CB edge. Since the PbSe bandgap is smaller than the CdSe bandgap, the PbSe CB
edges fall within the CdSe bandgap, as shown in Figure 3.2e. Vice versa, the fact that
in the TBACI-BT film the CdSe bleach appears at lower energy (higher potential) than
the PbSe bleach implies a type-II band-alignment, as shown in Figure 3.2f. These results
demonstrate that the band-alignment in CdSe-PbSe QD heterojunction films can be
switched between type-I and type-II via ligand treatments.

As shown in Figure 3.2d, the CdSe bleach amplitude in the TBACI-BT film shows a second
increase in the bleach amplitude below 3.7 V, occurring in the same potential range where
the PbSe bleach develops. The second bleach increase could be caused by pockets of CdSe
QDs isolated from the rest of the CdSe QDs network by surrounding PbSe QDs. When
electrons are present only in the CdSe conduction band, electron injection in the isolated
CdSe QD is slow, and does not occur efficiently within the timescale of our experiment.
When the Fermi level is raised above the PbSe conduction band, electrons can be injected
into the PbSe QDs, increasing the conductivity of the entire film and allowing facile
injection of electrons into the isolated CdSe QDs.

The potential dependence of the bleach amplitudes is well described by an error function
(dotted black lines in Fig. 3.2c and 3.2d), describing progressive filling of a Gaussian
density of states centered at the conduction band (CB) energy (see Appendix). Fitting the
potential dependence of the bleach leads to a quantitative determination of the CB energy
for the two ligand treatments, listed in Table 3.1.

Table 3.1. Conduction band energies for PbSe and CdSe QDs in the EDT and TBACI-BT film,
determined via an error function fit to the bleach amplitude, shown in Fig. 3.2c and 3.2d.

PbSe CB (eV) CdSe CB (eV) AE (eV)
EDT -4.2 -3.9 0.3
TBACI-BT -3.6 -3.9 -0.3

The CB energies extracted from the fit show that the band-offset, AE=E_, (CdSe)-E_,
(PbSe), changes sign between the two ligand treatments, shifting by 0.6 eV. The change
is mostly due to the shift of the PbSe CB edge, while the CdSe CB edge is the same in
the two films. The shift of the PbSe CB edge is twice as large as the shift observed by
Brown et al. for PbS QDs*. The difference is perhaps associated with the difference in
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material (PbSe vs. PbS). Furthermore, the energy required to inject an electron inside a
material with the higher CB edge can be greater than the electron affinity of the material,
e.g. due to electrostatic repulsion between the injected electrons®. While Boehme et al.
have estimated that these effects contribute negligibly to the energy of the first electrons
electrochemically injected in the system®, they could lead to an overestimation of the
offset between the conduction band-edge energies of the two QD components. However,
the relative position of the CBs, and hence the type-I vs. type-II band alignment can be
trusted.

To summarize, spectroelectrochemical measurements on PbSe-CdSe heterojunction QD
films demonstrate that the band-alignment in PbSe-CdSe heterojunctions can be changed
from a type-I to a type-II alignment via ligand exchange with a BT treatment in the PbSe
layers and with a TBACI treatment in the CdSe layers. The absolute energy position of the
CB edges suggests that the shift is dominated by a change in the PbSe CB energy.

3.4  Electron dynamics in type-II QD heterojunctions measured by
transient absorption spectroscopy.

In a type-II band alignment, photoexcited electrons and holes should transfer to
opposite sides of the heterojunction. In particular, in the type-II structure assigned to
the TBACI-BT-treated film, photoexcited electrons are expected to minimize their energy
by occupying the CB edge of the CdSe QD component. Thus, photoexcitation of either
the PbSe QDs or the CdSe QDs should lead to electrons bleaching the CdSe band-edge.
Furthermore, the CdSe QD band-edge bleach induced by the electron should persist long
after the initial thermalization, as electron-hole recombination should be slowed down
by the spatial separation of the charges. To test the energy alignment determined above
and to verify that charge separation takes place, we performed transient absorption (TA)
measurements on a BT-TBACI film on a quartz substrate, photoexciting the system either
below or above the bandgap of the CdSe QDs.

Figure 3.3a shows the results of a TA measurement of the TBACI-BT-treated type-II
film, excited at 700 nm to obtain selective photoexcitation of the PbSe QD component,
with an absorbed photon fluence of 1.96-10" photons/cm? per pulse. At early times after
photoexcitation the signal shows a bleach at the CdSe band gap (blue in the color-map),
indicating the presence of electrons at the CdSe CB edge. This bleach feature decays
rapidly and is replaced by a negative-positive anti-symmetric signal, resembling the first
derivative of the first absorption peak (red trace in Figure 3.3d). The derivative-like feature
is associated with an electrostatic shift of the QD absorption®*, and can be linked to
the presence of charge carriers close to the CdSe QDs, but not directly populating the
CdSe CB edge. We associate the rapid decay of the bleach in the type-II system with the
presence of a high density of electronic trap states. The presence of sub-ns trapping was
also shown in our previous TA study on type-I CdSe-PbSe QD heterojunction films®.
Very fast electron trapping was also observed in CdSe-CdTe type-II QD heterojunction
films. In that case, electrochemical trap filling was required to observe efficient electron
transfer from CdTe to CdSe QDs>.
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Figure 3.3. Transient absorption (TA) measurements of electron dynamics in CdSe-PbSe QD
heterojunction films upon selective PbSe excitation. a, Color-map showing the results of a TA
measurement performed on the TBACI/BT film, excited at 700 nm with an absorbed fluence of
1.96-10" photons/cm? per pulse. At early time, the CdSe band-edge signal is characterized by a bleach
feature, that decays rapidly and is replaced after 20 ps by a derivative-like feature. b, Color-map
showing the results of the TA measurements performed on the TBACI/BT film, excited at 700 nm
with an absorbed fluence of 8.58-10' photons/cm? per pulse. A long-lived bleach is present at the
CdSe band-edge and remains throughout the 3 ns time-range of the experiment. ¢, Color-map
showing the results of the TA measurements performed on the EDT film, excited at 700 nm with an
absorbed fluence of 4.24-10" photons/cm? per pulse. The CdSe bleach is short lived, decaying with a
half-life of 3.6 ps. The short lifetime of the CdSe bleach is compatible with the presence of hot-electron
transfer in a type-I heterostructure®. d, Absorbed fluence-normalized differential absorbance of TA
measurements on the TBACI/BT film excited at 700 nm with different photon fluences, obtained at a
delay time of 200 ps. With increasing photon fluence, the shape of the signal shifts from a derivative-
like feature to a Gaussian bleach, increasing in intensity. e, Absorbed fluence-normalized differential
absorbance of TA measurements on the EDT film excited at 700 nm with different photon fluences,
obtained at a delay time of 200 ps. The shape of the signal at the CdSe bandgap is weakly influenced by
the absorbed fluence. f, Time-dependence of the energy-integrated bandgap signal (See Appendix) of
the EDT sample (red) and TBACI-BT sample (blue), for low (dotted-line) and high (continuous line)
fluence. As the fluence increases, the time-dependence of the bleach in the TBACI-BT film increases
dramatically, while in the EDT sample it is hardly affected. g,h,i, Schemes representing electron
transfer processes occurring in the type-II film (g,h) and in the type-I film (i). For the type-II film,
at low fluence electrons are rapidly trapped at interfacial states (g), and higher fluence is needed to
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saturate the trap states and allow long-lived electron occupation of the CdSe conduction band-edge
(h). In the type-I film (i), the electron dynamics is described by hot-electron transfer to the CdSe QDs,
followed by back-transfer to the PbSe QDs™.

Similar to the electrochemical trap filling we employed for CdSe-CdTe QD heterojunction
films, we sought to fill the traps here by increasing the excitation fluence. We find that
the fast decay dynamics of the CdSe band-edge bleach change significantly as a function
of excitation fluence. A TA measurement at a high absorbed photon fluence of 8.58-10"
photons/cm? per pulse is shown in Figure 3.3b. In this case the CdSe band edge response
is characterized by a long-lived bleach feature, eventually decaying with a half-life of 400
ps, comparable with the band-edge bleach lifetime of a CdSe-only film (see also Fig. 3.4a,
Fig. 3.4b and Appendix).

Figure 3.3c shows the differential absorbance of an EDT-treated type-I film obtained
with measurement conditions similar to those in Figure 3.3b (700 nm excitation with
an absorbed photon fluence 4.24-10'" photons/cm? per pulse). As previously reported for
EDT-treated PbSe-CdSe QD films, excitation below the CdSe QD absorption onset results
in a short-lived CdSe QD bleach, originating from hot-electron transfer from the PbSe
QDs to the CdSe QDs, followed by back-transfer to the PbSe QDs*. While the CdSe QD
absorption bleach in the type-II film decays with a half-life of 400 ps (Fig. 3.3b), the CdSe
QD bleach in this type-I film decays with a short half-lifetime of 3.8 ps. This short decay
time is attributed to fast electron back-transfer in the type-I heterojunction, confirming
the difference in band-alignment between the two films.

Figure 3.3d shows the fluence-normalized TA spectra of the TBACI-BT sample obtained
200 ps after photoexcitation at the CdSe QD bandgap for varying absorbed photon
fluences. While at low fluence the signal is dominated by the derivative-like feature,
due to the trapping of photoexcited carriers, as the fluence increases the signal becomes
dominated by a band-edge bleach, indicating the presence of electrons at the CdSe CB
edge. In contrast to the type-II TBACI-BT sample, the type-I EDT sample shows little
variation of the fluence-normalized band-edge TA signal with fluence, as shown in Figure
3.3e.

Figure 3.3f shows the time-dependence of the bleach signal for the TBACI-BT sample
(blue lines) and EDT sample (red lines), measured in the low fluence (dotted lines) and
high fluence (continuous lines) regime. The TA signal, here labelled AA*, is integrated
over a spectral range centered at the CdSe QD bandgap (581 nm - 652 nm), to
remove the contribution of the anti-symmetric positive-negative shift feature from the
time-dependence of the bleach. The increase in absorbed photon fluence causes only a
minor variation in the bleach lifetime for the EDT sample, while the dynamics of the
bleach in the TBACI-BT film changes dramatically, going from a bleach decay half-life of
2.7 ps to 400 ps.

Our interpretation of the TA measurements on the type-I TBACI-BT sample is summarized

by the schemes in Figure 3.3g and Figure 3.3h. Figure 3.3g shows the dynamics of the
photoexcited electron in the low fluence regime, in which carrier trapping and electron
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Figure 3.4. Transient absorption (TA) measurements of electron dynamics upon direct CdSe
excitation. a, TA color-maps of a TBACI/BT heterojunction film (left), a CdSe-only film treated with
TBACI (middle), and an EDT heterojunction film (right) excited at 570 nm, above the onset of CdSe
absorption. The minimum of each color-scale is set to the lowest differential absorbance value (i.e.
the maximum bleach amplitude). The TBACI/BT film shows the longest bleach lifetime, while the
bleach of the EDT film is the shortest-lived. b, Normalized bleach amplitude for the TA measurements
displayed in a), quantitatively showing the difference in bleach decay between the films. ¢, Proposed
model for the dynamics of bleach decay upon direct CdSe excitation. The increased bleach lifetime in
the TBACI/BT film is attributed to spatial separation between electrons and holes across the type-II
heterojunction, reducing the recombination rate with respect to the CdSe-only film. In the type-I
EDT-treated film, instead, electron transfer contributes to the depopulation of the CdSe band-edges,
increasing the rate of bleach decay.

transfer both occur on a ps timescale, leading to a short-lived CdSe QD bleach and the
development of a pronounced derivative-like feature at later times. However, in the high
fluence regime (Figure 3.3h), the increased number of trapped electrons can saturate the
density of trap states, allowing additionally photogenerated electrons to escape the trapping
process and remain at the CdSe band-edge. The power-dependence of the bleach lifetime
distinguishes the type-II TBACI-BT sample from the type-I EDT sample (Figure 3.3i). In
the latter case, the bleach dynamics is dominated by the back-transfer of hot-electrons
from CdSe QDs to PbSe QDs, which does not depend on the excitation fluence.

Since the fast trapping process is not observed in a PbSe-only or CdSe-only QD film (See
Appendix, Figures 3.9 and 3.10), we tentatively assign these trap states to interfacial states,
occurring at the PbSe-CdSe heterojunction interface. The presence of localized states at
the interface between Pb-chalcogenides and Cd-chalcogenides has been predicted by
DFT simulations of PbS-CdS Janus-particles® and of PbSe QDs embedded in a CdSe
matrix>, suggesting that epitaxial contact between PbSe and CdSe nanostructures leads to
the formation of localization centers. This is discussed in more detail below (see section
Density functional theory calculations on PbSe-CdSe QD dimers).

To further demonstrate the effect of the band offset on the lifetime of photogenerated

electrons, we excited mixed CdSe-PbSe and CdSe-only QD films above the CdSe QD
bandgap, at 570 nm. Figure 3.4a compares the resulting TA response of the TBACI/BT
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heterojunction film (Figure 3.4a, left), with the response of a CdSe-only film (Figure 3.4a,
center) and of an EDT-treated heterojunction film (Figure 3.4a, right). In each color-map
the blue edge of the color-scale is set to the minimum AA value, in order to highlight the
differences in the decay of the bleach signals. Figure 3.4b shows the time-dependence of
the normalized bleach, highlighting the differences between the three films. It is evident
that the bleach lifetime is longest in the TBACI/BT type-II heterojunction film, shortest in
the EDT type-I heterojunction film and intermediate in the CdSe-only film.

The differences in the bleach decay can be attributed to differences in the carrier
recombination rate induced by charge transfer, as depicted in Figure 3.4c. For the type-II
film (left panel) an electron hole pair generated on CdSe QD in contact with a PbSe QD
is separated, as the hole transfers to the PbSe QDs. Charge separation decreases the rate
of recombination and increases the electron lifetime with respect to the CdSe-only film.
On the contrary, in the type-I film, charge transfer between adjacent CdSe and PbSe QDs
depopulates the band-edges of the CdSe QDs, thus increasing the rate of band-edge bleach
decay. These TA measurements, with excitation both above and below the CdSe QD
bandgap, confirm the type-I alignment of the EDT-treated QD heterojunction film and the
type-1I alignment of the TBACI-BT-treated film, in line with the spectroelectrochemical
measurements.

3.5  Density functional theory calculations on PbSe-CdSe QD dimers

The TA measurements we have performed on PbSe-CdSe heterojunction QD films reveal
the presence of fast trapping processes in both the type-I** and the type-II alignment, which
are instead absent from PbSe-only and CdSe-only QD films. Density functional theory
(DFT) calculations performed by Giberti et al. have predicted the presence of interfacial
states within the bandgap of PbSe QDs embedded in a CdSe matrix™. Simulations of
PbS-CdS Janus particles by Kroupa et al. have also reported localized interfacial states at
the interface between the two materials*?. The presence of interfacial states in the bandgap
would hamper the use of PbSe-CdSe QD heterojunction films for practical applications.
DFT calculations were carried out in order to obtain a better understanding of the
trap formation at the PbSe-CdSe interface on an atomistic level. First, the structures of
separate Cd_ Se Cl. and Pb ,Se Cl ~QDs were optimized (see Methods for further
details). Chloride ligands were used to passivate both QD surfaces®*, due to their low
computational cost compared to the benzenethiolate ligands used in the experiments.
Although this choice could affect the band alignment between the two materials, it has
little influence on the presence of localized interfacial states, which are mostly dependent
on the coordination of interfacial atoms. Figure 3.5a shows the density of states (DOS) for
the two materials, in which the molecular orbital (MO) of each state is represented by a
horizontal line. The contribution of each atomic species to the MOs is represented by the
length of the line segment of the corresponding color (blue for Cd, beige for Pb, brown for
Se, green for Cl). As shown in Figure 3.5a, these pristine structures show clean bandgaps,
i.e. without localized states, as expected from experimental results®.

Zhang et al. reported that the interface between CdSe-PbSe Janus particles formed by
cation exchange develops along the {111} facets of the two materials®. They attribute the
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a) Separate quantum dots b) PbSe/CdSe dimers
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Figure 3.5. DFT calculations of the electronic structure of PbSe-CdSe dimers. a, Structure and
DOS of the separate CdSe and PbSe QDs. The {111} planes at which the QDs will be attached to each
other are indicated. For the DOS, each molecular orbital (MO) is represented by a horizontal line.
The contribution of an element or group of atoms to a certain MO is indicated by the length of the
line segment of the corresponding color. Levels below the dotted line are occupied, whereas the levels
above are empty. b, DOS, structures and contour plots of PbSe-CdSe dimers i) with and ii) without a
localized state. In i), the large black line segment in the DOS shows that the LUMO is largely localized
on the three Pb-atoms indicated by the black circle. This can also be seen in the contour plot on the
right. In ii) a chloride ligand (dark green) has been moved to these three Pb-atoms. Both the DOS and
the contour plot of the LUMO indicate that this removes the localized state. ¢, DOS, structure and
contour plot of the PbSe QD after removal of 12 Z-type PbCI2 ligands. The DOS shows that the LUMO
is highly localized on the two Pb-atoms indicated by the black circle. The bottom right figure shows
the contour plot of the LUMO level, which further highlights its localized character. All contour plots
shown here use a contour plot value of 0.015 e/bohr’.

preferential formation of {111} interfaces to the absence of strain along this plane, making
it energetically favorable®. Therefore, we decided to attach the separate QDs at one of
their {111} facets. To allow the formation of the PbSe-CdSe interface, we removed the
minimal amount of Z-type PbCl, ligands from the {111} facet of the PbSe QD to attach to
the CdSe QD. In order to obtain a bare {111} surface on the CdSe QD, only one Cl had to
be moved to an adjacent {111} facet. The ligand arrangement assigned to the system in the
calculation could easily arise in the QD film, as a result of incomplete surface passivation
and by the diffusion of ligands on the QD surface.
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Optimization of the QD dimer that is created upon attaching the two QDs at their bare
{111} facets gives the structure shown in Figure 3.5b-i. The black segment in the LUMO
in Figure 3.5b-i represents the contribution of three adjacent Pb atoms, highlighted by a
black circle in the structure, on which the orbital predominantly localizes. It can be noted
that this localized orbital is situated on the edge of the PbSe-CdSe interface and not at the
PbSe-CdSe interface itself. However, if a chloride ligand (dark green in Figure 3.5b-ii) is
taken from a {111} facet on PbSe and placed in the middle of the aforementioned three
Pb-atoms, optimization leads to a structure where the LUMO is no longer localized.
Therefore, the formation of a localized state in the PbSe-CdSe QD dimer can be prevented
by a rearrangement of the ligands.

These results suggest that the localized state is not directly related to the creation of an
interface between PbSe and CdSe, but to the removal of Z-type ligands that is required
for the formation of such an interface. It is likely that the removal of ligands leads to the
formation of labile edge and corner atoms that may form localized states upon relaxation
of the structure. This notion is supported by optimization of the PbSe QD after the removal
of Z-type ligands, but before the addition of the CdSe moiety, as shown in Figure 3.5c. The
LUMO of this structure is localized on two Pb-atoms in a similar manner as with the QD
dimers in Figure 3.5b, indicating that localization is not necessarily related to the presence
of a PbSe-CdSe interface.

These calculations suggest that the presence of localized states is related to an incomplete
passivation of the QD surface, likely as a consequence of the ligand treatments employed to
obtain the type-II alignment, and do not arise directly from the PbSe-CdSe heterostructure
interface. In that case, the development of new ligand exchange or passivation strategies
for the heterostructure QD films should aim at the suppression of electron trapping while
maintaining the type-II alignment of the heterostructure.

3.6 Conclusions

Using spectroelectrochemistry and ultrafast transient absorption spectroscopy we have
shown that the band alignment in CdSe/PbSe QD heterojunction films can be tuned
from type-I, when the entire film is treated with ethanedithiol, to type-II alignment,
when the PbSe QDs are treated with benzenethiol and the CdSe QDs with TBACI.
Spectroelectrochemical measurements on TBACI-BT-treated and on EDT-treated films
show a clear inversion in the order of the PbSe and CdSe conduction band-edge levels.
Transient absorption measurements performed with a high photon fluence on the
TBACI-BT-treated film show the presence of a long-lived CdSe QD bleach developing
upon selective PbSe QD excitation, indicative of electron transfer from the PbSe QD to
the CdSe QD conduction band-edge. Furthermore, direct CdSe QD photoexcitation in
the TBACI-BT film results in a longer band-edge bleach lifetime compared to a CdSe-only
QD film, characteristic of reduced recombination of spatially separated electrons and
holes. Our results demonstrate the possibility to control the energy alignment of QD
heterojunctions via ligand exchange, providing an additional handle to control the
energetics of QD-based devices. On the other hand, low fluence TA measurements reveal
the presence of a high density of trap states. DFT calculations suggest that these trap states
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are not intrinsic to the PbSe-CdSe interface, but appear at undercoordinated Pb atoms
at the edge of the interface. This highlights the importance of a greater understanding of
the electronic passivation of QD heterojunctions in order to exploit their potential for
optoelectronic applications.

3.7 Methods

CdSe QD synthesis. The CdSe QDs were synthesized following a recipe reported in our previous
work™®, in turn adapted from van Embden et al.*. The synthesis was performed injecting a Se-precursor
into a flask containing hot Cd-precursor, followed by repeated injection of the Cd- and Se-precursor
to further grow the QDs.

The Cd growth solution was prepared by adding 0.22 g CdO (99.999%), 0.970 g oleic acid (OA, 90%),
and 6.23 g ODE to a 3-neck round-bottom flask (BPF). The flask was attached to a Schlenk line,
degassed for 1 hour under vacuum (<1 mbar) at 80°C. The solution was then heated to 260°C under
nitrogen atmosphere, until it turned clear, indicating the formation of the Cd-oleate complex. The
solution was then allowed to reach room temperature, and oleylamine (1.13 mL, tech grade 70%) was
added during cooling.

The Se growth solution was obtained by dissolving 0.25 g Se powder in 1.55 g trioctylphosphine (TOP,
tech grade 90%) in a nitrogen-filled glove-box.

The Se injection precursor was prepared by dissolving 0.327 g Se powder in a solution of 2.5 g TOP,
2.5 g 1-octadecene (ODE, tech grade 90%) and 6 g oleylamine (OAm, tech grade 70%) in a nitrogen-
filled glove-box.

The Cd-precursor for the hot-injection was prepared by adding 0.22 g CdO, 3 g OA, and 30 g ODE to
a 3-neck BPF flask. The solution was degassed under vacuum for 1 hour at 80°C and then heated to
260°C under nitrogen atmosphere, until it turned clear.

The hot-injection was performed by loading the Se injection precursor in a syringe equipped with a
16G needle, and quickly injecting it into the 3-neck BPF flask containing the Cd-precursor, kept at
a temperature of 260°C. After injection, the temperature was allowed to decrease to 250°C, where it
was kept. After 20 min, 2 mL of Cd and Se growth precursors were added dropwise to the reaction
solution. The growth precursor addition was repeated three times, waiting 10 minutes between each
addition. After the last addition, the reaction was allowed to proceed at 250°C for 10 minutes and
was subsequently stopped by cooling to room temperature. The reaction product was washed three
times by QD precipitation, achieved adding an anti-solvent (ethanol) to the reaction solution and
centrifuging the mixture (3500 rpm), followed by re-dispersion in hexane.

PbSe QD synthesis. The PbSe QDs were synthesized following a recipe reported in our previous
work®, in turn adapted from Steckel et al.®'. The synthesis was performed injecting a Se-precursor
into a flask containing hot Pb-precursor. The Se injection precursor was prepared dissolving 0.553 g
Se powder in 19 mL TOP and 0.13 mL diphenylphosphine (DPP, 98%). The Pb reaction solution was
prepared adding 1.35 g PbO (99.999%), 17 mL ODE and 4 mL OA to a 3-neck BPF flask. The flask was
connected to a Schlenk line and the solution was degassed under vacuum for 1 hour. The solution was
then heated to 125°C under nitrogen atmosphere, until it turned clear, and then cooled to 100°C and
degassed under vacuum for 30 minutes. To perform the injection reaction, the Pb-precursor solution
was heated to 180°C and placed under nitrogen atmosphere. The injection was performed loading the
Se injection precursor into a 20 mL syringe equipped with a 16G needle, and then quickly injecting
the content into the Pb-precursor. The reaction was allowed to proceed for 10 seconds, after which it
was quenched by immersing the flask in cold water. The reaction product was washed three times by
precipitation, achieved adding an anti-solvent (ethanol) to the reaction solution and centrifuging the
mixture (3500 rpm), and re-dispersion in hexane.

Film fabrication. The heterojunction QD films were fabricated by layer-by-layer deposition. For
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every QD layer, the substrate (quartz or ITO) was dipped in a QD solution for 30 seconds, then was
raised out of the solution, left to dry for 30 seconds and subsequently immersed for 30 seconds in a
solution of the new ligands dissolved in a polar solvent. After 30 seconds of drying, the substrate was
immersed in the pure polar solvent, to wash away unbound residues of the new ligands, and finally left
to dry for 30 seconds before starting again the same cycle for the other QD material. The QD solutions
were prepared with a QD concentration in hexane of 0.2 mM, determined from linear absorption
measurements and from the values of the extinction coefficient provided in literature®*®. For the
EDT capped films, the ligand exchange solution was a 10 mM solution of EDT in acetonitrile, and
in the final washing step the substrate was immersed in acetonitrile. For the TBACI layers, the ligand
exchange solution consisted of a 30 mM solution of TBACI in methanol, and in the final washing step
the substrate was immersed in methanol. For the BT layers, the ligand exchange solution consisted
of a 50 mM solution of BT in methanol, and in the final washing step the substrate was immersed in
methanol.

Transient Absorption. The fundamental laser beam is generated by a Yb:KGW oscillator (Light
Conversion, Pharos SP), producing a 1028 nm wavelength beam with 180 fs pulse width and 5 kHz
repetition rate. The fundamental laser beam is sent to a beam-splitter, separating the beam into a low
intensity and a high intensity component. The high intensity component (pump beam) is sent through
an Optical Parametric Amplifier (OPA, Light Conversion, Orpheus), allowing to tune the wavelength
of the beam between 312 and 1330 nm. The pump beam is then sent through a mechanical chopper
rotating at 2.5 kHz, blocking one out of two laser pulses. After transmission through the chopper, the
pump beam is sent to the sample, photoexciting it. The low intensity beam (probe beam) is converted
into a broadband continuum (500 - 1600 nm) by transmission through a sapphire crystal, and then
focused on the sample, where it overlaps spatially with the pump beam. After transmission through the
sample, the probe beam is collected by a detector (Ultrafast Systems, Helios), measuring the spectrum
of the probe pulse transmitted by the sample in the presence of a pump pulse (I ) and the probe
pulse transmitted when the pump beam was blocked (I ). The differential absorbance is calculated via
AA=In(I_/1 ;). The chirp of the probe spectrum, produced by the different group velocities of different
probe wavelengths, is corrected via a polynomial fit to the coherent artefact response®. The QD films
were loaded into an air-tight sample holder inside a nitrogen-filled glovebox.

Spectroelectrochemistry. The spectroelectrochemical measurements were performed inside a
nitrogen-filled glovebox. The samples were placed in an electrochemical cell, having the ITO substrate
coated with the QD film as working electrode, a Ag wire as quasi reference electrode, and a Pt plate
as counter electrode. The cell was placed inside a cuvette, immersed in an electrolyte (0.1 M lithium
perchlorate solution in acetonitrile), and connected to a potentiostat (Autolab, PGSTAT128N).
Acetonitrile was dried before use in an Innovative Technology PureSoly Micro column. The quasi
reference electrode was calibrated measuring the redox potential of the ferrocene/ferrocenium
redox couple, with a scan speed of the applied potential of 50 mV/s. Absorbance measurements were
performed measuring the light transmitted through the sample for different applied potentials, using
a deuterium halogen source (DH-2000, Ocean Optics) and measuring it on a USB2000+ spectrometer
(Ocean Optics). Cyclic voltammograms measured on the PbSe-CdSe QD films were recorded with a
scan speed of 10 mV/s.

Density functional theory calculations on PbSe-CdSe dimers. All calculations have been carried
out at the DFT level, using the PBE exchange-correlation functional® and double-{ basis set, as
implemented in the CP2K quantum chemistry software package®. Relativistic effects were included
through the use of effective core-potentials. All structures were optimized to the lowest energy at 0 K
in the gas phase.

75



Chapter 3

References

10.

11.

12.

Brus, L. E., Electron-electron and electron-hole interactions in small
semiconductor crystallites: The size dependence of the lowest excited electronic
state. J. Chem. Phys. 1984, 80 (9), 4403.

Ekimov, A. I; Efros, A. L.; Onushchenko, A. A., Quantum size effect in
semiconductor microcrystals. Solid State Communications 1985, 56 (11),
921-924.

Colvin, V. L; Alivisatos, A. P; Tobin, J. G., Valence-band photoemission from a
quantum-dot system. Phys Rev Lett 1991, 66 (21), 2786-2789.

Ekimov, A. L; Hache, E; Schanne-Klein, M. C; Ricard, D.; Flytzanis, C,;
Kudryavtsev, I. A; Yazeva, T. V;; Rodina, A. V.; Efros, A. L., Absorption and
intensity-dependent photoluminescence measurements on CdSe quantum dots:
assignment of the first electronic transitions. J. Opt. Soc. Am. B 1993, 10 (1),
100-107.

Kagan, C. R; Lifshitz, E.; Sargent, E. H.; Talapin, D. V., Building devices from
colloidal quantum dots. Science 2016, 353 (6302).

Colvin, V. L;; Schlamp, M. C,; Alivisatos, A. P, Light-emitting diodes made from
cadmium selenide nanocrystals and a semiconducting polymer. Nature 1994, 370
(6488), 354-357.

Kagan, C. R.;; Murray, C. B.; Nirmal, M.; Bawendi, M., Electronic Energy Transfer
in CdSe Quantum Dot Solids. Phys. Rev. Lett. 1996, 76 (9).

Yu, D;; Wang, C.; Guyot-Sionnest, P, n-Type Conducting CdSe Nanocrystal
Solids. Science 2003, 300 (5623), 1277-1280.

Law, M.; Luther, J. M.; Song, Q.; Hughes, B. K.; Perkins, C. L.; Nozik, A. ],
Structural, optical, and electrical properties of PbSe nanocrystal solids treated
thermally or with simple amines. J. Am. Chem. Soc. 2008, 130 (18), 5974-5985.

Talapin, D. V.; Murray, C. B., PbSe nanocrystal solids for n- and p-channel thin
film field-effect transistors. Science 2005, 310 (5745), 86-89.

Jarosz, M. V.; Porter, V. J.; Fisher, B. R.; Kastner, M. A.; Bawendi, M. G.,
Photoconductivity studies of treated CdSe quantum dot films exhibiting increased
exciton ionization efficiency. Phys. Rev. B 2004, 70 (19).

Luther, J. M.; Law, M.; Song, Q.; Perkins, C. L.; Beard, M. C.; Nozik, A.J., Structural,

optical and electrical properties of self-assembled films of PbSe nanocrystals
treated with 1,2-ethanedithiol. ACS Nano 2008, 2 (2), 271-280.

76



Engineering the band-alignment in QD heterojunction films via ligand exchange

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

Kovalenko, M. V,; Scheele, M.; Talapin, D. V., Colloidal Nanocrystals with
Molecular Metal Chalcogenide Surface Ligands. Science 2009, 324 (5933),
1417-1420.

Crisp, R. W;; Callahan, R.; Reid, O. G.; Dolzhnikov, D. S.; Talapin, D. V.; Rumbles,
G.; Luther, J. M.; Kopidakis, N., Photoconductivity of CdTe Nanocrystal-Based
Thin Films: Te2- Ligands Lead To Charge Carrier Diffusion Lengths Over 2 pm.
J. Phys. Chem. Lett. 2015, 4815-4821.

Crisp, R. W,; Kroupa, D. M.; Marshall, A. R.; Miller, E. M.; Zhang, J.; Beard, M. C.;
Luther, J. M., Metal Halide Solid-State Surface Treatment for High Efficiency PbS
and PbSe QD Solar Cells. Sci. Rep. 2015, 5, 9945.

Ganesan, A.; Houtepen, A.; Crisp, R., Quantum Dot Solar Cells: Small Beginnings
Have Large Impacts. Applied Sciences 2018, 8 (10).

Zhang, H.; Kurley, J. M; Russell, J. C.; Jang, J.; Talapin, D. V., Solution-Processed,
Ultrathin Solar Cells from CdCl3(-)-Capped CdTe Nanocrystals: The Multiple
Roles of CdCl3(-) Ligands. ] Am Chem Soc 2016, 138 (24), 7464-7.

Semonin, O. E.; Luther, J. M.; Choi, S.; Chen, H.-Y.; Gao, J.; Nozik, A. J.; Beard, M.
C., Peak External Photocurrent Quantum Efficiency Exceeding 100% via MEG in
a Quantum Dot Solar Cell. Science 2011, 334 (6062), 1530-1533.

Sanehira, E. M.; Marshall, A. R.; Christians, J. A.; Harvey, S. P; Ciesielski, P. N.;
Wheeler, L. M.;; Schulz, P; Lin, L. Y.; Beard, M. C.; Luther, J. M., Enhanced mobility
CsPbI3 quantum dot arrays for record-efficiency, high-voltage photovoltaic cells.
Sci Adv 2017, 3 (10), eaao4204.

Chung, D. S.; Lee, J.-S.; Huang, J.; Nag, A.; Ithurria, S.; Talapin, D. V., Low Voltage,
Hysteresis Free, and High Mobility Transistors from All-Inorganic Colloidal
Nanocrystals. Nano Lett. 2012, 12 (4), 1813-1820.

Kagan, C. R.; Mitzi, D. B.; Dimitrakopoulos, C. D., Organic-Inorganic Hybrid
Materials as Semiconducting Channels in Thin-Film Field-Effect Transistors.
Science 1999, 286 (5441), 945-947.

Bisri, S. Z.; Piliego, C.; Yarema, M.; Heiss, W.; Loi, M. A., Low Driving Voltage
and High Mobility Ambipolar Field-Effect Transistors with PbS Colloidal
Nanocrystals. Advanced Materials 2013, 25 (31), 4309-4314.

Shirasaki, Y.; Supran, G. J.; Bawendi, M. G.; Bulovi¢, V., Emergence of colloidal
quantum-dot light-emitting technologies. Nature Photonics 2012, 7 (1), 13-23.

Lim, J.; Park, Y. S.; Wu, K;; Yun, H. J.; Klimov, V. I, Droop-Free Colloidal Quantum

77



Chapter 3

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

Dot Light-Emitting Diodes. Nano Lett 2018, 18 (10), 6645-6653.

Klimov, V. L; Mikhailovsky, A. A.; Xu, S.; Malko, A.; Hollingsworth, J. A
Leatherdale, C. A.; Eisler, H.; Bawendi, M. G., Optical gain and stimulated
emission in nanocrystal quantum dots. Science 2000, 290 (5490), 314-7.

Klimov, V. I; Ivanov, S. A.; Nanda, J.; Achermann, M.; Bezel, I.; McGuire, J. A,;
Piryatinski, A., Single-exciton optical gain in semiconductor nanocrystals. Nature
2007, 447 (7143), 441-6.

Fan, E; Voznyy, O.; Sabatini, R. P,; Bicanic, K. T.; Adachi, M. M.; McBride, J. R.; Reid,
K. R; Park, Y. S.; Li, X; Jain, A.; Quintero-Bermudez, R.; Saravanapavanantham,
M,; Liu, M.; Korkusinski, M.; Hawrylak, P; Klimov, V. I; Rosenthal, S. J;
Hoogland, S.; Sargent, E. H., Continuous-wave lasing in colloidal quantum dot
solids enabled by facet-selective epitaxy. Nature 2017, 544 (7648), 75-79.

Lim, J.; Park, Y.-S.; Klimov, V. I., Optical gain in colloidal quantum dots achieved
with direct-current electrical pumping. Nat. Mater. 2017, 17 (1), 42-49.

Konstantatos, G.; Howard, L.; Fischer, A.; Hoogland, S.; Clifford, J.; Klem, E.;
Levina, L.; Sargent, E. H., Ultrasensitive solution-cast quantum dot photodetectors.
Nature 2006, 442 (7099), 180-3.

Keuleyan, S.; Lhuillier, E.; Brajuskovic, V.; Guyot-Sionnest, P., Mid-infrared HgTe
colloidal quantum dot photodetectors. Nature Photonics 2011, 5 (8), 489-493.

Deng, Z.; Jeong, K. S.; Guyot-Sionnest, P.,, Colloidal quantum dots intraband
photodetectors. ACS Nano 2014, 8 (11), 11707-14.

Brown, P. R.;; Kim, D.; Lunt, R. R.; Zhao, N.; Bawendi, M. G.; Grossman, J. C;
Bulovi¢, V., Energy Level Modification in Lead Sulfide Quantum Dot Thin Films
through Ligand Exchange. ACS Nano 2014, 8 (6), 5863-5872.

Kroupa, D. M; Voros, M.; Brawand, N. P; McNichols, B. W,; Miller, E. M.; Gu, J.;
Nozik, A. J.; Sellinger, A.; Galli, G.; Beard, M. C., Tuning colloidal quantum dot
band edge positions through solution-phase surface chemistry modification. Nat.
Commun. 2017, 8, 15257.

Boehme, S. C.; Vanmaekelbergh, D.; Evers, W. H.; Siebbeles, L. D. A.; Houtepen,
A. ], In situ spectroelectrochemical determination of energy levels and energy
level offsets in quantum-dot heterojunctions. J. Phys. Chem. C 2016, 120 (9),
5164-5173.

Grimaldi, G.; Crisp, R. W.,; Ten Brinck, S.; Zapata, E; van Ouwendorp, M.;

Renaud, N.; Kirkwood, N.; Evers, W. H.; Kinge, S.; Infante, I; Siebbeles, L. D. A.;
Houtepen, A. J., Hot-electron transfer in quantum-dot heterojunction films. Nat.

78



Engineering the band-alignment in QD heterojunction films via ligand exchange

36.

37.

38.

39.

40.

41.

42,

43.

44,

45.

46.

Commun. 2018, 9 (1), 2310.

Chuang, C.-H. M.; Brown, P. R,; Bulovi¢, V; Bawendi, M. G., Improved
performance and stability in quantum dot solar cells through band alignment
engineering. Nat. Mater. 2014, 13 (8), 796-801.

Santra, P. K;; Palmstrom, A. F; Tanskanen, J. T.; Yang, N.; Bent, S. E, Improving
Performance in Colloidal Quantum Dot Solar Cells by Tuning Band Alignment
through Surface Dipole Moments. The Journal of Physical Chemistry C 2015, 119
(6),2996-3005.

Soreni-Harari, M.; Yaacobi-Gross, N.; Steiner, D.; Aharoni, A.; Banin, U.; Millo,
O.; Tessler, N., Tuning energetic levels in nanocrystal quantum dots through
surface manipulations. Nano Lett 2008, 8 (2), 678-84.

Timp, B. A;; Zhu, X. Y,, Electronic energy alignment at the PbSe quantum dots/
ZnO(1010) interface. Surface Science 2010, 604 (17-18), 1335-1341.

Munro, A. M. Zacher, B; Graham, A.; Armstrong, N. R., Photoemission
Spectroscopy of Tethered CdSe Nanocrystals: Shifts in Ionization Potential and
Local Vacuum Level As a Function of Nanocrystal Capping Ligand. ACS Applied
Materials & Interfaces 2010, 2 (3), 863-869.

Cirloganu, C. M; Padilha, L. A,; Lin, Q.; Makarov, N. S.; Velizhanin, K. A.; Luo,
H.; Robel, I; Pietryga, J. M.; Klimov, V. L., Enhanced carrier multiplication in
engineered quasi-type-1I quantum dots. Nat. Commun. 2014, 5, 4148.

Kroupa, D. M,; Pach, G. E; Voros, M.; Giberti, F.; Chernomordik, B. D.; Crisp, R.
W.; Nozik, A. J.; Johnson, J. C; Singh, R.; Klimov, V. L; Galli, G.; Beard, M. C.,,
Enhanced Multiple Exciton Generation in PbS|CdS Janus-like Heterostructured
Nanocrystals. ACS Nano 2018, 12 (10), 10084-10094.

Bawendi, M. G.; Wilson, W. L.; Rothberg, L.; Carroll, P. ].; Jedju, T. M.; Steigerwald,
M. L; Brus, L. E., Electronic structure and photoexcited-carrier dynamics in
nanometer-size CdSe clusters. Phys Rev Lett 1990, 65 (13), 1623-1626.

Dneprovskii, V. S;; Klimov, V.; Okorokov, D. K.; Vandysheyv, Y. V., Strong optical
nonlinearities and laser emission of semiconductor microcystals. Solid State
Communications 1992, 81 (3), 227-230.

Woggon, U,; Gaponenko, S.; Langbein, W; Uhrig, A.; Klingshirn, C.,
Homogeneous linewidth of confined electron-hole-pair states in II-VI quantum

dots. Phys Rev B Condens Matter 1993, 47 (7), 3684-3689.

Wang, C; Shim, M.; Guyot-Sionnest, P., Electrochromic nanocrystal quantum
dots. Science 2001, 291 (5512), 2390-2.

79

3



Chapter 3

47.

48.

49.

50.

51.

52.

53.

54.

55.

56.

57.

58.

Wehrenberg, B. L.; Guyot-Sionnest, P, Electron and Hole Injection in PbSe
Quantum Dot Films. J. Am. Chem. Soc. 2003, 125 (26), 7806-7807.

Guyot-Sionnest, P.; Wehrenberg, B.; Yu, D., Intraband relaxation in CdSe
nanocrystals and the strong influence of the surface ligands. J. Chem. Phys. 2005,
123 (7), 074709.

Houtepen, A. J.; Vanmaekelbergh, D., Orbital occupation in electron-charged
CdSe quantum-dot solids. J. Phys. Chem. B 2005, 109 (42), 19634-42.

Koole, R.; Allan, G.; Delerue, C.; Meijerink, A.; Vanmaekelbergh, D.; Houtepen,
A. ], Optical Investigation of Quantum Confinement in PbSe Nanocrystals at
Different Points in the Brillouin Zone. Small 2008, 4 (1), 127-133.

du Fossé, L; ten Brinck, S.; Infante, I.; Houtepen, A. J., Role of Surface Reduction
in the Formation of Traps in n-Doped II-VI Semiconductor Nanocrystals: How
to Charge without Reducing the Surface. Chem. Mater. 2019, 31 (12), 4575-4583.

Empedocles, S. A.; Bawendi, M. G., Quantum-confined stark effect in single CdSe
nanocrystallite quantum dots. Science 1997, 278 (5346), 2114-7.

Trinh, M. T.; Houtepen, A. J.; Schins, J. M; Piris, J.; Siebbeles, L. D., Nature of the
second optical transition in PbSe nanocrystals. Nano Lett. 2008, 8 (7), 2112-7.

Boehme, S. C.; Walvis, T. A,; Infante, I.; Grozema, E C.; Vanmaekelbergh, D.;
Siebbeles, L. D. A.; Houtepen, A. J., Electrochemical Control over Photoinduced
Electron Transfer and Trapping in CdSe-CdTe Quantum-Dot Solids. ACS Nano
2014, 8 (7), 7067-7077.

Giberti, E; Voros, M.; Galli, G., Design of Heterogeneous Chalcogenide
Nanostructures with Pressure-Tunable Gaps and without Electronic Trap States.
Nano Lett 2017, 17 (4), 2547-2553.

Voznyy, O.; Thon, S. M.; Ip, A. H.; Sargent, E. H., Dynamic Trap Formation and
Elimination in Colloidal Quantum Dots. The Journal of Physical Chemistry
Letters 2013, 4 (6), 987-992.

Drijvers, E.; De Roo, J.; Martins, J. C.; Infante, I.; Hens, Z., Ligand Displacement
Exposes Binding Site Heterogeneity on CdSe Nanocrystal Surfaces. Chem. Mater.
2018,30(3), 1178-1186.

Kirkwood, N.; Monchen, J. O. V;; Crisp, R. W.; Grimaldi, G.; Bergstein, H. A. C.;
du Fosse, L; van der Stam, W.; Infante, I.; Houtepen, A. J., Finding and Fixing
Traps in II-VI and III-V Colloidal Quantum Dots: The Importance of Z-Type
Ligand Passivation. J. Am. Chem. Soc. 2018.

80



Engineering the band-alignment in QD heterojunction films via ligand exchange

59.

60.

61.

62.

63.

64.

65.

66.

67.

Zhang, J.; Chernomordik, B. D.; Crisp, R. W.; Kroupa, D. M.; Luther, J. M.; Miller,
E.M.; Gao, ].; Beard, M. C., Preparation of Cd/Pb Chalcogenide Heterostructured
Janus Particles via Controllable Cation Exchange. ACS Nano 2015, 9 (7), 7151-63.

van Embden, J.; Mulvaney, P., Nucleation and growth of CdSe nanocrystals in a
binary ligand system. Langmuir 2005, 21 (22), 10226-33.

Steckel, J. S.; Yen, B. K,; Oertel, D. C.; Bawendi, M. G., On the mechanism of lead
chalcogenide nanocrystal formation. J. Am. Chem. Soc. 2006, 128 (40), 13032-3.

Moreels, I.; Lambert, K.; De Muynck, D.; Vanhaecke, E; Poelman, D.; Martins, J.
C.; Allan, G.; Hens, Z., Composition and size-dependent extinction coefficient of
colloidal PbSe quantum dots. Chem. Mater. 2007, 19 (25), 6101-6106.

Jasieniak, J.; Smith, L.; van Embden, ].; Mulvaney, P; Califano, M., Re-examination
of the size-dependent absorption properties of CdSe quantum dots. J. Phys.
Chem. C 2009, 113 (45), 19468-19474.

Kunneman, L. T. Exciton and charge carrier dynamics in semiconductor nanorods
and nanoplatelets. Delft University of Technology, 2015.

Perdew, J. P; Burke, K.; Ernzerhof, M., Generalized gradient approximation made
simple. Phys. Rev. Lett. 1996, 77 (18), 3865-3868.

Hutter, J.; Iannuzzi, M.; Schiffmann, F; VandeVondele, J., CP2K: atomistic
simulations of condensed matter systems. Wiley Interdisciplinary Reviews-
Computational Molecular Science 2014, 4 (1), 15-25.

Ruch, P. W,; Cericola, D.; Hahn, M.; Ko6tz, R.; Wokaun, A., On the use of activated

carbon as a quasi-reference electrode in non-aqueous electrolyte solutions. J.
Electroanal. Chem. 2009, 636 (1-2), 128-131.

81



Chapter 3

Appendix

Calibration of the Ag pseudoreference electrode for the spectroelectrochemical
measurements

During a spectroelectrochemical measurement, a potential difference is applied across
the electrochemical cell, setting the potential of the working electrode with respect to the
reference electrode. In order to calibrate the potential values with respect to a standard
reference for the potential (e.g. the potential of an electron in vacuum), we measured a
cyclic voltammogram of a redox couple whose reaction potential is known with respect
to the referencel. We measured the ferrocene/ferrocenium redox couple, scanning

the applied potential over the redox potential. Figure 3.6 shows the result of a cyclic
voltammogram of ferrocene/ferrocenium, performed with a scan rate of 50 mV/s.

The position of the redox potential measured with respect to the pseudoreference
electrode, Vi, (pseudoref.), was determined taking the average of the potentials at which
the reduction and oxidation peak current occur. The potential values recorded by the
potentiostat are then calibrated using the formula:

V(vacuum) =V (pseudoref.)+ Vfc . (vacuum)—V, ,(pseudoref.)

=V(pseudoref )+ V. (vacuum)+V, . (SCE)—V,,(pseudoref.) 3.1
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Figure 3.6. Cyclic voltammogram of the ferrocene/ferrocenium redox couple, measured with a
potential scanning speed of 50 mV/s.
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where V. (vacuum) is the redox potential of the saturated calomel electrode (SCE)
measured versus vacuum (4.68 V), and V, . (SCE) is the redox potential of the
ferrocene/ferrocenium couple measured versus the SCE (0.46 V). To ensure proper
calibration of the potential, a ferrocene/ferrocenium reference measurement was taken
before each spectroelectrochemical measurement.

Fit of QD bleach in the spectroelectrochemical measurements

The spectroelectrochemical signal at the PbSe and CdSe QD bandgap, composed of the
superposition of a Gaussian bleach and of a slowly varying background (as discussed in
the main text), is fitted using the function:

F(N)=A+BA+ Acexp(—(A= )" /(202 3.2

where A, A, and o, are the amplitude, central wavelength and standard deviation of the
Gaussian bleach, respectively. For the fit of the PbSe bleach in the TBACI-BT film and
the CdSe bleach in the EDT film, the slope of the background in the wavelength range
of the bleach feature was negligible, and a satisfactory fit could be achieved keeping the
slope B fixed to 0 during the fit.

Potential-dependence of spectroelectrochemical bleach amplitude

We assume a Gaussian density of states at the conduction band-edge of each QD
component, originating from the presence of quantum confinement acting on a
Gaussian size distribution and by the presence additional energy disorder throughout

a QD film (e.g. variation in inter-QD coupling or the presence of impurity ions). In the
presence of unity gate coupling, i.e. changes in the applied potential are equal to the
changes of the Fermi level, the number of electrons injected into the band-edge state as a
function of the applied potential is proportional to:

NcsajeW:\Ea(uerf((V—vm)/ﬁa)) 33

—00

where V_, and o are the central potential and the standard devition of the conduction
band density of states, respectively.

Since the band-edge bleach of semiconductor QDs is proportional to the number of

electrons populating the conduction band-edge states, the potential dependence of the
experimental bleach can be described by the fit function:

F(V) = A[1+erf[%]] 34

20

Estimates of the gate coupling for electrochemical charging of porous QD films,
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performed by Boehme et al.*, suggest a near unity value for low injected carrier
density, allowing to reliably use spectroelectrochemical measurements to determine
the band-edge energies. However, in a heterojunction film, the injection of carriers

in the highest conduction band-edge occurs in the presence of a significant density

of injected electrons in the system, potentially leading to energy penalties for further
electronic injection due to imperfect screening of the Coulomb interactions in the
system. Therefore, although the energy position of the lowest energy conduction band
and the energy order of the conduction band-edge can be determined reliably with the
spectroelectrochemical approach, the spectroelectrochemical estimate for the position
of the highest conduction band-edge can be shifted upwards by the Coulomb energy
penalties, increasing the energy distance between the two conduction band edges.

Energy-integration of the transient absorption signal at the CdSe QD bandgap

In the transient absorption measurements of PbSe-CdSe QD films, the signal at the
bandgap of the CdSe QDs is dominated by a bleach feature, prominent at early times,
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Figure 3.7. Time-dependence of the energy-integrated, fluence-normalized bleach for the TBACI-BT
sample, obtained integrating the TA signal in an energy range around the CdSe QD bandgap (1.90 -
2.14 V) and dividing it by the absorbed photon fluence.
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and by a derivative-like feature, prominent at late times. Since the two features are
spectrally overlapping, the time-dependence of the TA signal at a fixed wavelength
contains contributions from both features. To disentangle the time-dependence of the

bleach feature from the derivative-like feature,

we integrated the TA signal in the energy

window between 1.90 eV and 2.14 eV, containing the full bleach and derivative-like
feature. Due to the anti-symmetry of the derivative-like feature, its contribution to the
integral is null, and the integrated values reflects only the contribution of the bleach to
the TA signal. The time-dependent bleaches shown in Figure 3.3f, Figure 3.7 and Figure
3.8 are obtained integrating the TA signal in the 1.90-2.14 eV range, and dividing the
resulting integral by the absorbed photon fluence.
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Figure 3.8. Time-dependence of the energy-integrated, fluence-normalized bleach for the EDT
sample, obtained integrating the TA signal in an energy range around the CdSe QD bandgap (1.90 -

2.14 eV) and dividing it by the absorbed photon fluence.
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Power-dependence of the bleach decay time in the TBACI-BT treated film

Table 3.2. Bleach half-life of the TBACI-BT sample for different absorbed photon
fluence, obtained from the time-dependence of the energy-integrated, fluence-
normalized bleach, displayed in Figure 3.7.

?ﬁ;‘;ﬁgﬂ /lc’ll;‘;t;’:rf:":;g:)e Bleach half-life (ps)
1.96-10% 1.7
832.10° 27
1.67-10" 15
339-101 220
8.58-101" 450

Power-dependence of the bleach decay time in the EDT-treated film

Table 3.3. Bleach half-life of the EDT sample for different absorbed photon fluence,
obtained from the time-dependence of the energy-integrated, fluence-normalized

bleach, displayed in Figure 3.8.

?;;zizzg /Eigt;:rf:;ig:)e Bleach half-life (ps)
2.6410° 1.4
5.17.10° 17
1.03-10" 20
2.05-10 24
4.24-10" 3.7
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Transient absorption measurements of CdSe-only and PbSe-only films
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Figure 3.9. a, Color-map showing the TA response of a CdSe-only film ligand treated with a TBACI
ligand solution, excited at 570 nm with an incoming photon fluence of 9.76-10'2 photons/cm? per
pulse. b, bleach amplitude extracted from a Gaussian fit of the band-edge bleach for each pump delay

time.
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Figure 3.10. a, Color-map showing the TA response of a PbSe-only film ligand treated with a TBACI
ligand solution, excited at 1100 nm with an incoming photon fluence of 9.05-10" photons/cm? per
pulse. b, bleach amplitude extracted from a Gaussian fit of the band-edge bleach for each pump delay

time.
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Chapter

Model to Determine a Distinct Rate Constant for Carrier
Multiplication from Experiments

Abstract

Carrier multiplication (CM) is the process in which multiple electron-hole pairs are created upon
absorption of a single photon in a semiconductor. CM by an initially hot charge carrier occurs
in competition with cooling by phonon emission, with the respective rates determining the CM
efficiency. Up to now CM rates have only been calculated theoretically. We show for the first time
how to extract a distinct CM rate constant from experimental data of the relaxation time of hot
charge carriers and the yield of CM. We illustrate this method for PbSe quantum dots. Additionally,
we provide a simplified method using an estimated energy loss rate to estimate the CM rate constant
just above the onset of CM, when detailed experimental data of the relaxation time is missing.

Based on: Frank C. M. Spoor, Gianluca Grimaldi, Sachin Kinge, Arjan J. Houtepen and Laurens D.
A. Siebbeles. ACS Applied Energy Materials, 2019, 2 (1), 721-728.



Chapter 4

4.1 Introduction

Absorption of a sufficiently energetic photon in a semiconductor can initially create a hot
electron-hole pair with the electron and/or the hole having excess energy exceeding the
band gap. Such hot charge carriers can cool down to the band edge by phonon emission,
and in addition by excitation of one or more additional electrons across the band gap. The
latter process of carrier multiplication (CM) leads to generation of two or more electron-
hole pairs for one absorbed photon.'?

In the last decade, many nanomaterials with varying composition, size and shape have
been investigated for the occurrence of CM.!* CM has been found in 0D quantum dots
(QDs) in solution* and in thin films,> 1D nanorods,” 2D nanosheets,® 2D percolative
networks® and bulk material.'* CM is a promising process to increase the efficiency of
solar energy conversion and has been demonstrated to occur in photovoltaic devices and
solar fuel cells based on 0D, 1D or 2D nanomaterials.""**

The quantum yield (QY) for charge carrier photogeneration (number of charges carriers
per absorbed photon) is the net result of the competitive relaxation of a hot electron-hole
pair via CM and cooling by phonon emission. Therefore the competition between CM
and cooling has been studied intensively.'**® Relaxation times have been experimentally
determined in many materials, with a particular focus on lead selenide (PbSe) QDs, owing
to their well-controlled synthesis and large range of possible band gap energies through
tuning their size." The outcome is that cooling at high energies relevant to CM is similar
in QDs and bulk material.**? However, according to theoretical calculations CM rates in
QDs differ from those for bulk.?>2¢

To our knowledge the most comprehensive study aimed at finding CM and cooling rates
by theoretical analysis of measured QYs is that of Stewart et al.'® However, in that work
the rates were taken to be independent of the energy of the charge carrier. The latter does
not agree with the aforementioned theoretical calculations, which indicate that the CM
rate strongly depends on charge carrier energy. In addition, our earlier work shows that
the cooling rate also depends on energy.”? A model that allows one to extract an energy-
dependent CM rate from experiments would be very valuable for the understanding of the
factors that govern CM.

In this work, we derive a method to extract an energy-dependent CM rate constant
from experimental measurements of the relaxation time of hot charge carriers to band
edge states and the QY of electron-hole pairs. The method is valid up to a carrier excess
energy (the energy of the carrier above the band edge, i.e. E__  =E-E_, for electrons)
of twice the band gap. In that case the hot charge carriers can undergo only one CM
event. We use the method to determine an energy-dependent CM rate constant from
our previous experimental data for PbSe QDs.?**” The method is however much more
generally applicable and can be used to derive CM rate constants for any material of which
experimental results of both the relaxation time and the QY are available. We also discuss
a simplification to the method using an estimated energy loss rate instead of experimental
data of the relaxation time. This simplified method can be used to find an estimate of
the CM rate constant just above the energetic threshold of CM using only QY data when
experimental data of the relaxation time of hot charge carriers is not available, as is the
case for many materials that are studied for CM.
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Figure 4.1. a, Electron relaxation times as a function of photoexcitation energy and b, QY as a
function of photoexcitation energy scaled by the band gap energy for 3.9 nm PbSe QDs as reported in
our previous works.?>?’

4.2  Experimental relaxation time and QY

In our previous work we reported energetic relaxation of electrons and holes to the band
edges as a function of photoexcitation energy hv for 3.9 nm PbSe QDs with a band gap of
0.95 eV.> Here we focus on electrons only, for which we have accurately determined the
relaxation time. Near the band gap we found that electrons relax between energy levels in
fixed times. At photoexcitation energies relevant for CM, starting at twice the band gap
energy, the relaxation time for electrons increases continuously as a function of photon
energy. We show the relaxation time for electrons in 3.9 nm PbSe QDs as a function of
photoexcitation energy in Figure 4.1a. For the same 3.9 nm PbSe QDs we reported the
QY in our follow-up work.” We show this QY as a function of photoexcitation energy
normalized by the band gap energy in Figure 4.1b. A straight line is fitted to the data
points above unity to find the CM threshold at 2.7 times the band gap energy and a CM
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efficiency given by n= QY1 -100% = 40% .
hv/E,

g

4.3 Model of the electronic structure

From the data in Figure 4.1 we wish to extract a rate constant for CM. To do so we first
need to define an electronic structure for PbSe QDs. Many calculations of the PbSe QD
electronic structure exist,”»*** yielding a high density of states (DOS) at energies relevant
for CM. The situation of a high DOS ensures that electronic states are always available for
energy conservation upon phonon emission by a charge carrier. Indeed, carrier relaxation
was shown to be governed by phonon emission for charge carriers with high excess energy
over the band gap, similar to bulk material.”*** As an approximation, we can therefore
use an electronic structure consisting of N equidistant energy levels, with the distance
determined by the phonon energy, 8E, at energies relevant for CM. We ignore the exact
electronic structure near the band edge, since CM cannot occur from these energy levels.
We show such an electronic structure in Figure 4.2a. We label the valence band (VB),
conduction band (CB) and the higher energy levels (with indices 1 to N) from which CM
can occur. Setting the CB energy to 0, the electron energy for which CM can occur must
be at least one band gap energy Ebg. Taking into account only states relevant for CM, we
take level 1 at an energy equal to Ebg. The highest energy level, at which we create a hot
electron, is labeled N.

In the electronic structure of Figure 4.2a, an electron in an energy level i has two
possibilities. It either cools down to the energy level i — 1 below by emitting a phonon
or undergoes CM, as illustrated in Figure 4.2b. Upon CM, it decays to a level i < 1. If the
electron energy is larger than twice the band gap energy, the electron theoretically could
undergo CM to a level i > 1 and hence undergo CM twice. We consider only single CM
events and therefore consider the highest carrier energy to be just below twice the band
gap energy. This determines our limit for energy level N (E <2E, ). When an electron
in our analysis decays to a level i < 1 it is not considered further, since CM is no longer
energetically allowed. We now define k,, as the phonon emission rate constant from
level i, k., as the CM rate constant from level i, AE as the hot electron energy above the
theoretical onset of CM (the electron energy in level N minus the electron energy in level
1) and 8E as the phonon energy, which is the distance between energy levels, see Figure
4.2a. Since we assume that cooling is governed by phonon emission only, the overall
relaxation rate constant equals k. +k,, . The probability to either emit a phonon, p,, or
undergo CM, pCM,i, from a certain level i is expressed in terms of the rate constants as:

Koe;
Pogj =7—"—
" kPE,i +kcm,i 4.1
_ kCM,i .
Powi = kPE,i +kCM,i

4.4  Modeling carrier relaxation time and CM QY
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Figure 4.2. a, Electronic structure for PbSe QDs. The CB energy is set to 0, such that the first energy
level from which an electron can undergo CM has at least the band gap energy E, . This energy level
is labeled 1. Above the minimal energy required for CM we assume equidistant energy levels with N
the highest level at which we initially create a hot electron. Since we only consider single CM events,
this energy must be lower than twice the band gap energy. b, Possible scenarios of phonon emission
or CM from an energy level i.

Using the electronic structure of Figure 4.2a we can now identify the possible relaxation
scenarios of a hot electron from any energy level i between 1 and N. For example, if an
electron is created in energy level 2, it can either (i) undergo CM directly, (ii) emit a
phonon in energy level 2 to cool down to energy level 1 and then undergo CM or (iii) emit
a phonon in energy level 2 to cool down to energy level 1 and subsequently emit a phonon
in energy level 1 to cool down below it. In all three scenarios, the electron ends up below
level 1 and is no longer able to decay via CM. From this consideration, we can calculate
the relaxation time from each energy level to below level 1 for comparison to Figure 4.1a.
The first relaxation times are given by:
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1 1
NP TPy
T3 = Pre2Ppe L"_L +pPE2pCM1 L"'L "‘pcmzL
o kPE,Z kPE,1 ' ' kPE,2 kcrvu ' kCM,Z
T3 = PpesPre2Pres L"' +L =+ Pre3Pee 2P, L"’ 1 + L J
I kPE,S kPE,Z kPE,1 o ' kPE,3 kPE,Z kcrvu
1 1 1
+pPE,3pCM,2 kPE,S + kcm,z ercm,s kCM,3 4.2

The corresponding QYs for comparison to Figure 4.1b can be calculated in a similar
manner. Note that the QY is defined as the total number of charge carriers per absorbed
photon. The QY is therefore always at least unity and becomes higher when CM occurs.
The first QYs are given by:

QY, =14 Pey; =2 Pee,
QY, =14 Pew, + Pee.Pews = 2 — PrePres 4.3
QY; =1+ Ppeys + PresPemz + PresPre2Pewt = 2~ PresPre2Pre.

The last right-hand side expressions in equation 4.3 indicate that CM occurs for all decay
pathways, except for the case in which the electron cools down through all energy levels
via phonon emission. For any initial energy level N (with energy such that only one CM
event is possible), we can extend equations 4.2 and 4.3 to a general result given by:

N N 1 N—1 N 1 N —I —I
Ty :H<pPE,i)Z[_ +z Pew, H Prex| 7—+ Z +Poun T 4.4
i=1 i=1 ka,i =1 k=j+1 kCM,j k=j+1 kPE,k kCM,N
N
QYy=2—[ [P 4.5

i=1

We note that equations 4.4 and 4.5 can be modified to include multiple CM events, but
they become much more complicated and are not easily fit to the experimental data
anymore. We therefore choose to limit ourselves to the situation of a single CM event.

4.5  Relating experiment and fits

To fit equations 4.4 and 4.5 to the experimental data in Figure 4.1a and 4.1b, we first
need to relate the photoexcitation energy, hv, to the hot electron energy AE (see Figure
4.2a) above the theoretical energy threshold of CM. A straightforward assumption would
be to divide the photon energy in excess of the band gap equally between the electron
and hole. This however cannot explain a CM threshold below three times the band gap

94



Model to Determine a Distinct Rate Constant for Carrier Multiplication from Experiments

energy, such as observed in Figure 4.1b. We therefore choose to give all the photon excess
energy over the band gap to the electron as an upper limit. Our previous work indicates
the existence of transitions in which the photon excess energy is divided as such.?”*° With
this assumption AE can be related to the photoexcitation energy using:

AE=hy—2E, =hv—19eV 4.6

Rescaling the photoexcitation energy according to equation 4.6, the number of the energy
level N can be determined for each photon energy using:

N:E 4.7
OE

(where N is rounded up, since the lowest level corresponds to N=1). Finally, we prescribe
an energy dependence for the phonon emission and CM rate constants of the form:

— Gog
kog = e AE

, 4.8
ko = QuAE"

where the unit of o is [eVPps] since we take AE in [eV] and P is dimensionless. This
power law dependence is a heuristic function, that can however describe the general
energy dependence suggested by theory quite well.? We have carried out the analysis
using polynomial functions up to third order as well, but were able to describe the results
most accurately using the power law dependence of equation 4.8.

To fitequations 4.4 and 4.5 to the data of Figure 4.1a and 4.1b, we rescale the photoexcitation
energy hv to AE according to equation 4.6. This yields both the relaxation time t and the
QY as a function of AE (the electron excess energy minus one band gap, AE =E_ - E, from
Figure 4.2a). The relaxation time relevant to CM is however relaxation from the initial
electron energy AE=hv-2E,_ down to AE = 0. The experimental relaxation time in Figure
4.1a equals cooling to the band edge (AE=-E, ). Hence, we subtract a constant from the
experimental relaxation time, such that it is zero for AE = 0. Any relaxation below this
energy is not relevant for CM. Finally, we perform a global fit of equations 4.4 and 4.5 to
the experimental data of the relaxation time and the QY as a function of AE. We set the
highest energy level N for each data point using equation 4.7 with a distance of 0E = 17
meV between energy levels, equal to the LO phonon energy in PbSe.* The fit parameters
we find from this procedure are the fit parameters a and p from equation 4.8. We note
that fitting to only the relaxation time or the QY, there is freedom in the fits of k_,, and
kPE yielding large uncertainties in a and . The global fit we perform here with coupled
fit parameters does result in an accurate outcome. We have included the code used to
fit equations 4.4 and 4.5 to the experimental data of the relaxation time and QY in the
Appendix.

4.6  Estimate of the CM and cooling rate constants

Fits to the experimental data points for which AE < 0.95 eV are shown in Figure 4.3a, with
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Figure 4.3. Fits of equations 4.4 and 4.5 to the experimental data up to a) AE <0.95¢eV,b) AE < 1.4 ¢V,
c) AE < 1.7 eV and d) AE < 2.1 eV. Fit parameters from equation 4.8 are presented in the figures. The
unit of a is [eVPps?] and P is dimensionless.

the fitted parameters indicated in the figure. We choose this limit for AE because of the
validity of our model for only a single CM event, as discussed above. We observe that the
fit reproduces the experimental data, but with high uncertainties in the fit parameters up
to 100%. The low maximum value of the QY = 1.11 suggests only a small contribution from
multiple CM events. We can therefore extend the range of our analysis to experimental
data points at AE > 0.95 eV. If we do so, we obtain values of the fit parameters in Figure
4.3b (AE < 1.4 eV) and 4.3c (AE < 1.7 V) in line with those previously obtained, but
decreasing the uncertainty to a maximum of only 15% for the latter case. The maximum
value of the QY = 1.35 in Figure 4.3c is evidently still small enough to neglect multiple
CM events.

However, the fit becomes worse when we further extend its range to include the full
experimental data (AE < 2.1 eV), see Figure 4.3d. Surprisingly, the fitted relaxation time
even decreases with energy. This is due to neglecting multiple CM events. When CM
occurs, the electron in our model is taken out of the analysis (moved to an energy level
i <1 in Figure 4.2a). For high enough energy however, an electron can undergo CM to
an energy level i > 1 from which CM can occur again. Therefore, this electron continues
to cool down after the first CM event, increasing the total relaxation time. In our model
however, this electron is considered to be completely relaxed after the first CM event,
resulting in a relaxation time that is shorter in the fit than in the experiment. Additionally,
the CM rate constant increases with increasing energy according to equation 4.8. As the
CM rate constant increases, on average fewer cooling events take place before the first
CM event occurs. If the electron is taken out of the analysis after this first CM event as
discussed above, the relaxation time can decrease with increasing energy such as observed
in the fit of Figure 4.3d. Neglecting the relaxation time after the first CM event is too
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Figure 4.4. a, Fits to the experimental data using equations (4) en (5) with different values of SE. b,
Phonon emission rate constant for 17 meV LO phonons and experimental CM rate constant in 3.9
nm PbSe QDs.

severe an approximation to describe the data for the highest AE. With a measured QY =
1.72 the scenario of multiple CM events is likely. We therefore trust our analysis only up
to AE< 1.7 eV.

The distance, OE, between energy levels in the electronic structure of Figure 4.2a has an
influence on the fit through equation 4.7. If the distance becomes too large, equations 4.4
and 4.5 will yield a stepwise increase of respectively the relaxation time and the QY as a
function of electron excess energy. In Figure 4.4a we show fits to our experimental data
using equations 4.4 and 4.5, for different values of §E. We reproduce the fits separately
for visibility in the Appendix Figure 4.6. We observe that for large 8E in the order of 100
meV, indeed the fits have a stepwise character and do not describe the data as well as the
smoother fits for smaller 6E. The fits for small 3E all yield the same fit parameters a, , B,
and B,.. Only o, increases from 355 for 8E = 17 meV to 605 for 6E = 10 meV to 1210 for
OE = 5 meV. This is to be expected, since the phonon emission rate is inversely dependent
on the phonon energy SE if the average energy loss rate (i.e. the total relaxation time)
remains constant (see equation 4.11 below). Since we argued before that 6E represents the
phonon energy, these results indicate that cooling in our model can be governed by the
most energetic LO phonons with an energy of 17 meV, as well as any other less energetic
phonons. We consider LO phonons the most probable, since the most energy can be
dissipated per step. Most importantly, the CM rate constant is invariant with the phonon
energy SE, if it is small enough.
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We finally find a phonon emission rate constant for 17 meV LO phonons and an
experimental CM rate constant of:

:<355i19)AE(0.26i0.O4) qu
(1.840.1) AE™0 ps!

k
e 4.9
kCM

in 3.9 nm PbSe QDs, with AE in eV. We show these rates as a function of AE in Figure 4.4b.
The energy dependence of the CM rate constant should be related to both the Coulomb
matrix element for CM at the energy of the hot electron and the density of final bi-exciton
states through Fermi’s Golden Rule. Theoretical calculations using various methods either
find similar*® or higher**** CM rate constants than the experimental CM rate constant
we find. We are uncertain what exactly causes the discrepancy. We note however that the
joint DOS for electrons and holes upon photon absorption in a single, parabolic band
semiconductor scales with (hv—Ebg)"'5 and can be higher when more bands are involved.*

The above method is applicable to any material for which the required experimental
data is available, taking into account the following considerations. One should consider
carefully how to divide the excess photon energy between electron and hole for materials
in which an asymmetric distribution is less likely than in PbSe QDs. Moreover, depending
on theoretical insights and the quality of the fits, the prescribed energy dependence of
the rate constants as given in equation 4.8 could be chosen differently to suit the material
under investigation. Finally, equations 4.4 and 4.5 can be modified to include multiple CM
events, although this greatly increases their complexity.

4.7  Estimate of the CM rate constant from the QY

The above analysis yields phonon emission and experimental CM rate constants as a
function of electron excess energy from experimental data of the relaxation time and
QY in QDs. The major limitation of equation 4.4 is that it requires detailed experimental
data of the relaxation time up to high photoexcitation energy. In literature, such data is
very rare. The data of the QY needed for equation 4.5 is much more common for many
different materials. We therefore discuss here a simplified method to estimate the CM rate
constant just above the energetic threshold of CM using only experimental data of the QY.
We first need to estimate an energy loss rate. With the experimental data of the relaxation
time from Figure 4.1a, we can calculate an average energy loss rate y in an energy interval
AE using:

_dE _
R

dr

d(hu)

AE

where 7 is the relaxation time and hv the photon energy. We wish to use this average
energy loss rate for estimating a phonon emission rate constant in the electronic structure
of Figure 4.2a. If relaxation is only governed by phonon emission, then:
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0 v
ky, =—=N—— 4.11
EOSE AE

The phonon emission rate in equation 4.11 is inversely dependent on the phonon energy
OE, as mentioned before when we discussed Figure 4.4a. Equation 4.11 neglects any
energy lost through CM and is therefore only valid below the onset of CM. We however
approximate k. just above the energetic threshold of CM with k. calculated using
equation 4.11.

The benefit of equations 4.10 and 4.11 is that an energy loss rate and consequently a
phonon emission rate constant can be estimated from experimental data or theoretical
calculations. This can then be used to estimate a CM rate constant just above the onset of
CM. Of course, this simplified method is not as accurate as applying the entire method
discussed above and does not yield a full energy dependence of the CM rate constant, but 4
it aids in further analyzing existing experimental data.

To find a CM rate constant, we next consider how an electron relaxes through the
electronic structure of Figure 4.2a. The probabilities given in equation 4.1 that an electron
either undergoes CM or cools from a given energy level by emitting a phonon are now
constant, because of the average energy loss rate used from equation 4.10. Consequently,
the probability that a hot electron created in energy level N does not undergo CM and
therefore relaxes to below level 1 by emitting N phonons is equal to (p,,)™. In all other
scenarios, the electron undergoes CM. The total probability of an electron undergoing
CM in any of the energy levels is therefore 1-(p,,)". As such, the QY is given by (recall that
the QY is one plus the yield from CM):

N
szz—{L] 4.12
kPE +kCM

Equation 4.12 is used to estimate the CM rate constant from experimental data of the
QY. It requires an estimate of the phonon emission rate constant from equation 4.11 as
discussed above. Note that according to equation 4.12, the CM rate constant becomes
comparable to the phonon emission rate constant if the QY significantly exceeds unity.
Since we neglected energy lost through CM in equation 4.11, we again observe that
equation 4.12 is only valid just above the onset of CM.

We compare the simplified model discussed above to the full model of equations 4.4 and
4.5 for our experimental data of the relaxation time and QY in 3.9 nm PbSe QDs. We show
in Figure 4.5a fits of the full model to the experimental data prescribing constant phonon
emission and CM rate constants, up to the first data point of the QY exceeding unity. The
fitted rate constants are included in the figure. We observe from Figure 4.5a that the fits
of the relaxation time and QY increase linearly with AE, as expected for constant rate
constants.

To use equation 4.12, we need to find reasonable values for y and N. From Figure 4.5a
we observe that for the first QY data point exceeding unity, AE = 0.90 eV. Using equation
4.10 we find from the relaxation time that y = 2.5 eV/ps for 0 < AE < 0.90 eV. With these
parameters, we show the QY calculated using equation 4.12 as a function of k , in Figure
4.5b for different N.
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Figure 4.5. a, Fits to the experimental data using equations 4.4) en 4.5 for constant phonon emission
and CM rate constants. b, QY as a function of kCM, calculated using equation 4.12, for y = 2.5 eV/ps,
AE =0.90 eV and various N. The QY converges for N > 10. ¢, QY as a function of kCM, calculated using
equation 4.12, for y = 2.5 eV/ps, AE = 0.90 eV and N = 53. The QY = 1.11 is indicated by the black
dashed line and intersects the solution from equation 4.12 atk,, = 0.3 ps’.

From Figure 4.5b we observe that the QY calculated using equation 4.12 depends on N,
but converges for N > 10. If we consider the distance between energy levels, 8E, equal to
the LO phonon energy in PbSe of 17 meV as before, we find from equation 4.11 that N =
53 and k,, = 147 ps'. With these numbers we again show the QY calculated using equation
4.12 as a function of k, in Figure 4.5c. We also indicate QY = 1.11 with a black dashed
line, equal to the first experimental QY data point exceeding unity. From Figure 4.5¢c we
observe thatk_, = 0.3 ps” for the QY = 1.11.

We observe from Figure 4.5a and 4.5c that the phonon emission and CM rate constants
determined from our full fit procedure with constant rate constants and from using
equation 4.12 are equal within the error margin. We therefore find kCM = 0.3 ps” and k
= 147 ps' as an estimate just above the energetic threshold of CM. Note that k., is indeed
much smaller than k, in agreement with the assumption to obtain equation 4.11.

For AE = 0.90 eV, we find from equation 4.9 that k ,, = 1.5 ps™ and k, = 346 ps' using the
full model of equations 4.4 and 4.5 and both the experimental relaxation time and QY. The
simplified method using equation 4.12 therefore significantly underestimates the CM rate
constant. It is however useful to estimate an order-of-magnitude for the CM rate constant
when only experimental data of the QY is available.

4.8 Conclusions

We have presented a method to determine the rate constant of CM for initially hot charge
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carriers from experimental data of the relaxation time and QY. We have illustrated this
method for electrons in 3.9 nm PbSe QDs, for which we find a CM rate of k ,,=(1.8+0.1)
AEU02 psl with AE in eV. We have also derived a simplified method to estimate the
CM rate constant just above the onset of CM when only experimental data of the QY is
available. The method to determine the CM rate constant is generally applicable to analyze
the observed CM efliciency in quantum confined and bulk materials. Extraction of a
distinct CM rate constant can be useful for screening and direct development of materials
with enhanced CM efficiency.
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Appendix
Code used for fitting the carrier relaxation time

The code used for fitting equation 4.4, in the format of a WaveMetrics Igor Pro
procedure, is given below. Note that this is an independent fitting routine. The global fit
was performed using the global fit procedure incorporated in Igor Pro 6.37.

Function stepwisetimefit(w,energy) : FitFunc
Wave w
Variable energy

//CurveFitDialog/ These comments were created by the Curve Fitting dialog. Altering
them will

//CurveFitDialog/ make the function less convenient to work with in the Curve Fitting
dialog.

//CurveFitDialog/ Equation:

//CurveFitDialog/ Time with kCM = A * energy ~ B and kPE = C * energy A D
//CurveFitDialog/ End of Equation

//CurveFitDialog/ Independent Variables 1

//CurveFitDialog/ energy

//CurveFitDialog/ Coefficients 4

//CurveFitDialog/ w[0] = A

//CurveFitDialog/ w[1] =B

//CurveFitDialog/ w(2]

//CurveFitDialog/ w[3]

C
D

Variable bg = 0.95, dE = 0.017
Variable Nmax = ceil(energy / dE)

variable i, j, k, product_pPE, sum_tPE, sum_CM_AND_PE, product_sum_pPE, sum_
sum_tPE
Make/N=(Nmax+1)/O/D taufit = 0, pCM = 1, kCM = 0, pPE = 1, kPE = 0, ktot = 0

for (i=1; i<=Nmax; i+=1) // analysis through each energy level i up to Nmax

KCM(i] = w[0] * (i * dE)Aw][1]
KPE[i] = w[2] * (i * dE)Aw[3]
ktot[i] = kCM[i]+kPE[i]
pPE[i] = (kPE[i]) / (kPE[i] + kCMI[i])
pCMIi] = (kCM[i]) / (kPE[i] + kCML[i])

product_pPE =1

sum_tPE=0
sum_CM_AND_PE =0
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for (j=1; j<=i; j+=1) // sum for only cooling

product_pPE *= pPE[j]
sum_tPE += 1/ktot[j]

endfor // sum for only cooling
for(j=1; j<i; j+=1) // sum including CM

product_sum_pPE =1
sum_sum_tPE =0

for(k=j+1; k<=i; k+=1) // define the product of pPE and the sum of
tPE for the shorter sum

product_sum_pPE *= pPE[K]
sum_sum_tPE += 1/ktot[k]

endfor

sum_CM_AND_PE += pCM]j] * product_sum_pPE * (1/ktot[j] +
sum_sum_tPE)

endfor // sum including CM

taufit[i] = pCM[i] * (1/ktot[i]) + product_pPE * sum_tPE + sum_CM_AND_
PE

endfor // analysis through each energy level i up to Nmax
return taufit{ Nmax]
End
Code used for fitting the CM QY
The code used for fitting equation 4.5, in the format of a WaveMetrics Igor Pro
procedure, is given below. Note that this is an independent fitting routine. The global fit
was performed using the global fit procedure incorporated in Igor Pro 6.37.
Function stepwiseQYfit(w,energy) : FitFunc
Wave w

Variable energy

//CurveFitDialog/ These comments were created by the Curve Fitting dialog.
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Altering them will

//CurveFitDialog/ make the function less convenient to work with in the Curve

Fitting dialog.

End

//CurveFitDialog/ Equation:

//CurveFitDialog/ QY with kCM = A * energy A B and kPE = C * energy A D
//CurveFitDialog/ End of Equation

//CurveFitDialog/ Independent Variables 1

//CurveFitDialog/ energy

//CurveFitDialog/ Coefficients 4

//CurveFitDialog/ w[0] = A

//CurveFitDialog/ w[1
//CurveFitDialog/ w(2
//CurveFitDialog/ w[3

]=B
1=C
]=D
Variable bg = 0.95, dE = 0.017

Variable Nmax = ceil(energy / dE)

variable i, j, k, product_pPE
Make/N=(Nmax+1)/0/D QYfit=1, pCM =1,kCM =0, pPE=1,kPE=0

for (i=1; i<=Nmax; i+=1) // analysis through each energy level i up to
kCM[i] = w[0] * (i * dE)Aw[1]
kPE[i] = w[2] * (i * dE)Aw[3]
pPE[i] = (kPE[i]) / (kPE[i] + kCM[i])
pCMi] = (kCM[i]) / (kPE[i] + kCM[i])
product_pPE =1
for (j=1; j<=i; j+=1) // sum for only cooling
product_pPE *= pPE[j]
endfor // sum for only cooling
QYfit[i] = 2 - product_pPE
endfor // analysis through each energy level i up to Nmax

return QYfit[Nmax]

106



Model to Determine a Distinct Rate Constant for Carrier Multiplication from Experiments

Influence of the distance SE between energy levels on the fit

We reproduce the fits of Figure 4.4a in the main text separately for each value of the
distance 8E between energy levels in Figure 4.6.
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Chapter

Spectroscopic evidence for the contribution of holes to the
bleach of Cd-chalcogenide quantum dots

Abstract

In transient-absorption (TA) measurements on Cd-chalcogenide quantum dots (QDs), the
presence of a band-edge (BE) bleach signal is commonly attributed entirely to conduction-
band electrons in the 1S(e) state, neglecting contributions from BE holes. While this has been
the accepted view for more than 20 years, and has often been used to distinguish electron and
hole kinetics, the reason for the absence of a hole contribution to the BE bleach has remained
unclear. Here, we show with three independent experiments that holes do in fact have a significant
impact on the BE-bleach of well-passivated Cd chalcogenide QD samples. Transient absorption
experiments on high photoluminescence quantum yield CdSe/CdS/ZnS core-shell-shell QDs
clearly show an increase of the band edge bleach as holes cool down to the band edge. The relative
contribution of electron-to-hole bleach is 2:1, as predicted by theory. The same measurements on
core-only CdSe QDs with lower quantum yield do not show a contribution of holes to the band
edge bleach. We assign the lack of hole bleach to the presence of ultra-fast hole trapping in samples
with insufficient passivation of the QD surface. In addition, we show measurements of optical
gain in core-shell-shell QD solutions, providing clear evidence of a significant hole contribution
to the BE transient absorption signal. Finally, we present spectroelectrochemical measurements
on CdTe QDs films, showing the presence of a BE-bleach for both electron and hole injection.
The presence of a contribution of holes to the bleach in passivated Cd-chalcogenides QDs bears
important implications for quantitative studies on optical gain as well as for TA determinations of
carrier dynamics.

Based on: Gianluca Grimaldi, Jaco J. Geuchies, Ward van der Stam, Indy du Fossé, Baldur
Brynjarsson, Nicholas Kirkwood, Sachin Kinge, Laurens D.A. Siebbeles, Arjan J. Houtepen. Nano
Letters, 2019, 19 (5), 3002-3010.



Chapter 5

5.1 Introduction

Cadmium chalcogenide Quantum Dots (QDs) have been among the earliest QD systems
to be investigated, and are still at the forefront of QD research, with applications in solar
cells', transistors*¢, LEDs"?, catalysis®'' and lasing'*'*. In particular, recent breakthroughs
in electrically-pumped core-shell QD lasers" confirm the potentials of these QD materials
in low-threshold lasing applications. Understanding the behavior of band-edge (BE)
absorption in QDs is a necessary step in the development of optoelectronic applications,
and has been the focus of years of spectroscopic investigation'¢-2.

In the presence of excited carriers, the BE absorption of QDs decreases in intensity, an
effect called absorption bleach. Numerous reports have claimed that the BE-bleach in
Cd chalcogenide QDs seems to be entirely dominated by the presence of electrons in
the conduction BE state, with no evidence of a hole contribution to the effect®***. This
observation has important consequences for both applied and fundamental studies on Cd
chalcogenides: the lack of a hole contribution implies a negligible amount of stimulated
emission, preventing the realization of optical gain; furthermore, complete assignment
of the BE-bleach to electrons has been a widely used assumption in the determination
of electron kinetics from transient absorption (TA) measurements of bleach decays'**.
Despite the claim on the lack of a hole-induced bleach, the underlying reason remains
ambiguous, with studies suggesting the presence of efficient hole trapping®*, a high
degeneracy of thermally populated hole states*?*, or a combination thereof*.

Here we present three independent experiments that clearly demonstrate the presence of
a significant hole contribution to the BE-bleach of CdSe and CdTe QDs. According to the
present work, the lack of a hole contribution depends on the presence of un-passivated
trap states and is not an intrinsic property of II-VI QDs. We performed TA measurements,
exciting CdSe/CdS/ZnS core-shell-shell QDs at the 1S [1S, ,(h)-1S(e)] transition and 2§
(2S,,,(h)-15(e)] transition. Comparison of the two bleach dynamics revealed the presence
of a 210+20 fs ingrowth upon 2§ excitation, while the growth of the 1S signal is limited
by the (130 fs) time resolution of the measurement. As the two excitations differ only
for the initial hole state, the difference between the two bleach-kinetics demonstrates
the presence of a hole contribution to the BE-bleach. The ratio between the electron and
hole bleach contribution, extracted from the amplitude of the ingrowth component of the
bleach upon 2§ excitation, is found to be 2:1. This observation is in excellent agreement
with a simple transition-counting model for the bleach of a transition involving a two-fold
degenerate electron state and a four-fold degenerate hole state. Interestingly, repeating the
measurement on core-only CdSe QDs showed identical kinetics for the two excitations,
confirming the role of hole trapping in the removal of the hole contribution from the
bleach. The latter explains the absence of the observation of a hole bleach in previous
reportsl7,28,3,29.

We provide further evidence for the contribution of holes to the band edge bleach by
showing optical gain in solutions of CdSe/CdS/ZnS QDs. The observation of optical gain
directly implies the presence of stimulated emission, which in turn is a tell-tale sign of a
contribution of holes to the BE bleach. Comparison of the measured gain with predictions
from the transition-counting model shows quantitative agreement. Finally, we present
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Figure 5.1. Schematics of optical bleaching and possible scenarios in core-shell-shell CdSe QDs.
a, Absorption and photoluminescence spectrum of the CdSe/CdS/ZnS core-shell-shell QDs. The
different transitions in the CdSe core are labelled according to the literature®=% b, Schematic of the
optical transitions in the TA experiments. Upon 1S-excitation, the band-edge absorption transition
is bleached instantly due to the presence of an electron in the 1Se state and the presence of a hole in
the 18, ,(h) state. Upon 2S-excitation of the 2§, ,(h) - 1Se transition, the band-edge bleach should
theoretically show an ingrowth over time (sub picosecond), related to fast hole cooling from the
2S, (h) to the 1S, (h) state.

3/2 3/2

spectroelectrochemical measurements on films of CdTe QDs. We show that both electron
injection (reducing potentials) and hole injection (oxidizing potentials) results in a clear
bleach of the BE transition. These results clarify the presence of a hole contribution to the
BE-bleach of Cd chalcogenides QD systems, paving the way for quantitative prediction of
the gain threshold in this highly-investigated material system.

5.2 QD synthesis and material properties

We synthesized CdSe/CdS/ZnS QDs with low polydispersity (standard deviation in particle
diameter 7%) and high PL performance, following descriptions in recent literature®?.
The steady-state absorption and PL spectra of the core-shell-shell QDs are shown in
Figure 5.1a, labelled following a multiband effective mass approximation description of
electronic states in the strong coupling regime**~>. The photoluminescence quantum yield
(PLQY) was determined to be 82% (see Supporting Information). The low polydispersity
leads to sharp absorption features that allow state selective excitation, which simplifies the
analysis of the transient absorption spectra. The high PLQY ensures the sample is hardly
affected by carrier trapping.

5.3 Evidence of hole contribution to the BE-bleach via ultrafast TA
measurements

We attempt to determine the contribution of holes to the BE-bleach by selectively exciting
either the 1S [1S, ,(h)-1S(e)] (616 nm) or the 2S [2S,  (h)-1S(e)] transition (581 nm). Figure
5.1b shows a schematic of the carrier dynamics expected for the two excitations. Upon
optical excitation of the 1S transition, both carriers populate the BE levels, immediately
contributing to the BE-bleach, while upon 2S-excitation the hole initially populates the
28, ,(h) state and does not contribute to the BE-bleach. After a certain cooling time (t__ ),
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Figure 5.2. 2D TA measurements on the CdSe/CdS/ZnS QDs during the first picosecond upon 18-
and 2S-excitation. a, 2D TA image for excitation resonant with the 1S and (b) 2§ transition. Excitation
of the 1S transition shows an instantaneous appearance of the BE-bleach. ¢, Differential absorption of
the CdSe QD BE upon 1S- and (d) 2S-excitation. Excitation of the 28 transition shows a clear ingrowth
of the BE-bleach signal in the first hundreds of femtoseconds after photoexcitation, indicative of hole
cooling from the 2S, (h) to the 1S, (h) state.
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the hole relaxes to the 1S, ,(h) state. In this scenario, with carrier dynamics unaffected by
trapping, the presence of a hole contribution to the BE-bleach would result in a difference
in the kinetics of the ingrowth of the bleach signals in the two excitations.

We performed TA measurements on the sample in the low fluence regime, in which the
pump beam excites an average number of excitons per QD much smaller than unity,
while vigorously stirring the solution to avoid photocharging effects®. Figures 5.2a and
5.2b show 2D TA colormaps for 1S- and 2S-excitation, respectively. Although the two
measurements show identical TA signals in the time window between 1 ps and 3 ns
after photoexcitation, clear differences between them can be observed in the early-time
behavior of the BE-bleach (at 618 nm). To highlight the difference in the two responses,
spectral cuts of the 2D TA colormaps are shown in Figure 5.2c and 5.2d, displaying the
differential absorption signal for different pump-probe delays. The transient absorption
spectrum in the 1S-excitation measurement (Figure 5.2c) remains constant after the
coherent artifact response®. The 2S-excitation measurement, shown in Figure 5.2d, shows
a clear growth of the BE-bleach occurring in the first hundreds of femtoseconds after
photoexcitation. As the only difference between the two measurements is the initial hole
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state, this clearly demonstrates a significant influence of the hole on the BE-bleach: as
holes cool down to the BE state, the BE-bleach increases. Below we perform a quantitative
analysis on these transient absorption measurements. We focus only on the region of the
1S transition since spectral overlap between different transitions prevents unambiguous
quantitative description of the transient absorption signals at higher energy.

54  Quantitative modelling of the hole contribution to the BE-bleach

In order to quantify the impact of the hole on the BE-bleach, we fitted the sum of two
Gaussians to the time-dependent differential absorption spectrum close to the energy of
the BE absorption (Figure 5.3a), to account for the partial overlap of the 1S and 2S bleach
features. Although the description of the TA signal at the energy of the 2S transition is
neglecting spectral overlap with higher energy components, the precise shape of the
2S bleach has little influence on the determination of the 1S bleach component (see
Appendix). Figure 5.3b shows the time-dependence of the 1S bleach component for 1S-
and 2S-excitation. Again, a clear difference is observed in the dynamics of the BE-bleach
between the two measurements, with the 2S-excitation showing a clear ingrowth during
the first 500 fs, while upon 1S-excitation the BE remains constant after a 130 fs resolution-
limited increase. After cooling is completed, the bleach per absorbed photon in the two
excitations is the same, confirming that the number of carriers reaching the band-edge
in the two excitations is the same (See Appendix). The ingrowth of the BE-bleach in the
2S-excitation measurement is fitted with the sum of a step function (1S electrons) and
an exponential increase (1S holes), convolved with a Gaussian Instrument Response
Function (IRE see Appendix). The fit yields a time constant for the ingrowth of 210 + 20
fs, in agreement with the expected fast dynamics of hole relaxation’” (see Appendix).

The ratio between the hole bleach (AA,) and the exciton bleach (AA), extracted from
the fit, amounts to 0.32+0.03. This value can be compared to the prediction based on a
widely used model based on state filling of degenerate energy levels'*'>*** schematically
shown in Figure 5.3c. Assuming equal oscillator strength for all the energy-degenerate
transitions, the total absorbance is given by a sum over identical contributions A* for each
transition, represented as red, upwards arrows in Figure 5.3c. The presence of an electron
and/or a hole in one of the two states involved in a transition induces state-filling, as well as
stimulated emission, both leading to a reduction of the net absorption. In the low-fluence
limit relevant for comparisons with the measurements, the steady state absorbance A and
the excited state absorbance A’ in the presence of an occupation n_and n, of the electron
and hole states can be written as:

A,=A9.9, 5.1

A'=A(g.—n.)(g,—n,)—n.n,) 5.2

where g (g,) represents the electron (hole) degeneracy. The term proportional to n, n,
originates from stimulated emission, represented by a green, downwards arrow in Figure
5.3c. It follows from equations 5.1 and 5.2 that the differential absorbance, AA= A™-A ;, in
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Figure 5.3. Analysis of the band-edge bleach in TA experiments upon 1S- and 2S-excitation of
the CdSe/CdS/ZnS NCs. a, We fit two-Gaussians to the BE-bleach, which correspond to the 18, /z(h)'
1S(e) and 2§, ,(h)-1S(e) transitions, and extract the contribution of each transition to the TA signal
for different pump-probe delay times. b, Normalized amplitude of the BE-bleach upon exciting the
1S and 2S transition (red and orange). 2S-excitation leads to an ingrowth of the BE-bleach on a
timescale of hundreds of femtoseconds, whereas for 1S-excitation the BE-bleach appears instantly.
Fitting the 2S-excitation signal with a step increase, due to the electron and an exponential ingrowth
due to the hole (convolved with the IRF, see Appendix) produces a good agreement with the data
(dotted light-blue) and allows to quantify the time-dependence of the hole contribution (dark blue).
¢, Schematic of the transition counting model used to extract the contributions of the electron and
exciton to the magnitude of the BE-bleach.

presence of an exciton (n =1,n,=1) and in presence of a hole (n,=0,n,=1) can be expressed
as:

AAX :_A*(ge +9h) 5.3
AA, =—Ag, 5.4

Within this model, the ratio of the hole and exciton BE-bleach, (AA,)/(AA, )=g /(g +g,) is
entirely determined by the degeneracy of the band-edge states. Setting the BE degeneracies
to the theoretically predicted values (g = 2 and g, = 4)*, results in a ratio of the hole-to-
exciton bleach (AA,)/(AA, )=1/3, in quantitative agreement with the value (0.32+0.03)
we measured. Although the simple model neglects the presence of angular momentum
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Figure 5.4. Analysis on the core-only, low PLQY CdSe QDs upon 1S- and 2S-excitation, showing
fast hole trapping. a, 2D TA images for 1S- and (b) 2S-excitation, up to 1 ps after photoexcitation on
the core-only CdSe QDs. In both cases we do not see an ingrowth of the BE-bleach. ¢, Amplitude of
the BE-bleach upon exciting the 1S (red) and 2S (yellow) transitions. Note that the bleaches appear
simultaneously and instantly after photoexcitation in both cases, i.e. we do not observe the hole
cooling, which is in contrast with the band-edge bleach of the high PLQY NCs from Figure 5.4. d,
Schematic representation of hole relaxation pathways after photo-excitation. In high PLQY samples,
with little to no hole trapping, the hole relaxes to the band-edge level [1S, (h)], where it contributes
accordingly to the BE-bleach in the fs-TA experiments. In samples where there is fast hole trapping,
the hole is rapidly localized in a trap state, and does not contribute anymore to the BE- bleach signal
in our fs-TA experiments.

selection rules for optical transitions, accounting for angular momentum conservation
leads to the same quantitative results (see Appendix). We conclude that the bleach
dynamics of near-unity PLQY CdSe core-shell QDs can be entirely explained in terms of
the commonly accepted values for the BE degeneracies of single-particle electron and hole
states in CdSe QDs'****!, ruling out the presence of a high-degeneracy quasi-continuum
of BE hole states.

5.5  Absence of hole contribution to the BE-bleach for un-passivated
QDs

It is likely that the presence of a high density of surface traps, incomplete surface
passivation via thinner shells or lack of time resolution contributed to hide the BE hole
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bleach contribution in previous TA studies of CdSe QDs. We studied the importance of
good surface passivation for the determination of the hole bleach, via comparison between
the high PLQY, core-shell-shell CdSe/CdS/ZnS QDs, shown in Figure 5.3, and low-PLQY
(6.5%), core-only CdSe QDs. Recent work by our group?*? and others* has shown that PL
quenching for core-only Cd-chalcogenide QDs is dominated by the presence of localized
hole states in the band-gap, leading to ultrafast hole trapping. These trap states originate
from undercoordinated chalcogenide atoms at the surface of the QDs*****, which can be
passivated by Z-type ligands*.

Figure 5.4a,b shows 2D TA colormaps for the core-only CdSe NCs, excited at the 1S and
the 2S transition, respectively. A striking similarity is observed in the dynamics of the
BE-bleach between the two measurements. Figure 5.4c compares the temporal evolution
of the BE-bleach for the two excitations, revealing that the bleach components follow the
same kinetics in both measurements. This implies that the hole trapping rate exceeds both
the cooling rate (i.e. Tyrap << ) and the time resolution of the measurement (for a more
quantitative discussion on the trapping dynamics, see the Appendix, Figure 5.15). Thus, the
TA measurement probes QDs populated by a trapped hole and a conduction BE electron,
irrespective of the initial excitation. These results demonstrate that the contribution of
holes to the BE-bleach is completely obscured by fast hole trapping in low PLQY samples.

5.6  Hole cooling in Z-type ligand (InCL)) passivated CdSe core-only
QDs

We have attributed the lack of hole-cooling in un-passivated core-only QDs to ultrafast
hole trapping, also leading to low PLQY in these samples. This interpretation suggests
it should be possible to observe hole cooling in core-only CdSe QDs when their PLQY
is high enough, i.e. the hole trapping is sufficiently slow or absent from a portion of the
QD population. Below, we show that Z-type ligand passivation of the surface of core-only
CdSe QDs increases their PLQY, and allows us to observe the cooling of the hole from the
2§, , into the 1S, | hole state in TA experiments.

Proper passivation of the CdSe QD surface can in principle lead to high PLQY core-only
samples”. We passivated the surface of CdSe QDs cores with InCl,, a Lewis acid that
acts as a Z-type ligand, following work that was recently published by our group*. The
steady-state absorption and PL spectra are shown in Figure 5.5a. After the InCl, surface
treatment, the PLQY of the CdSe QDs sample increased from 2% to 21%. Figure 5.5b
shows the BE bleach for 1S and 2S excitation of these passivated CdSe QDs dispersed in
toluene. A clear ingrowth of the BE bleach amplitude is observed when photoexciting
the 2S transition, i.e. the hole cools down from the 2§, , hole state to the 1S, , hole state,
whereas the growth of the BE bleach upon 1S excitation is limited by the time-resolution.
Fitting the data with the same model presented for the high PLQY core-shell-shell QDs,
we obtain a ratio for the hole-to-exciton bleach in the InCl, passivated CdSe cores of
0.10+0.02, with a hole cooling time of 190 + 40 fs, closely matching the value obtained on
the core-shell-shell QDs.

We associate the increase in PLQY to the suppression of trapping process in part of
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Figure 5.5. Evidence of hole contribution to the band-edge bleach in Z-type ligand (InCL,)
passivated core-only CdSe QDs with TA. a, Absorption and PL spectra of the un-passivated and InCl,
passivated core-only QDs. The PLQY is increased by an order of magnitude. b, Comparison between
1S and 2S excitation on CdSe cores which are passivated with InCl,. The ingrowth of the band-edge
bleach due to the relaxation of the hole from the 2S to 18 state is clearly visible and constitutes 10%
of the total band-edge bleach amplitude. ¢, Comparison of the band-edge bleach amplitude between
un-passivated core-only CdSe QDs, InCl, passivated QDs and the core-shell QDs earlier presented in
this paper. The inset shows a photograph of the un-passivated (2% PLQY) and InCl, passivated (21%
PLQY) QDs. d, Band-edge bleach amplitude after 1S excitation on the same samples presented in (c).
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the QD population, due to an improved chemical passivation of surface traps*. In the
passivated QDs, holes contribute to the BE ingrowth, while in the un-passivated portion
of the population the BE signal is dominated by the electron contribution. As a result, the
amount of hole contribution to the BE signal for the InCl, passivated cores is expected
to be lower than in the core-shell-shell sample, in line with the difference in PLQY.
Figure 5.5¢ presents the amplitude of the BE bleach after exciting the 2§ transition of the
un-passivated QDs, the InCl, passivated QDs and the core-shell-shell QDs. The ingrowth
follows a clear trend with increasing PLQY; better passivation of the CdSe QDs leads to
a higher contribution of holes to the BE bleach. As we passivate possible hole traps on
the surface of the QDs better, a larger fraction of photoexcited holes survive the cooling
process from the 2§, | to the 1S, state.

Figure 5.5d shows the amplitude of the BE bleach upon 1S excitation of the un-passivated
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Figure 5.6. Additional spectroscopic evidence of hole contribution to the BE-bleach. a, High-fluence
TA colormap of the CdSe/CdS/ZnS QDs, excited at 400 nm with a fluence of 6.54-10™ photons/cm?
per pulse, showing a maximum of the BE-bleach 4.5 picoseconds after photoexcitation. b, Comparison
between the excited state absorption spectrum (A +AA), obtained from the differential absorbance
shown in (a) at 4.5 picoseconds, and the steady state absorption (A, black), clearly showing the
presence of optical gain at <N> = 2.07 excitons/QD. ¢, Spectroelectrochemical measurement on a
film of CdTe QDs, showing the differential absorption spectrum of the sample at reducing potentials
(electron injection, red curve) and oxidizing potentials (hole injection, blue curve, offset for clarity).
The bleach amplitude was extracted from a fit of the signal with a Gaussian and a derivative-like
feature, due to the presence of Stark-shift induced by localized charges®.

cores, InCl,-treated cores and core-shell-shell QDs. Although all samples have a decay
component with a picosecond lifetime, InCl,-treated cores and un-passivated cores show
sign of faster decay components, possibly associated with the ultrafast hole trapping
process assumed in our description. However, the presence of multiple coherent bleach
oscillations, typically associated with phonon-emission processes**, and limits in the
time-resolution of the measurements prevents quantitative determination of the character
of the fastest decay component (See Appendix).

The experiments on these InCl,-passivated QDs show that holes do indeed contribute to
the BE bleach in CdSe QDs cores, with an amplitude determined by the degree of QD
passivation.

5.7  Evidence of a hole contribution to the BE-bleach via optical gain
and spectroelectrochemistry

Another spectroscopic signature of a significant hole contribution to the BE-bleach can be
found in the presence of optical gain at the energy of the 1S transition. Figure 5.6a shows a
high-fluence TA measurement on the CdSe/CdS/ZnS QDs, performed exciting the system
at 400 nm with a fluence of 1.86-10' photons/cm? per pulse, resulting in an average of
2.07 excitons per QD. Figure 5.6b compares the steady-state absorbance of the measured
sample (black) to excited-state absorbances for different excitation fluences (<N> = 0.86
in orange and 2.07 in red), obtained adding the differential absorbance at 4.5 picoseconds
after photoexcitation to the steady-state spectrum. For the higher fluence measurement
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(red), the excited-state absorbance is negative on the low-energy side of the 1S absorption
feature, an effect which would not be possible in the absence of a hole contribution to
both stimulated emission and state-filling of the 1S transition. The red trace in Figure 5.6b
shows that net gain is observed in the presence of approximately two excitons per QD.
In absence of a hole contribution to the BE-bleach, a doubly-excited QD with two-fold
degenerate conduction BE should have zero absorption (i.e. the material is transparent at
the BE energy), but would not show gain.

We applied the transition-counting model, corrected for Poissonian excitation statistics
(see Appendix), to a QD with two-fold degenerate conduction BE and four-fold degenerate
valence BE. For an excitation density of <N> = 2.07 this model predicts a fractional bleach
AA/A,=1.21, in close agreement with the fractional bleach of 1.19 observed from the TA
measurement (see Appendix). This result shows that our quantitative assignment of the
hole contribution in the low-fluence BE-bleach remains valid in the high-fluence regime:
the transient absorption signal at the BE is well described by the sum of the contributions
of electrons, with a degeneracy of 2, and holes, with a degeneracy of 4.

Perhaps the conceptually clearest proof of holes contributing to a BE-bleach comes
from experiments where only holes are injected. In principle, hole injection could be
done electrochemically and the changes in absorption could be recorded. However,
electrochemical hole injection leads to rapid deterioration of CdSe QDs™, possibly due
to irreversible oxidation of Se surface ions and dissolution of Cd***'. However, we found
that for CdTe QDs stable hole injection is possible, allowing spectroelectrochemical
determination of the hole bleach spectrum. The presence of a hole contribution to the
BE-bleach should be extendable to other Cd-chalcogenides QDs, as they all share the
same character of the BE transition.

Figure 5.6¢ shows differential absorption spectra obtained during a spectroelectrochemical
measurement of a film of CdTe QDs. A potential difference is applied between the sample
and a Ag pseudoreference electrode, which allows us to control the Fermi level inside
the QD film. Applying both a reducing potential (electron injection, red) and oxidizing
potential (hole injection, blue), we observed spectral changes at the BE energy. These
spectral changes are caused by the superposition of a bleach feature and of a derivative-
like feature, associated with a Stark-shift induced by the presence of trapped electrons.*
We fitted the BE signal in the two traces, separating the bleach component (red and blue
lines in Fig. 5.6¢) and the Stark-shift component (see Appendix). The similarity in the
spectral shape of the BE signals and the presence of a bleach component in both the spectra
demonstrates that holes have a contribution to the BE-bleach similar to the contribution
of electrons. Furthermore, we extracted the BE-bleach at each potential from a fit of the
differential absorbance spectra, showing the presence of two distinct onsets in the bleach
amplitude, corresponding to electron and hole injection (See Appendix). This clearly
shows that electrochemical hole injection results in a measurable BE-bleach in CdTe QDs.

5.8 Conclusions

To summarize, we have provided three independent pieces of evidence that holes
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contribute to the BE-bleach in Cd-chalcogenide QDs. We measured TA in the low-fluence
regime on high PLQY CdSe core-shell-shell QD solutions, identifying a component in the
bleach kinetics associated with hole cooling. The relative weight of the photogenerated
hole to the BE-bleach amounts to half the weight of the electron, consistent with a simple
theoretical model for the bleach of degenerate transitions. Measurements on low PLQY
CdSe core-only QDs do not show a dependence on the initial hole state. InCl,-treated
QDs, which have an intermediate PLQY between cores and core-shell-shell particles,
show the presence of a hole component in the bleach, with a smaller amplitude than in
the core-shell-shell QDs. These observations support the conclusion that ultrafast hole
trapping in samples with incomplete passivation obscures the hole contribution to the
BE-bleach. We also show that optical gain of the BE transition can be achieved for relatively
low excitation densities (<N> = 2), which implies a significant contribution of a BE hole to
the BE-bleach. Furthermore, we measured a bleach upon electrochemical hole injection
in CdTe QDs, confirming that holes contribute to the BE-bleach of Cd chalcogenides QDs
even in the absence of BE electrons.

Once demonstrated, the presence of a hole bleach can be used for spectroscopic analysis,
allowing to differentiate between BE and trapped holes. Furthermore, our results suggest
that measurements of TA BE-bleach can be employed to investigate the kinetics of hole
processes in high PLQY Cd chalcogenides QDs, by monitoring the kinetics of the hole
contribution to the bleach. Finally, we showed remarkable agreement between calculations
of the fractional bleach in the presence of hole contribution and our experimental results.
This observation paves the way to more quantitative studies of the build-up of optical
gain in these materials, which will give solid handholds to improve these materials for
applications in low-threshold gain media.
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Appendix

Materials used in the QD synthesis

Lithium perchlorate (LiCIO,, 99.99%), CdO (99.99%), Cd(II)-acetate (99.995%),
Zn(II)-acetate (99.99%), Rhodamine 101 inner salt, Octadecene (ODE, 90%),
1,7-heptanediamine (7-DA, 98%), Oleylamine (OLAM, 99.8%), Oleic acid (OA,
90%), Ferrocene (Fc, 98%), Butanol (BuOH, Anhydrous, 99.8%), Methanol (MeOH,
Anhydrous, 99.8%), Hexane (99.8%, Anhydrous), Octadecylphosphonic acid (ODPA,
97%), Trioctyl phosphineoxide (TOPO, technical grade, 90%), Trioctylphosphine (TOP,
97%), 1-Octanethiol (>98.5%), Selenium powder (Se, 99.99%), Tellurium powder (Te,
99.997%), and Acetonitril (99.99%, Anhydrous) were all bought from Sigma-Aldrich
and used as received unless specifically mentioned. Acetonitril was dried before use in
an Innovative Technology PureSolv Micro column. All other chemicals were used as
received, unless specifically mentioned.

Synthesis of CdSe core nanocrystals (NCs)

The CdSe core nanocrystals were synthesized according to a method by Chen et al.*.

In a 50 mL three-necked flask, 60 mg of CdO, 280 mg octadecylphosphonic acid
(ODPA), 3 g trioctylphosphineoxide (TOPO) and a magnetic stirring bean were

added. This mixture of powders was heated up under vacuum to 150°C, where mixture
melts. The mixture was vigorously stirred and degassed at this temperature for one
hour. The mixture is heated up to 320 °C, where the liquid turned into a clear and
colorless solution. 1 mL of trioctylphosphine (TOP) was added to the solution, and the
temperature was raised to 380 oC, at which point 0.5 mL of a Se-precursor solution
(60mg Se in 0.5mL TOP) was swiftly injected. After a specific growth time the reaction
mixture was cooled with an air-gun to room temperature. For the CdSe cores in this
work, we used a growth time of 25 seconds. The crude product is washed two times by
addition of a 1:1 volume ratio of methyl acetate, followed by centrifugation at 3000 rpm,
and redispersion into hexane. The final product is filtered through milipore filters with a
pore diameter of 0.2 um and stored in a nitrogen purged glovebox for further use.

Synthesis of Cd-oleate and Zn-oleate for CdS and ZnS shell growth

For the Cd-oleate synthesis, 1.32 g of Cd-(acetate), was dissolved in 52.4 g ODE and

7.4 g OA. The mixture was heated up under vacuum to 120°C and left there for three
hours. Afterwards, the reaction was cooled down to room temperature and the Cd-oleate
solution was stored in a nitrogen purged glovebox for further use.

The Zn-oleate was made in a similar fashion. Zn(II)-(acetate), was mixed with 1g of OA,
1.6 mL ODE and 1.6 mL of OLAM. The oleylamine serves as a stabilizing ligand for the
Zn-oleate, since this has the tendency to solidify out of solution at room temperature
otherwise. The mixture was heated up in a 20 mL vial inside a nitrogen purged glovebox
to 130°C and stored there for further use.
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CdSe cores
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Figure 5.7. Characteristic Transmission Electron Microscopy (TEM) images of the core CdSe QDs
and small CdSe/CdS/ZnS core-shell-shell QDs.
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Figure 5.8. Size distributions acquired from image analysis using Image]J. For each of the QD samples,
over 3000 nanocrystals were analyzed.

Shell growth of CdS and ZnS

The shellgrowth of CdSe QDs into core-shell-shell CdSe/CdS/ZnS nanocrystals was
done according to an adapted method by Chen et al.** and Boldt et al.**.
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For the CdS shell growth, 20 nmol CdSe cores, 2.6 mL octadecene (ODE) and 0.6 mL
degassed oleylamine (OLAM) were added to a 100 mL three-necked flask and degassed
for one hour at room-temperature (21°C) and for 20 hours at 120°C to completely
remove hexane, oxygen and water. After that, the reaction solution was heated up

to 310°C under nitrogen flow and magnetic stirring. During the heating, when the
temperature reached 240°C, a desired amount of Cd-oleate (diluted in ODE) and
1-octanethiol (diluted in 6 mL ODE) were injected dropwise into the growth solution
at a rate of half a CdS monolayer per hour using a syringe pump. We define one CdS
monolayer as one full layer of Cd and one full layer of S on the NC surface (i.e. halfa
unit cell). After the addition of the CdS shell-precursors was finished, 1 mL of oleic acid
(OA) was swiftly injected and the solution was annealed at 310°C for one hour. Before
the growth of the ZnS shell, the core-shell QDs containing solution was degassed for an
hour at 120°C.

For the ZnS shell-growth, the sulfur precursor consisted again out of 1-octanethiol
diluted in ODE. The solution with freshly grown CdSe/CdS QDs was heated up to 280°C
under nitrogen flow. When the solution reached 210°C, a desired amount of Zn-oleate
and 1-octanethiol in 4 mL ODE (in two separate syringes) was injected at a rate of

2 mL/hour. After addition of the precursors, the solution was cooled down to room
temperature by removing the heat and with an air-gun.

The solution was washed twice by addition of methanol:butanol (1:2), centrifugation

at 3000 rpm for 10 minutes and redispersion of the precipitate in hexane. Finally, the
solution was filtered through milipore filters with a pore diameter of 0.2 um and stored
in a nitrogen purged glovebox for further use.

Using the above method, we synthesized a batch of small core-shell-shell
CdSe/2CdS/1ZnS QDs.

Synthesis of CdTe NCs

The CdTe QDs were synthesized using a method by Kloper et al.**. For the Cd-precursor,
CdO (51.5 mg) was mixed with 500 uL OA and 20 mL ODE. The Te-precursor was
prepared by dissolving 51 mg Te powder in 1 mL TOP and diluting this yellow solution
with 4 mL ODE. The Cd-precursor was first degassed in a three-necked flask under
vacuum at 100°C for approximately one hour. After this, the system was heated up
under nitrogen to 280°C until the red, turbid solution became transparent and colorless,
indicating the formation of Cd(OA),. Subsequently, the temperature was raised to 310°C
for roughly 30 minutes. When the first grey precipitate of metallic CdO was observed,
the Te-precursor was swiftly injected. Following the resulting nucleation, the color of
the solution quickly changed from yellow to black. The QDs were allowed to grow at
260°C for three minutes, after which the mixture was quenched with 5 mL ODE and
cooled down to room temperature. The CdO was removed from the reaction mixture
by centrifugation and decantation. Washing of the QDs was done by precipitating the
solution with a mixture of MeOH and BuOH (QDs:MeOH:BuOH = 1:1:1), centrifuging
at 3500 RPM for three minutes, decanting the supernatant and resuspending the QDs

in hexane. This was repeated another time, and the resulting solution was stored in a
nitrogen purged glovebox for further use.
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Figure 5.9. Characterization of the CdTe QDs used for the spectroelectrochemical measurements
presented in the main text. a, Absorbance and photoluminescence spectra of the CdTe QDs dispersed
in hexane and on an ITO substrate. b, Characteristic TEM image of the CdTe QDs. ¢, Histogram of the
obtained diameters, revealing an average diameter of 6.0 + 0.5 nm for the CdTe QDs used in this study.

Preparation of the CdTe QD film

The CdTe film was prepared via layer-by-layer growth with a mechanical dip-coater (DC
Multi-9, Nima Technology), performed inside a nitrogen purged glovebox. Each layer
was obtained by dipping ITO covered glass slides for 30 s in a concentrated CdTe-in-
hexane solution. After this, the substrate was dipped for 30 s into a 0.1 M solution of
7-DA in MeOH to crosslink the QD film. Finally, the substrate was dipped in a MeOH
solution, to wash of any residuals, for 30 s. These three dip-cycles were repeated 7 times
to build up a good film on the ITO substrate. Half of the substrate was left uncoated, in
order to provide good electrical contact with the electrodes during the electrochemical
measurements.

Z-type ligand passivation of CdSe cores with InCl,

The preparation of these passivated QDs was done according to recent work by our
group*. We prepared stock solutions of InCl,-oleylamine in toluene by adding 1 mmol
of InCl, with 3 equivalents of oleylamine in a 20 mL vial and stir the solution at 95°C in
an N_-filled glovebox. After cooling down this mixture, the desired concentration of the
stock solution was reached by further dilution with toluene.

Pre-determined volumes of CdSe QDs, dispersed in toluene, and the InCl,-oleylamine
solutions were added to a 10 mL vial to give a final volume of 3 mL. The vials were closed
and added into a pre-heated aluminium block at 95°C. The solutions were stirred for

15 minutes, after which they were removed from the heating block and cooled down
naturally to room temperature. For the experiments done throughout the main text, we
added an equivalent of 90 InCl,/nm? to 0.456 umol of CdSe QDs.

Description of the spectroscopic setups
Steady state absorption and photoluminescence measurements

Absorption spectra were measured on a double-beam PerkinElmer Lambda 1050
UV/Vis spectrometer. Photoluminescence spectra were recorded on an Edinburgh
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Instruments FLS980 spectrofluorimeter equipped with a 450 W Xenon lamp as an
excitation source and double grating monochromators.

Transmission Electron Microscopy (TEM)

TEM images were acquired using a JEOL JEM-1400 plus TEM microscope operating at
120 kV. Samples for TEM imaging were prepared by dropcasting a dilute solution of QDs
onto a Formvar and carbon coated copper (400-mesh) TEM grid.

fs-Transient Absorption (TA) spectroscopy

fs-TA measurements are performed on solutions of the CdSe(/CdS/ZnS) QDs in hexane,
loaded inside an air-tight cuvet inside a nitrogen purged glovebox. A Yb-KGW oscillator
(Light Conversion, Pharos SP) is used to produce 180 fs photon pulses with a wavelength
of 1028 nm and at a frequency of 5 kHz. The pump beam is obtained by sending the
fundamental beam through an Optical Parametric Amplifier (OPA) equipped with

a second harmonic module (Light Conversion, Orpheus), performing non-linear
frequency mixing and producing an output beam whose wavelength can be tuned in the
310-1330 window. A small fraction of the fundamental beam power is used to produce a
broadband probe spectrum (500-1600 nm), by supercontinuum generation in a sapphire
crystal. The pump beam is transmitted through a mechanical chopper operating at

2.5 kHz, allowing one in every two pump pulses to be transmitted. Pump and probe
beam overlap at the smaple position with a small angle (roughly 8°), and with a relative
time delay controlled by an automated delay-stage. After transmission through the
sample, the pump beam is dumped while the probe is collected at a detector (Ultrafast
Systems, Helios). During the experiments, we make sure the pump and probe beam have
orthogonal polarizations (i.e. one of them is vertically polarized, the other horizontally),
to reduce the influence of pump scattering into our detector. The differential absorbance
is obtained via AA=In(I_/I ), where I is the light incident on the detector with either
pump on or pump off. TA data are corrected for probe-chirp via a polynomial correction
to the coherent artifact. Pump photon fluence was estimated by measuring the pump
beam transmission through a 1-mm-radius pinhole with a thermopile sensor (Coherent,
PS19Q).

Photoluminescence quantum yield (PLQY) measurements

We measured the PLQY of the NC dispersions with respect to a Rhodamine 101 solution
in ethanol. The PLQY was calculated using the following equation:

2
PLQY — PLOY ISLD solutions ﬁ?hodamine 101 ( nhexane
R

hodamine 101 IPL f L
Rhodamine 101 QD solutions nethanol

55

Where PLQY, . . issettobe95%,1, is the intensity of the photoluminescence
signal of either the QD solution or the Rhodamine 101 solution,n, s the

refractive index of hexane or ethanol at 530 nm (1.377 and 1.3630) and f_is the fraction
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of absorbed light of species x, calculated as f,=1-1 0%, where OD _is the optical
density of the solution containing either the QDs or the Rhodamine 101. We determined
the PLQY of the CdSe core QDs to be 6.5%, the CdSe/2CdS/1ZnS core-shell-shell QDs
to be 81.7% and the CdSe/4CdS/2ZnS core-shell-shell QDs to be 61.3%.

Spectroelectrochemical (SEC) measurements

The SEC measurements were all performed in a N, purged glovebox. As an electrolyte,
we used an 0.1 M LiCIO, solution in acetonitrile, which was dried with an Innovative
Technology PureSolv Micro column. The CdTe NC film was immersed in the electrolyte
solution, together with a Ag wire pseudoreference electrode and a Pt sheet counter
electrode. The potential of the NC film on ITO was controlled with a PGSTAT128N
Autolab potentiostat. Changes in the absorption of the NC film as a function of applied
potential were recorded simultaneously with a cyclic voltammogram with a fiber-based
UV-VIS spectrometer (USB2000, Ocean Optics). For the film, the measurements were
started at the open-circuit potential (V, = -0.5V with reference to the Ag wire), while
scanning with a rate of 50 mV/s. Unless stated otherwise, all potentials are given with
reference to the Ag pseudoreference.

Determination of the time-dependence of the BE-bleach

In order to extract the time dependence of the BE-bleach from TA measurements of the
small CdSe/CdS/ZnS QDs, we fitted the TA signal in the spectral region close to the BE
to a sum of two Gaussians, describing the overlapping 1S and 2S bleach features. Each
spectral slice of the TA colormap, corresponding to a set delay time, was fitted in the
range between 577 nm and 691 nm. The center of the two Gaussians was determined by
a fit to a single spectral cut, obtained for the measurement with 1S resonant excitation
(616 nm) after cooling (1 ps), shown in Figure 5.4a. The fit resulted in the following

parameters:
A5 =614.8+0.2 nm 5.6
0,5 =954+02nm 5.7
Ay =590.7£0.4 nm 5.8
0,,=93+0.3nm 5.9

Fits of the full TA colormaps for all excitations was performed keeping the set of
parameters given by eq. 5.6-5.9, to reduce the number of degrees of freedom. This is
performed under the assumption that the position and width of the transition remains
constant during the measurement. The amplitude of the 1S Gaussian feature, normalized
to the value after 1 picosecond, is then plotted as a function of the delay time, as shown
in Figure 5.4b.
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Extracting the hole contribution to the BE-bleach

The apparent dynamics of the normalized BE-bleach amplitude, obtained fitting TA
colormaps, is given by a convolution of the real dynamics of the signal by the Instrument
Response Function (IRF) of the measurement apparatus. In order to obtain the real
dynamics, we obtained an analytical form for the convolution of a function describing
the expected signal behavior by a function describing the IRF, and fitting the bleach
amplitude by the equation obtained. The IRF was described by a Gaussian function:

IRF(t,t,,0)=e (072" 5.10

The real signal dynamics was modelled as a step function, multiplied by an exponential
ingrowth of a fraction of the signal:

F

oo (L1, F,) =008, 1— Fre ™" 5.11
where 6 is the Heaviside function and f, is the fractional increase of the signal after t,.

As the growth of the bleach signal after t is associated to hole cooling, f, represent the
fractional contribution of a hole to the exciton bleach. Convolving the two functions,
one obtains:

——
2T T

1 t—t o’ (t—t,
Fconv(t!t /UITIf):_ 1+erf[ o]—fex [ 0] *
0 h 2{ \/Eo' » €XP

The model is fitted to the normalized bleach amplitude, with t,0,T, and fh as fitting
parameters.

Bleach per absorbed fluence for 1S and 2S excitation

In our analysis of the 1S bleach dynamics, we have interpreted the ingrowth of the 1S
bleach upon 2§ excitation as the consequence of the cooling of carriers (holes), that
were instead immediately contributing to the 1S bleach upon 1S excitation. In order to
corroborate this assignment, we checked whether the absorption of a photon in the two
excitations leads to the same amount of 1S bleach after cooling has occurred. To do so,
we rescale the differential absorbance by the absorbed photon fluence:

AA
F.J,

a

AA'= 5.13

where F_is the fraction of absorbed light, and ], the incoming photon fluence per pulse.
The photon fluence was determined measuring the power of the pump beam transmitted
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Figure 5.10. Bleach per absorbed photon fluence per pulse. Rescaling the bleach 1S bleach obtained
for 1S excitation (continuous red line) and 2S excitation (continuous blue line) by the amount of
photon fluence absorbed per pulse, the two traces fall on top of each other after cooling. The dashed
light-blue line shows the fit of the 2S excitation bleach with the hole cooling model, resulting in a
fractional hole contribution of 0.33+0.03 and a cooling time of 200+20 fs, in agreement with the
results presented in the main text. The continuous light-blue line represented the hole contribution to
the bleach signal, extracted from the fit.

through a circular pinhole with a 1 mm radius, dividing the transmitted power by the
area of the pinhole, by the energy of a single photon, and by the repetition rate of the
pump beam.

Figure 5.10 displays the bleach per absorbed fluence per pulse for 1S and 2S excitation
of the core/shell/shell sample. After cooling has occurred (t > 300 fs), the two bleach
traces (continuous lines) fall on top of each other. Fitting of the bleach ingrowth upon
2§ excitation, following the approach described in the main text and in the Appendix
(Extracting the hole contribution to the BE-bleach), results in a fractional hole
contribution of 0.33 + 0.03 and a cooling time of 200 + 20 fs, in agreement with the
results displayed in the main text. We conclude that the final level of bleach per absorbed
photon is the same for different excitation, confirming that the ingrowth observed in the
28 excitation is related to the cooling of carriers that are already at the band-edge upon
1S excitation.

Hole contribution for mixed 1S/2S excitations

Figure 5.11 extends Figure 5.4b, showing the effect of hole cooling for measurements
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performed with 590 nm and 600 nm excitation. As the excitation wavelength falls in
between the position of the two transitions, some QDs in the ensemble will be excited
in the 1S transition and some in the 2S transition. As the fraction of QDs excited in
the 28 transition will undergo hole cooling, the average normalized bleach is expected
to show an ingrowth for all excitations whose wavelength is below the wavelength of
the 18 transition, as seen in Figure 5.9. Figure 5.9 also shows that the amount of bleach
ingrowth gets smaller as the excitation wavelength approaches the wavelength of the 1S
transition. This can be understood in terms of overlapping absorption features, as the
1S feature dominates the absorption for wavelengths around 616 nm, resulting in the
excitation of band-edge electrons and holes. As the excitation wavelength decreases,
more and more QDs absorb into the 28 feature, leading to the generation of a higher
number of hot holes.

Fitting F_, described in eq. 5.12, to the normalized bleach amplitudes for 616 nm, 600
nm, 590 nm and 581 nm excitations, allowed to determine the dependence of the hole
contribution f, and the ingrowth lifetime T on the excitation wavelength, shown in Table
5.1.

Table 5.1. Values for the fitting parameters f, and 1 extracted from a fit of F__ to the
normalized bleach amplitudes obtained for different excitation wavelengths.

Excitation wavelength f, T
(nm)
581 0.32+0.03 210+20
590 0.26+0.03 190+20
600 0.05+0.01 600200

The values of f, reported in Table 5.1 confirm the qualitative trend observed in Figure
5.11. The lifetime of the bleach ingrowth remains approximately constant for 581 nm
and 590 nm excitation, suggesting that the ingrowth originates from a single cooling
process for both excitations. The difference observed with the fitted lifetime for 600 nm
excitations is attributed to the lower accuracy of the parameter determination, due to the
presence of only a small amount of signal ingrowth.

We attempted a quantitative comparison between the observed decrease in f, and the
decrease estimated from the state-filling model for BE-bleach, described in the main
text. The fraction of QDs initially photoexcited in the 2§ transition was estimated by
calculating the contribution of 1S absorption at the different excitation wavelengths.

A Gaussian fit of linear absorption spectrum on the lower energy side of the first
absorption feature, shown in Figure 5.12a, allowed to determine the shape and intensity
of the 1S absorption feature. The fraction of QDs photoexcited in the 2S transition is
then estimated as:
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Figure 5.11. Normalized bleach amplitude for different excitation wavelength. Solid lines represent
the experimental traces, while dotted lines show the results of fits to the data. As the excitation
wavelength gets lower, the signal ingrowth decreases in amplitude, and is negligible for resonant 1S
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Figure 5.12. Modeling the bleach ingrowth for mixed 1S/2S exctation. a, Linear absorption
spectrum, highlighting the Gaussian fit of the first absorption features (red area) and the fractional
excitation of 1S and 28§ transition for each excitation wavelength used in the TA measurements (red
and orange lines, respectively). b, Comparison between calculated and measured bleach ingrowth for
different excitation wavelengths. Error bars for the measured bleach growth are obtained from the
fit of F (see “Extracting the hole contribution to the BE-bleach”, Appendix) to TA data. The two
estimates follow the same trend in wavelength, while significant difference can be observed for the 600
nm excitation alone.
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A
552[1—/\—:(»] 5.14

The state filling model predicts a value of f, = 0.333 for pure 2S excitation. In case of
mixed 15/2S excitation of the QD population, the value of the hole contribution can be
described as:

f,=0.333%f, 5.15

Figure 5.12b shows the comparison between the measured and calculated hole
contributions.

Determination of the absorption cross section at the pump wavelength (400 nm)

We measure the absorption cross section of the CdSe/CdS/ZnS nanocrystals following
Poissonian excitation statistics. The magnitude of the bleach is smaller than directly
after photoexcitation, but nonzero, meaning that there still is a finite population of
nanocrystals which have excitons in there. The amplitude of the absorption bleach scales
with the number of excitons present, and can be estimated via:

|AAI—3hs|O<‘I_PO:‘I_e7<N> 5.16
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Figure 5.13. Determination of the absorption cross section at the pump wavelength (400 nm).
We integrate the bleach magnitude between 1 and 3 nanoseconds, which is the region in which all
multiexcitons have decayed, and fit the data assuming Poissonian excitation statistics.
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Where |AA1,3 ns| is the magnitude of the bleach between 1-3 nanoseconds, P is the
Poisson probability of finding zero excitons and <N> is the average exciton population
per nanocrystal. In turn, <N> = o] , with ¢ being the absorption cross section, and ]

the incoming photon fluence. By fitting the data to the above equation, we obtain an
absorption cross section at 400 nm of 1.13+0.04 10"* cm?, which we use to calculate <N>
per photon fluence used in the TA experiments. We also correct the incoming photon
fluence JO for absorption throughout the solution:

—al
J|0:1_e Jo 5.17
ol

with J ' the average of the photon fluence across the solution length. Figure 5.13 shows
the fit of |AA,_;,,,| with equation 5.16.

3ns

Obtaining the fractional bleach in fs-TA and correcting for Poissonian excitation

To acquire the fractional bleach in the fs-TA experiment, i.e. AA/A , we averaged the
band-edge bleach from 596.5 nm to 697.5 nm. To acquire the correct value for A , we
fitted the steady-state absorption spectrum to a set of Gaussians, and averaged the fitted
Gaussian of the BE transition over the same spectral range as the BE-bleach in TA.

In order to compare the experimentally obtained fractional bleach at an average exciton
population to a calculated fractional bleach, we corrected for Poissonian excitation
statistics:

DA _ S p(n,(Ny)* 2AD 5.18

With P(n,<N>) the Poissonian distribution of excitons throughout the sample, i.e. the
chance of finding n excitons/QD when the average exciton populations equals <N>.
We run the summation over n over the first 20 excitons, since the populations of higher
excitonic states become negligible. AA(n), the bleach magnitude as a function of the
number of excitons was calculated as explained throughout the main text.

Fit of the spectroelectrochemical measurements of CdTe QD film

We attribute the shape of the differential absorption changes at the BE energy of CdTe
QD films to a superposition of a BE bleach feature and a Stark-effect induced derivative-
like feature. The latter is due to the presence of trapped carriers, electrostatically shifting
the energy of the BE transition without directing populating the BE states. The total fit
function used to describe the data is given by:
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Figure 5.14. Potential-dependence of the bleach amplitude in a spectroelectrochemical
measurement of CdTe QD film. a, Colormap showing the potential dependence of the differential
absorption of a CdTe QD film. b, Amplitude of the Gaussian component of the fit function, plotted as a
function of the applied potential. The plot shows clearly the presence of two potential regions of bleach
increase: one at negative potential, corresponding to electron injection, one at positive potential,
corresponding to hole injection.

2

(A-X) O ()

fN=Ae 2 +A,le 2 —e 2 |4y ,+a\ 5.19

with A X, 0, A, Ny, and a used as fitting parameters. The last two terms of

the function describe the slowly varying linear background, typically observed in
spectroelectrochemical measurements of QD films (See Supporting Information in
Boehme et al.>*).

Figure 5.14a shows a colormap of the differential absorbance of a CdTe QD film. To
extract the potential-dependence of the bleach amplitude, we fitted each differential
absorption spectrum, obtained at a fixed potential. Figure 5.14b shows the potential
dependence of the amplitude of the bleach component. The bleach amplitude increases
both for negative potentials and for positive potentials. As the Open-Circuit Voltage in
the system was -0.5 V, the two potential regions correspond, respectively, to the electron
and hole injection. This demonstrates that the BE bleach in CdTe QD has contributions
from both electrons and holes.
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Modelling the effect of hole trapping on the ingrowth of the TA signal at short delay
times

We do not see a decay of the band-edge bleach upon 1S and 28 excitation of the CdSe
core-only QDs. We interpret this to mean that the hole trapping rate is faster than our
Instrument Response Function. To give an upper estimate of the hole trapping time, we
model the effect of ultrafast hole trapping on the ingrowth of the TA signal after optical
excitation by convolving a Gaussian function, which serves as our IRE with the sum of a
hole and electron contributing term:

(t-to) (t=ty)

> . 2
It Ty )= Zﬂw*ge 9(t,t0)+§0(t,t0) 5.20

We use a characteristic width of the instrument response time o, of 55 fs, as obtained
on the TA data of the core-only CdSe QDs. The second half of the function is built up
out of two parts; a hole contribution term, which has an amplitude of 1/3, a decaying
exponential with a characteristic hole trapping time 1, _, which is multiplied with the
Heaviside step function. The second half contains the electron contribution, with an
amplitude of 2/3, multiplied with the Heaviside step function. We varied the trapping
time in Figure 5.15. A characteristic time for hole trapping of roughly 30 fs is required to
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Figure 5.15. Modelling the dynamics of the BE bleach with different hole trapping times 7. The
IRF is modelled as a Gaussian function, which is convolved with an exponentially decaying function
to describe the hole trapping. The inset shows the experimental data from Figure 5.4 in the main text,
on which the function with the 30 fs trapping time is superimposed.
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Figure 5.16. Steady-state absorption spectrum of the CdSe core QDs. The inset shows the same
absorption spectrum plotted versus photon energy. The o of the 1S transition equals 32 meV. According
to the Heisenberg principle, a trapping time of 30 fs would lead to a broadening of the peaks AE of
roughly 11 meV.

more-or-less have an instantaneous ingrowth of the signal (broadened by the IRF).

Independence of the relative hole contribution to the exciton bleach on angular
momentum selection rules

In the transition-counting model employed in the main text, all transitions between hole
and electron states are allowed. However, angular momentum selection rule for optical
transitions should allow only transitions for which the change in the projection of the
total angular momentum along a given axis, M, is equal to the projection of the total
angular momentum of the photon.

For linearly polarized light, the quantum number for the total angular momentum

of the photon, L, and the quantum number for its projection along the z-axis, M, are
respectively 1 and 0. Thus, only transitions involving AL=1 and AM=0 will be allowed.
For the transitions between the hole states and the electron states this implies the only
allowed transitions are transitions from the M=+1/2 state of the hole to the M=+1/2
state of the electron. In the transition-counting model, considering the same oscillator
strength for the two transitions, we can express the steady-state absorption as:

A, =A(h=1/2, e=1/2)+A(h=-1/2, e=—1/2)=2A" 5.21
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In the presence of an exciton, different excited-state absorption values will be obtained
for different location of the hole in the four available states. If the hole is populating
states with M| = 3/2, than the absorption is affected only via state filling of one of the
electron states:

A(h=43/2)=2A"-A"=A 5.22
If the hole is in the |[M|=1/2 states, then either both transitions are blocked by state-filling

(electrons and holes have different M quantum numbers) or the sum of state filling and
stimulated emission leads to no absorption:

A'(h=%1/2)=2A"-2A"=0 5.23
Upon 28 excitation, the hole has equal probability to cool in any of the four hole states.

Thus, the excited state absorbance for a population of QDs excited in resonance with the
2S absorption is going to be an average of the 4 possible hole configurations:

_A+A40+0 A
. 4 2

A 5.24

The differential absorbance of the QD population in the presence of one exciton per QD
will then be:

Ap =Pa °=—%A* 5.25

In the presence of only a hole, one more transition is allowed for each hole configuration:
A'h=43/2)=2A 5.26

Ah=41/2)=2A"—A"=A 5.27

A 5.28

a 2A+2A+A +A 3
" 4 2
The difference absorbance for one hole per QD is given by:

M:fl/\* 529

AA, = 2

0

from which follows:
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AA, /AA, =3 5.30

We can conclude then that in the presence of angular momentum selection rules the
hole contribute to 1/3 of the exciton bleach, exactly the same number computed in the
absence of selection rules.

Comparing different fit strategies for the determination of the band-edge bleach

In order to disentangle the 1S bleach from the background of TA features, we fitted the
TA signals around the band-edge energy with two Gaussians, representing respectively
the 1S and 28 bleach features. While the 1S bleach is well described by a single Gaussian,
the spectral overlap of multiple TA features around the energy of the 2S transition
complicates the assignment of the spectral shape of the 2S bleach. To assess the effect of
imperfect description of the 2S bleach shape on the determination of the 1S bleach, we
repeated the fitting of the TA response employing a single Gaussian feature. Since the
TA response deviates from the single Gaussian shape on the high-energy side of the 1S
bleach, the spectral range of the fit was limited to the low-energy side of the 1S bleach
and a small portion of the high-energy side. For the core/shell/shell sample, the fitting
range extended from 610 nm to 670 nm, while for the core-only sample the fitting range
extended from 585 nm to 637 nm. The central wavelength of the standard deviation

of the Gaussian peak was determined via a fit of the single TA spectral cut, and held
constant in the subsequent global fit of the full TA measurement. For the core/shell/shell
sample, the parameters of the Gaussian feature are:

A=615.0£0.1nm

5.31
0=9.4+0.1 nm
For the core-only sample, the parameters of the Gaussian feature are:
A=592.63£0.04 nm
5.32

0=8.7320.05 nm

Figure 5.17a-d shows the comparison between the 1S bleach amplitude extracted from

a fit employing two Gaussians (continuous red lines) and a fit employing one Gaussian
(dashed black lines). The two fit procedures yield very similar results, with minor
differences in the bleach amplitude and the same signal dynamics. We can conclude that
our analysis of the hole contribution to the 1S bleach is largely unaffected by the precise
account of the 2§ bleach.

Phonon-related oscillation in the band-edge bleach of CdSe QDs upon resonant 1S
excitation

In the first picoseconds after photoexcitation, the dynamics of the BE bleach is affected

by signal oscillations. Figure 5.18a shows the bleach oscillations for the un-passivated
cores and for the InCl,-treated cores, obtained subtracting the experimental signal from
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Figure 5.17. Effect of 28 fit on the determination of the 1S bleach. a, Time-dependence of the bleach
dynamics for the core/shell/shell sample excited resonantly with the 1S transition, obtained from a
fit of the TA measurement with two Gaussians (continuous red line) or with one Gaussian feature
(dashed black line). Panels (b-d) show the same time-dependence of the 1S bleach estimated with the
two fitting approaches, obtained for 2S excitation of the core/shell/shell sample (b), 1S excitation of
the core-only sample (c), and 2S excitation of the core-only sample. Panels (e-f) show the comparison
between the fitted functions and the TA data, for the core/shell/shell sample (e), and for core-only
sample (f), highlighting that both fit functions describe correctly the 1S bleach.
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the result of a bi-exponential fit. The presence of oscillatory modulation in transient
absorption measurements has been observed in numerous studies*®***, and has been
associated with the excitation of longitudinal optical (LO) and longitudinal acoustic
(LA) phonons in the QDs. Figure 5.18b shows the result of a Fourier analysis on the
oscillatory signal, showing the presence of a strong frequency components at 212 cm™*
and 16 cm™, in agreement with previous measurements of LO and LA phonon frequency
in CdSe QDs". In particular, Tyagi et al.* have identified trapping of holes on the surface
of CdSe QDs as the mechanism that launches the LA phonon oscillations, occurring

on a sub-ps timescale, in line with our interpretation of the hole dynamics in core-only

CdSe QDs.
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Figure 5.18. BE-bleach oscillations upon 1S excitation of core-only QDs. a, Time-dependence of
the bleach oscillations, obtained subtracting a bi-exponential fit from the bleach signal. b, Fourier

analysis of the oscillation in (a), showing the presence of two dominant frequency component, at 16
cm™ and 212 cm.
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Chapter

Kinetic Monte Carlo modelling of temperature dependent
spectral diffusion in InP QD films

Abstract

Controlling and understanding carrier transport in quantum-dot (QD) solids is of both applied and
fundamental interest. Here we apply Kinetic Monte Carlo (KMC) modelling of spectral diffusion
in transient absorption data on conductive InP QD solids to extract the charge carrier mobilities.
These mobilities are benchmarked with time-resolve microwave conductivity measurements on
the same films. The comparison reveals a satisfactory agreement between the two approaches,
with extracted mobilities within a factor ~5 in films with different ligand treatments and mobilities
spanning three orders of magnitude for various ligand treatments. This validates the use of KMC
to study carrier transport in QD solids.

Using both KMC and TRMC, the carrier mobility in InP QDs is shown to be temperature
deactivated. We discuss the causes of the mobility trend, suggesting that describing the hopping
process in the context of the Marcus charge transfer model provides a closer description for the
measured temperature trends, therefore proving the importance of a detailed description of the
hopping process in the context of temperature-dependent mobility studies.

Our results provide experimental confirmation of the validity of the KMC-modeling approach to
mobility estimates in QD solids, while shedding light on the nature of the temperature-dependent
trends reported with this approach.

Based on: Gianluca Grimaldi, Jaco J. Geuchies, Ward van der Stam, Indy du Fossé, Baldur
Brynjarsson, Nicholas Kirkwood, Sachin Kinge, Laurens D.A. Siebbeles, Arjan J. Houtepen. Nano
Letters, 2019, 19 (5), 3002-3010.



Chapter 6

6.1 Introduction

Colloidal quantum dot (QD) solids are a promising system for development in
optoelectronic applications, with applications in transistors'?, solar cells**, LEDs?®, ©7
and photodetectors®*!°. The potential of QD materials for devices is often limited by the
properties affecting charge transport within QD solids. In particular, suboptimal carrier
mobility leads to significant losses in QD based solar cells, impacting the diffusion length
of carriers, limiting the optimal thickness of the devices and thus putting an upper limit to
the amount of sunlight absorbed.

Spectroscopic investigation of QD solids allows to obtain information on the material
properties before optimization of a working QD-based device, thus allowing fast screening
of possible material candidates. Recent developments by Gilmore et al.'* have shown the
possibility to estimate carrier mobilities from Transient Absorption (TA) measurements,
using a Kinetic Monte-Carlo (KMC) model for carrier diffusion to fit the experimental
data. This approach allows to extract useful information about carrier transport in QD
solids from a facile and contact-less measurement, and has been quickly adopted in
studies of QD electronic tranpsort'> .

Despite the rapid adoption of this spectroscopic approach, to date no direct comparison has
been performed between mobility estimates obtained from the KMC-modeling approach
and alternative contact-less techniques. Spectroscopic techniques such as Time Resolved
Microwave Conductivity (TRMC) or Terahertz conductivity have been established as a
reliable approach to contact-less mobility estimate, probing carrier motion on a local scale.
Assessing the validity of the KMC-based mobility estimate via comparison with one of
these techniques would provide important insights over the reliability of the information
extracted from KMC-modeling.

Furthermore, Gilmore et al. have shown a temperature deactivated behavior of mobilities
in PbS QD films obtained with the KMC-modeling of cryogenic TA measurements'?.
Very recently, Chen et al. have also observed a temperature deactivated mobility extracted
from similar analysis of TA measurement on PbS QD solids heated up to 150°C™". In
both studies, the observed mobilities were not sufficiently high to explain the effect in
terms of a transition to band-like transport and were rather explained by a reduction
of the interparticle distance induced by a contraction of the ligand shell. Although both
reports highlight the possibilities of changes in the QD spacing as the major factor for the
temperature dependence, further characterization is needed to pinpoint the source of this
behavior.

In this study, we present a direct comparison between charge carrier mobilities extracted
from KMC-modeling of TA measurements and TRMC measurements. We performed TA
and TRMC measurements on InP QD samples capped with short, conductive ligands,
leading to conductive QD samples with TRMC mobilities spanning three orders of
magnitude. We extracted mobility estimates by a fit of a KMC model to the TA data, and
compared the obtained mobilities to the estimates provided by the TRMC measurements.
We find good, but not perfect, agreement between the two techniques, reproducing the
same order of magnitude for the mobility in all the samples characterized. This validates
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Figure 6.1. Conductive InP QD films via ligand exchange. a, Scheme representing the different
ligand treatments employed to functionalize the QD surface, indicating the QD spacers provided by
each treatment. b, steady-state absorption spectra of the films, showing the presence of broadening
and redshift of the first absorption feature for the ligand-treated films.

the KMC modelling of TA data to estimate the charge carrier mobilities, although it also
demonstrates further improvements of the KMC modelling are possible.

Furthermore, we characterized the temperature dependence of KMC- and
TRMC-mobilities in the InP QDs solids. In line with the recent results mentioned above on
PbS QD solids we observe with both measurement techniques a temperature deactivation
of carrier mobility, in a wide range of samples. We discuss this temperature dependent
mobility showing first in a quantitative way that the trend cannot be explained by a Miller-
Abrahams description of carrier hopping with constant interparticle distance. However,
employing a Marcus description for electron transfer rates in the system, we show an
enhanced agreement with the observed temperature trend. In this case we do not need to
invoke a change of the interparticle distance to describe the observe trend in mobility. This
demonstrates the importance of a detailed description of the charge transfer mechanism.
Our results confirm the possibility to provide meaningful estimates of carrier mobilities
via the KMC-modeling approach, for constant and varying temperature. Furthermore,
they shed light into the nature of temperature-dependent mobilities observed in literature,
providing insights to improve current KMC-based approaches to mobility estimates.

6.2  Film preparation

Conductive InP QD films were obtained via ligand exchange of the palmitate ligands
present on the QD surface after synthesis for shorter ligands, as described in our
previous work."* The scheme in Figure 6.1a shows the ligand treatment used in this study,
highlighting the QD spacer delivered by each ligand treatment. Figure 6.1b shows the
effect of the different ligand treatments on the absorption spectra. The first absorption
feature of the ligand exchanged films are broadened and redshifted with comparison to
the palmitate capped sample, as typically observed for films ligand exchanged with small
linkers!*.
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Figure 6.2. Transient Absorption (TA) red-shift of first absorption feature. a,b) TA colormap
showing the differential absorbance of InP QD films: a) the as-synthesized palmitate-capped QDs
(PA) and b) QDs treated with ammonium sulfide ((NH,),S). Dashed-orange lines indicate the initial
position of the bleach central wavelength, while the red lines show the time-dependence of the bleach
wavelength. While PA-capped QDs show change in the bleach wavelength, a significant red-shift is
observed for the (NH,),S-treated film.

6.3  Transient absorption measurements on InP QD films

We performed TA measurements on InP QD solids capped with palmitate ligands, with
ethaneditholate ligands (EDT), or treated with sulfur salts (Na S, (NH,),S) to provide
S ions on the QD surface. To avoid multi-excitonic effects, the measurements were
performed in the low-power regime, with an average number of excitons per QD, <N>,
much smaller than one.

Figure 6.2a and 6.2b show TA colormaps for the PA-capped and (NH,) S-treated sample,
showing the presence of a negative change in absorbance at the band-edge energy of the
InP QDs, called a band-edge bleach. While the two measurements show a similar decay
of the bleach in time, the position of the bleach in the (NH,) S-treated sample shows
a redshift in time, while the bleach position is constant for the PA-capped sample. The
red lines in Figure 6.2a and 6.2b show the center of a Gaussian function fitted to the
bleach signal, while the dotted orange line marks the initial position of the bleach after
photoexcitation. The central bleach wavelength for the (NH,),S-treated sample at the end
of the 3 ns time-window differs significantly from the initial value, while no appreciable
change is observed for the PA capped sample.

The redshift of the band edge bleach feature, also called spectral diffusion, is commonly
observed in disordered conductive materials'>?% and its cause is depicted schematically
in Figure 6.3 for a QD solid. Due to quantum confinement, large QDs have a lower energy
for electrons (and holes) than smaller QDs. This, and other sources of disorder (e.g.
electrostatic disorder) gives rise to a fluctuation in energy levels. As carriers move through
the film, downwards energy transitions are favored over upwards energy transition, since
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Figure 6.3. Effect of electron diffusion on the absorption bleach. a, Schematic of the effect of particle
size on the conduction and valence band energies. Due to the difference in hopping rates between
upwards and downwards energy steps, electrons will preferentially hop to larger (lower band-gap)
QDs. b, Schematics of the effect of electron diffusion on a uniformly excited QD population. As
carrier hop preferentially towards larger QDs, the distribution of occupied QDs shifts towards larger
QD sizes. The absorption bleach of the entire population is given by the sum of the bleaches of the
different QD sizes. As time passes, the larger QDs constitute a higher fraction of the occupied QDs,
and consequently the total bleach shifts towards lower energy (higher wavelength) values.
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the latter require heat absorption from the surrounding medium. Figure 6.3b shows a 2D
scheme exemplifying the effect of this asymmetry in transition rate on the distribution of
carriers in a photoexcited QD solid. While initially distributed randomly throughout the
film, after a certain time carriers will preferentially occupy the largest, smaller band-gap
QDs, bleaching the absorption from the large QDs more than the rest of the population.
As a result, the total bleach shift towards lower energy. How quickly this happens, and
hence what the timescale is of the spectral diffusion, depends on the mobility of electrons
and holes.

6.4  Monte Carlo modelling of TA energy shifts

To relate the observed spectral diffusion of the band-edge bleach to the charge carrier
mobility we used Monte Carlo modeling of electron hopping." The QD film is represented
in the simulation by lattice sites with randomly assigned energies following a Gaussian
distribution. The rate constant of electron hops between QDs are set by a Miller-Abrahams
model:

exp[— Ef_E’], forE, >E,

1, for E, > E, 6.1

where E and E, are the initial and final energy of the carrier. For simplicity the TA signal is
assumed to be entirely due to the electron, motivated by the lower degeneracy of electron
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band-edge states in InP QDs*, and the simulation models the diffusion of the electron
alone. Electron diffusion is simulated by evolving the system in time with a Kinetic Monte
Carlo scheme (see Methods), keeping track of the electron energy as it hops to different
sites. Averaging over numerous electron trajectories allows to reconstruct the energy
evolution of the electron population. The calculated energy shifts can then be fitted to the
experimental redshifts, optimizing for the hopping prefactor k; and for the width of the
electron’s energy distribution, o.

Figure 6.4a shows the comparison between the experimental (continuous lines) and the
computed (dotted lines) energy shifts for EDT-capped, Na_S-treated, and (NH,),S-treated
samples. The fit shows a very good agreement for the EDT-capped sample, while the
higher conductivity S-capped samples show deviation from the computed behavior, likely
associated with neglected contributions to the bleach dynamics (i.e. hole contribution to
the bleach, and excitonic effects) or an energy landscape that is more complicated that
the single Gaussian function that is used in the modelling. The best values for the fitting
parameters are shown in Table 6.1. The best values for the width of the energy distribution
o are in line with values obtained by Gilmore et al. for PbSe QDs"!, but appear to be
lower than the width of the first absorption feature of the InP QD films, 130 meV for the
EDT and (NH,),S sample and 150 meV for the Na,S sample. The total width of the first
absorption feature is broadened with respect to the width of the energy distribution by
the convolution with the homogenous absorption linewidth. Furthermore, the presence
of excitons, not contributing to spectral diffusion, would reduce the estimate of o (See
Appendix for a discussion of the effects of excitons on the spectral shift).

Table 6.1. Best values for the fit parameters of the KMC model.

EDT Na S (NH,) S
k, 2.33+0.15 - 10° 1.20+0.09 - 10" 8.7+0.8 - 10°
o 13.7+0.2 20.98+0.13 23.6+0.2

During the simulations, we kept track of the electron mean square displacement (MSD)
during each trajectory. Once the electrons have reached thermal equilibrium, their motion
can be described by a stochastic walk, for which the MSD should increase linearly with
time, following the relation:

MSD =6Dt 6.2

where D is the diffusion coefficient. Hence the linear increase of the MSD indicates
thermal equilibrium has been established and the slope of the MSD vs. time gives the
diffusion coefficient. Finally, the mobility can be extracted from Einstein-Smoluchowski
equation, valid at thermal equilibrium:

K="= 6.3

where e is the elementary charge. Figure 6.4b shows the MSD as a function of time
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computed for the EDT, Na S, and (NH,),S samples using optimized values for the fitting
parameters, together with the fit obtained using eq. 6.2 (dotted lines). The faster dynamics
of the spectral diffusion observed for the S-capped samples translates into a faster growth
of the MSD, and consequently into a higher mobility. The extracted mobilities are shown
as the green bars in Figure 6.4c. We obtained a mobility of 1.7-10° cm?/(V-s) for the EDT
treated sample, 60-10~* cm?/(V's) for the Na_S-treated sample, and 39-10~* cm?/(Vs) for the
(NH,),S-treated sample.

6.5  Comparison between TRMC and KMC mobility estimates

To assess the validity of the KMC analysis, we compared the mobility estimates obtained
above with those obtained from the well-established TRMC approach (see Method
section). In TRMC spectroscopy, the absorption of microwave radiation by free charges
in the sample is related to the photoconductivity of the free charges. This technique has
been applied to a broad range of semiconductor materials*2, including QD solids*~
Recently we have performed an extensive TRMC study on films of InP QDs with the same
ligand treatments that were used above for the TA measurements’. Figure 6.4c shows a
comparison of the electron mobilities estimated with the KMC model (green bars) and
the sum of electron and hole mobilities estimated from TRMC measurements (red bars).
From the figure, it is clear that both measurements give similar mobility values and that
both reproduce the trend of a decreasing mobility with increasing ligand length.

One can observe that the KMC estimate is generally somewhat higher than the TRMC
estimate. To account for the differences between the two datasets, we need to focus on
the way the approximations entering mobility estimates in the two approaches. In our
previous work on InP QD films, we reported evidence of carrier trapping for low fluence
measurements. As TRMC signals provide a measurement of the product between the sum
of the carrier mobility and the yield of free carriers, assumption on the values of the free
carrier yield need to be made in order to extract mobility estimates. The TRMC mobilities
shown in Figure 6.4c assume unity free carrier yield, thus providing a lower limit for the
sum of the electron and hole mobilities. Any carrier recombination or trapping process
occurring within the rise time of the TRMC signal (12 ns) reduces the value of the TRMC
mobility estimate compared to the true carrier mobility.

To quantify the effect of charge carrier trapping on the TRMC mobilities, we obtained an
estimate of the fraction surviving carriers from the decay of the bleach signal in the TA
experiments. A biexponential decay function plus a constant background was fitted to all
TA traces:

t

AA=y,+A exp[ ]—i—A2 exp[—LJ 6.4

T T

The lifetimes obtained for the decay components are ~100 ps and ~1 ns (See Appendix,

Figure 6.6), which is much shorter than the time-resolution of the TRMC measurement.
Thus, we assume that carriers involved in the decay processes observed in the bleach
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Figure 6.4. Kinetic Monte Carlo (KMC) modelling of TA redshifts. a, Comparison between
experimental energy shift and the energy shift obtained from a fit of the KMC model to the
experimental data. The PA-capped sample was not fitted due to lack of a significant redshift. b,
Mean square displacement (MSD) obtained for the KMC fits of the samples exhibiting redshift. The
thermalized long time increased of the MSD is fitted to obtain the diffusion coefficient and the mobility
in the system. ¢, Comparison between the mobilities obtained by the KMC modeling of TA data and
from TRMC measurements. d, Comparison between the TA mobility estimates and TRMC mobilities
corrected for the sub-resolution signal decay inferred from the TA measurements. The correction
leads to a remarkable agreement between the TRMC and TA estimates for the EDT and (NH,),S
samples (i.e.: a factor 2 difference between the two measurements), and a larger discrepancy for the
Na,S sample (i.e.: a factor 5 difference).

signal do not contribute to the TRMC signal. The ratio between the amplitude of the
constant component y, and the initial bleach amplitude gives the fraction of the initially
photogenerated charges contributing to the TRMC signal. Figure 6.4d compares KMC-TA
mobilities with the TRMC mobilities rescaled by the estimated carrier yield, showing an
improved agreement between the two mobilities for the EDT and (NH,),S samples.

In comparing TA and TRMC mobilities we relied on the assumption that both estimates
are dominated by the electron contribution. The hole contribution is assumed to be
negligible on grounds of the prevalent electron contribution to the bleach? and the high
ratio between the hole and electron effective mass in InP* suggesting a higher electron
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mobility due to a higher tunneling rate between neighboring QDs*. However, our recent
observation of a hole contributions to the band-edge bleach of cadmium chalcogenides®,
with a band structure similar to InP QDs, suggests hole diffusion might contribute to
the bleach redshift. Furthermore, the dynamics of excitons dissociation during the TA
measurements might affect the observed spectral diffusion, and is not accounted in our
model. Lastly, we considered a Gaussian distribution of the QD energies, but the energies
of the QD population might be following another type of distribution, which would affect
the shape of the calculated spectral diffusion. Indeed, the deviation of the S-capped
spectral diffusion from the fitted behavior (see Figure 6.4a) suggest that hopping of a
single carrier species in a Gaussian energy landscape does not fully capture the spectral
diffusion. However, the good quantitative agreement between TRMC and KMC estimates
suggests that the simple KMC model is sufficient to capture the main transport properties
of carriers inside the QD solids we characterized.

Summarizing, although quantitative differences are observed between the KMC-TA
and TRMC approach for mobility estimates in QD solids, overall the two methods yield
comparable results, confirming that reliable measurements of carrier mobilities in QD
solids can be obtained from KMC modelling of TA measurements.

6.6  Temperature dependence of carrier mobility

We performed TA measurements as a function of temperature between 77K and 293K,
monitoring the spectral diffusion. Figure 6.5a shows the effect of temperature on the
time-dependent energy shift measured for the sample treated with EDT (thin lines). As
the temperature is lowered, the energy shift initially increases in amplitude, as predicted
for hopping diffusion in a Gaussian energy distribution”, in which the energy shift
between the initial and thermalized energy distribution increases as the spread of the
Boltzmann distribution reduces, and is given by*":

AE=_9_ 6.5

For further negative temperatures the amplitude of the shift decreases, due to the
decreasing number of free carriers generated after photoexcitation and the low diffusivity
of excitons (see Appendix).

To quantify the dynamics of the hopping process at varying temperatures (i.e. carrier
mobility and diffusion coefficient), we fitted the KMC model to the experimental data
(thick lines in Figure 6.5a). The blue dots in Figure 6.5b show the temperature dependence
of the mobility obtained with the abovementioned approach, showing an increase in
carrier mobility for lower temperatures. To confirm the temperature trend extracted
from the KMC-modeling approach, we performed TRMC measurement as a function
of temperature on the same EDT treated sample. The mobilities obtained via TRMC
measurements are displayed in Figure 6.5b (red dots), confirming the increase in carrier
mobility for decreasing temperature.
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Figure 6.5. Temperature-dependence of mobility in InP QD films. a, energy shifts obtained from
a EDT-treated InP QD films measured at different temperatures (thin lines), showing an effect of
temperature on both the amplitude and the dynamics of the energy shift. The most notable change
is an initial increase in the shift amplitude as temperature decreases, predicted for hopping of free
carriers in a Gaussian energy distribution, followed by an amplitude decrease, associated to the
decreasing number of free carriers at lower temperature (see discussion in section 6.6). The thick lines
indicate the best fit of the KMC-model to the data. b, Temperature trends of the mobility estimates
extracted from KMC-modeling of TA data (blue dots), compared with mobility estimates obtained
via TRMC measurements (red dots). The two datasets are normalized to 1 at room temperature. ¢,
Diffusion coefficient estimated fitting the KMC model to the spectral diffusion for each temperature
(red dots), compared to the temperature dependence predicted for Miller-Abrahams hopping using a
constant value of the hopping prefactor k, (green dots). d, Diffusion coefficient obtained using Marcus
model instead of Miller-Abrahams for the rate calculation, displaying a better agreement between the
temperature-dependence predicted from the model (green dots) and the one extracted from the fit
(blue dots).

Such a temperature deactivated mobility is not typically expected for hopping transport,
but it agrees with recent reports on the temperature dependent mobility of PbS QD films
obtained via KMC-modeling'>". In those reports the unexpected temperature dependence
of the mobility was attributed to a contraction of the ligand shell, resulting in decreased
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interparticle distances and a concomitant increase in the hopping rate k . While we do not
dispute that this can be a factor of importance, we consider here various possible causes
for the observed temperature deactivated transport.

As pointed out by Guyot-Sionnest™, it is not impossible for hopping transport to show a
temperature deactivated mobility. The reason for this lies in the Einstein-Smoluchowski
relation, eq. 6.3, which relates the mobility to 1/T times the diffusion coefficient. Since the
average hopping rate constant, <k>, scales linearly with the diffusion coefficient (D=kA%/6,
where A is the center-to-center interparticle distance'***) it is more convenient to assess
the temperature dependence of the diffusion coefficient. The red dots in Figure 6.5¢ show
the diffusion coefficients associated via eq. 6.3 to the mobility values displayed in Figure
6.5b. The values of the diffusion coefficient, and consequently the average hopping rates,
are substantially temperature independent, in contrast with the activated hopping rate
that is expected from the Miller-Abrahams formalism (eq. 6.1). The green dots in Figure
6.5¢ represent the diffusion coefficients obtained running the KMC simulation with a
fixed value for the hopping-prefactor k, showing that in the absence of changes in k;
Miller-Abrahams hopping predicts a temperature activated diffusion coefficient.

We can explain the temperature trend either assuming that the hopping prefactor
increases as a function of temperature, as assumed by Gilmore et al."’, or assuming that
the Miller-Abrahams model does not correctly predict the temperature-dependence of
carrier hopping in our system. For systems in which the electronic states are strongly
influenced by the polarization of the surrounding environment or by interaction with
phonon modes, charge transfer is typically described using Marcus theory, predicting an
electron transfer rate given by:

k _(AE-E)
A 6.6
TE,

where E, is the reorganization energy, i.e. the energy required to rearrange atoms to
accommodate for the change in the electron position. Atomistic calculations on CdSe
QDs supercrystals, performed by Chu et al.?’, identified multi-phonon assisted transfer,
described by Marcus theory, as the dominant transfer mechanism in their system. As can
be seen from equation 6.6, Marcus rates have a T factor contributing to the thermal
deactivation of the electron transfer process, originating from the temperature dependence
of the number of phonon-modes able to assist the electron in the transfer process.

To see how hopping would be influenced by a Marcus-like transport mechanism we
performed KMC simulations substituting the Miller-Abrahams rates given by equation
6.1 with the Marcus rates obtained via equation 6.6. We first obtained an estimate of E, by
fitting equation 6.6 to the temperature dependence of the diffusion coeflicients displayed
in Figure 6.5d (see Appendix), obtaining a value of 7.4+0.4 meV, in the same order
of magnitude as the value calculated by Chu et al. for CdSe QDs*. We then used this
reorganization energy as a constant, non-adjustable parameter in the KMC simulations.
The blue dots in Figure 6.5d show the diffusion coefficient obtained by these Marcus-rate
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based KMC simulations.

Firstly, one can notice that the diffusion coeflicient obtained with the two Marcus-rate
KMC simulations are remarkably similar to the values obtained from Miller-Abrahams-
rate KMC simulations (see Appendix, Figure 6.8 for direct comparison). This confirms
that the KMC approach provides a good estimate of temperature-dependent carrier
diffusion coefficients and mobilities regardless of the particular choice for the charge
transfer model.

However, the Marcus approach sheds light on the inverse temperature dependence of
the carrier mobility. Performing a Marcus-rate KMC simulation with a fixed value of the
k, prefactor, we obtain the green dots in Figures 6.5d, showing a close agreement with
the temperature trend of the diffusion coefficients extracted from the fits. Analogously,
the reduced temperature activation of the diffusion coefficient expected for constant k|
leads to a temperature-dependence of the carrier mobility closely matching the mobilities
extracted from the fits (See Appendix, Figure 6.9).

These results show that, describing electron transfer with Marcus theory, the temperature
dependence of carrier diffusion coefficient and mobility can be described without a
change of the k; prefactor. Since the value of k_ is related to the characteristics of the
tunneling barrier between QDs, a Marcus description of charge transfer accounts for
the temperature trend without invoking a modification of the tunneling barrier, such as
a reduced interparticle distance (reducing the barrier length) or a change in dielectric
screening (reducing the barrier height).

The discussion above certainly does not rule out that changes to the tunnel barrier can
occur as temperature changes, for instance caused by a contraction of the ligand shell.
It does however show that any discussion of the temperature dependence of hopping
transport is very sensitive to the exact functional form of the hopping rate, which in term
depends on the exact energy fluctuations (e.g. phonon modes) responsible for creating
resonance between the initial and final site in the hopping process.

6.7 Conclusions

We benchmarked KMC-modeling of carrier mobility in conductive QD films by applying
the method to TA measurements on conductive InP QD films and comparing the
extracted mobilities with values obtained from TRMC measurements. The comparison
revealed a reasonable agreement between the two approaches, reproducing the same
order of magnitude of the mobility in films with different ligand treatments and mobilities
spanning three orders of magnitude.

We then determined the temperature dependence of the carrier mobility in the InP QDs
samples, revealing a temperature deactivated mobility, similar to recent reports for PbS
QD films. We discuss the causes of the mobility trend, suggesting that describing the
hopping process in the context of the Marcus charge transfer model provides a closer
description for the measured temperature trends, therefore proving the importance of
a detailed description of the hopping process in the context of temperature-dependent
mobility studies.

Our results provide experimental confirmation of the validity of the KMC-modeling
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approach to mobility estimates in QD solids, while shedding light on the nature of the
temperature-dependent trends reported with this approach.

6.8 Methods

Quantum Dot (QD) synthesis and film fabrication. The sample preparation was performed following
the recipe presented in Crisp et al., including both QD synthesis and film fabrication™.

Transient absorption spectroscopy (TA). TA measurements were obtained measuring the change in
light transmitted through a photoexcited sample. The output of a femtosecond pulsed laser (Light
Conversion, Pharos SP, 1030 nm wavelength, 5 kHz) is split in two components. The first component
is sent to an Optical Parametric Amplifier (OPA) equipped with a second harmonic module (Light
Conversion, Orpheus), tuning the wavelength of the fundamental laser output between 320 and 1600
nm. The OPA output is then sent through a mechanical chopper rotating at a frequency of 2.5 KHz
(i.e., blocking one every two laser pulses) and sent on the sample as excitation pulse. The second laser
component is reflected on mirrors mounted on a remote-controlled mechanical stage, allowing to
shorten or to extend the laser’s path length by controlling the position of the mirrors on the stage. The
second component is subsequently focused on a sapphire crystal, producing a white-light continuum,
and finally sent on the sample, where it serves as a probe pulse. Excitation and probe pulses are
overlapped at the sample position. After transmission through the sample the probe pulse is measured
by a detector, recording the intensity spectrum of the transmitted light. A half-wave plate placed
in the probe-path allows to rotate the polarization of the probe beam with respect to the excitation
beam. A linear polarizer place in the detection path allows to transmit only light polarized along the
polarization direction of the probe pulse, preventing scattered excitation light to be measured at the
detector. Since two probe pulses are transmitted for every excitation pulse, the detector measures the
transmitted probe spectrum in the presence of an excitation pulse (I ) followed by the same spectrum
measured in the absence of an excitation pulse (I ;). The changes in the absorbance of the sample due
to photoexcitation can be obtained from:

AA:Iogw{llﬂ] 6.7

off

Changes in the probe’s path length are used to control the relative time of arrival of the two pulses, thus
allowing to measure AA as a function of the time elapsed after photoexcitation.

Time-resolved microwave conductivity (TRMC). In TRMC spectroscopy, the absorption of
microwave radiation by free charges in the sample is related to the photoconductivity of the free
charges. The measurements are performed placing a substrate coated with a QD film in a microwave
cavity. Microwave radiation, reflected back and forth in the cavity, forms a standing wave, with one
of the amplitude maxima occurring at the sample position. The sample is exposed to nanosecond
laser pulses, exciting electrons in the QD film. If the excitation leads to the creation of free carriers
(unbound electrons and holes), they can be accelerated by the microwave’s electric field, resulting
in a net microwave absorption. We can relate the absorption of microwave power to the change in
photoconductance (AG) via:

%;KAG 6.8

where P is the microwave power reflected back from the cavity in the unexcited measurement, AP is
the change in microwave power induced by photoexcitation and K is the sensitivity factor, determined
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by the geometry of the cavity and by its optical properties. The conductance change can be linked to
physical quantities associated with electronic motion via:

AG=efIl,F,P(p, + 1) 6.9

where j is the ratio between the transverse and longitudinal dimensions of the waveguide, I F, is the
absorbed photon fluence, @ is the yield of free carrier formation and p, () is the electron (hole)
mobility. Knowledge of the cavity geometry and of the photoexcitation conditions allows to convert
the microwave changes in a product of the photogeneration yield and the sum of the electron and
hole®® %, Assuming a unity @ (i.e., every absorbed photon leads to the generation of a free electron and
a free hole), we obtain then an estimate for the sum of the electron and hole mobilities, which was used
as an upper limit for the actual sum of the mobilities in the sample.

Kinetic-Monte-Carlo modeling of TA measurements. TA spectral shift were analyzed with a
Kinetic-Monte-Carlo (KMC) model, following the approach reported in Gilmore et al.', in order to
extract mobility estimates from TA results. The QD assembly was represented by a BCC arrangement
of electronic sites, whose energies are randomly distributed and follow a Gaussian distribution with
o standard deviation. Each simulation run is started at a different, randomly selected electronic site.
The rates of transition between the current site and all of the nearest-neighbor sites is determined
according to a Miller-Abrahams hopping model:

exp[ E—E, ] forE, >E,

1, for E, > E, 6.10

where ¢ are site energies, k_ is the Boltzmann constant, T is the temperature in Kelvin, and
k, is the hopping prefactor. Each evolution step is calculated following a KMC scheme.
In its first step, the algorithm determines the destination site of the electron’s hop. This is
done summing the transition rates of all neighbouring sites, and multiplying by a random
number r in the interval [0,1):

k'=ry_ ki 6.11

A partial sum of the transition rate is performed, and continues while the sum is smaller
than k*. When the addition of the rate k. makes the partial sum bigger than k*, the sum
is stopped and the electron is moved to the ith nearest neighbour. Once determined the
destination site, the algorithm computes the time required to complete the transition. The
time step corresponding to the transition is calculated via the formula:

Inr

At=—
- 6.12
NN 1

and the current time of the simulation settot =t + At. The KMC scheme descripted
above is iterated until t _ exceeds 3 ns. At each hop, energy and mean square
displacement (MSD) of the electron are recorded. The time-dependence of the electron
energy can then be fitted to the experimentally determined TA spectral shift, using k;

160



Kinetic Monte Carlo modelling of temperature dependent spectral diffusion in InP QD films

and o as fitting parameters. The optimal values of the fit parameters are then used to run
again the KMC scheme, obtaining the time-dependence of the MSD, which shows an
approximately linear increase as a function of time. The long-time slope of the MSD, a,
can be related, by definition, to the diffusion coefficient D:

a=6D 6.13

In turns the diffusion coefficient of a system in thermal equilibrium can be related to the
mobility of the diffusing electrons by the Einstein-Smoluchowski relation:

_ bk, T
e

D

6.14

where e is the fundamental electric charge, and p the electron mobility. Thus, fitting the
long-time MSD time-dependence provides an estimate of the electron mobility.

Each KMC trajectory is stochastic, reproducing the hopping behavior of a single electron
in the QD film. Since the TA spectral shift results from the average behavior of all electrons
moving in the QD film, the time-dependence of the physical quantities calculated along a
KMC run (energy and MSD) need to be averaged over many different runs.
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Appendix

Carrier lifetime in room temperature Transient Absorption measurements on ligand-
treated InP QDs films

In order to estimate the amount of carrier decay occurring during the ingrowth of the
Time Resolved Microwave Conductivity (TRMC) signal, occurring on a ~10 ps timescale,
we fitted the decay of the InP QD band-edge bleach during a Transient Absorption (TA)
measurement. Figure 6.6 shows the fit of the TA bleach decays for (a) the EDT sample, (b)
the Na,S sample, and (c) the (NH,),S sample. Since all the lifetimes involved in the decay
process are shorter than the TRMC signal rising time (~10 ns), the surviving fraction of
excited species sampled in the TRMC measurement, ¢, is estimated from the ratio of
the constant component of the fit to the total initially amplitude of the signal.

Sample Prrnc
EDT 0.580+0.006
Na,$ 0.485+0.007

(NH,).S 0.417+0.012

The TRMC experiment provide a measurement of ¢pX1, where ¢ is the yield of free carrier
and Yy the sum of the electron and hole mobilities. The value of ¢ has un upper bound in
the value of ¢ .. Assuming that all the photoexcited species surviving the decay are free
carriers, we can estimate the sum of the carrier mobilities dividing the TRMC signal by

¢ e The amplitudes of the TRMC signal rescaled by ¢, ... are presented in the maintext
in Figure 6.4d.

Temperature dependence of the energy shift amplitude

The bleach signal observed in a TA measurement on conductive QD solids can be
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Figure 6.6. Biexponential fit to the Transient Absorption (TA) band-edge bleach decay. a, EDT
sample, excited with a 530 nm pump wavelength, photon fluence of 4.4-10'? photons/cm? per pulse.
b, Na S sample, excited with a 570 nm pump wavelength, photon fluence of 2.4-10"> photons/cm* per

pulse. ¢, (NH,),S sample, excited with a 530 nm pump wavelength, photon fluence of 2.3-10** photons/
cm? per pulse.

1.0 1.5 10 15
Time (ns) Time (ns)

167



Chapter 6

expressed as the sum of two components:

o an exciton bleach, whose average energy remains constant in time-range of the
experiment (i.e.: neglecting energy transfer processes on the experiment timescale).

o afree carrier bleach, whose average energy changes due to carrier hopping towards
lower energy sites.

Considering a Gaussian distribution for the band-edge energies, and random
photoexcitation of the energy distribution, the two bleaches can be described by two
Gaussians distributions:

AAE N =a, exp(—(E—Ef(t))z /2af) 6.15

AA(Et)=a, exp(—(E—EX)Z /20;) 6.16

with E,(t=0)=E

X *

The mean value of the sum of two Gaussians is given by:

_ a,oE(t)+a,oE, 6.17
0;0; +0x0

E(t)

At t=0, the total bleach is exactly described by a Gaussian function. If the standard
deviation of the two bleach components remain larger than the energy shift between
the two components at every time, and if o,~0,, the total bleach at a generic time in the
measurement can be described by a Gaussian function, whose central energy is given by:

aE (t)+asEy
a,+ay

Er fE,(t)+F,E, 6.18

where f, _are the fraction of excitations resulting in electron-hole pairs (f) / excitons (X).
Denoting with AE(t) the shift of the total bleach from its energy at t=0, it can be expressed
as:

AE(t)=E(t)—E) =f, (E,(t)—E,(0))+£, (E, (t) — E,(0)) 6.19
=fAE,(t)

where AE, (t) represents the shift of the free carrier bleach.

For carrier hopping in a Gaussian energy distribution, the total energy shift between the
initial energy distribution and the thermalized energy distribution, AE, (), is given by*:
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Figure 6.7. Estimate of the reorganization energy from the temperature dependence of the
diffusion coefficient in an EDT-treated InP QD film. a, Average energy difference between the
electron and the neighbouring electronic states (continuous line), compared to an exponential fit
(dotted line). b, thermalized value of the average energy difference, extracted from the exponential
fits in (a). ¢, Fit of the diffusion coeflicient shown in Figure 6.5¢ with a Marcus scaling of the diffusion
coefficient, given by equation 6.22 (green line).
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Thus, the amplitude of the energy shift of the total bleach between its initial and thermalized
state is given by:

AE(c0)=—f(T) 2L 6.21

Thus, although reducing the temperature increases the amplitude of the energy shift of
the free carrier component, reduction in the exciton dissociation, thermally activated, can
lead to an overall decrease of the energy shift of the total bleach.

Estimate of the reorganization energy in an EDT-treated InP QD film

In order to obtain an estimate of the reorganization energy to be used for the Marcus-
based KMC model, we fitted the temperature-dependence of the diffusion coeflicient
displayed in the main-text in Figure 6.5¢c with the functional dependence:

(AE-E,)’
D= DO 6‘7 4kyTEy 6.22
TE,

where AE(T) represent the average energy offset for the thermalized system at temperature
T. The average energy offset changes as a function of temperature, as the Boltzmann
distribution for the electron energies becomes narrower (see eq. 6.5 in the main-text).
To account for the way that AE(T) changes in the simulation at different temperatures,
we recorded the average energy difference between the populated electron state and the
electron states in the neighbouring QDs during the KMC simulation. Figure 6.7a shows
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the time dependence of AE(T). We extracted the thermalized value of AE(T) from an
exponential fit of the time-dependent average energy difference. Figure 6.7b shows
the temperature dependence of the thermalized AE(T), showing an increase for lower
temperature. We fitted the temperature dependent of the diffusion coefficient shown
in Figure 6.5c with equation 6.22, using the estimate for AE(T) and optimizing for the
reorganization energy E,. Figure 6.7c shows the result of the fit to the diffusion coefficient
(green line). The best value of the reorganization energy, extracted from the fit, was 7.4 +
0.4 meV.

Comparison of mobilities and diffusion coefficients extracted from the Miller-
Abrahams and Marcus models

a 7x10” 8x10° -
6 { ® Miller-Abrahams KMC fit
Q 6 ® Marcus KMC fit
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I
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Figure 6.8. a, Comparison between diffusion coefficients extracted from the full KMC fit of the
temperature-dependent spectral shift of the EDT-treated samples, obtained using Miller-Abrahams
rates (red dots) and Marcus rates (blue dots). b, Comparison between mobilites extracted from the
full KMC fit of the temperature-dependent spectral shift of the EDT-treated samples, obtained using
Miller-Abrahams rates (red dots) and Marcus rates (blue dots). For both mobilities and diffusion
coefficients, the two approaches provide remarkably similar estimates.
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Comparison between Marcus mobilities extracted from the full fit and from a fit with

fixed hopping prefactor
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Figure 6.9. Temperature-dependence of electron mobility obtained using Marcus rates in the KMC
model, comparing the values obtained performing a full fit of the KMC model (blue dots) to the values
obtained from a fit performed holding a constant hopping prefactor k; (set to the value obtained
at room temperature in the full fit). The good agreement between the two traces shows that the
temperature activated mobility extracted from the KMC fit using Marcus rates does not require a
strong temperature-dependence of the hopping prefactor.
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Summary

The generation of excited carrier via light absorption (photogeneration) and their ability
to propagate in space in Quantum Dot (QD) films affect critically the performance of
QD-based optoelectronic devices. The work performed in this thesis is aimed at increasing
the understanding of fundamental processes occurring in QD solutions and QD films,
providing the groundwork for future optimization of QD-based devices.

We employed a combination of ultrafast spectroscopy techniques (transient absorption
spectroscopy and spectroelectrochemistry) and computational methods (Monte-Carlo
and Density Functional Theory simulations), to obtain information about the energy of
electronic levels and the dynamics of carrier transport, relaxation and transfer between
different materials. Our results provide evidence of previously unreported effects:
hot-electron transfer between different QD species, a hole contribution to the bleach of
cadmium chalcogenide QDs and the presence of a temperature de-activated mobility for
carrier hopping in InP QD films. Furthermore, we demonstrate the possibility to achieve
band-alignment in QD heterojunction via control of the ligand passivation on the QD
surface.

Chapter 1 introduces the main concepts used in the rest of the thesis and broadly motivates
the interest in nanostructures, in general, and in semiconductor Quantum Dots, in
particular. The main electronic properties of QD systems and their absorption properties
are derived from a simple quantum mechanical model. The chapter then discusses the
presence of surface effects in QDs, the properties of QD heterostructures and gives a
framework for the interpretation of electron transport in QD films. Finally, the use of
QD for solar cell applications is discussed, introducing the processes that could give QD
systems an advantage over bulk solar cell materials.

In Chapter 2, we report the presence of hot-electron transfer between CdSe and PbSe
QDs, assembled in a heterojunction QD film. We characterised the transfer process by
looking at the bleaching of optical transitions in CdSe QDs occurring upon selective
excitation of PbSe QDs in a heterojunction QD film. The efficiency of the transfer process
is determined as a function of excitation wavelength, revealing an increase as the excess
energy of the photon increases. Density Functional Theory (DFT) simulations of a
CdSe-PbSe heterojunction showed the presence of electron states delocalized over the
heterojunction. Furthermore, time-dependent DFT simulations confirmed the presence
of a hot-electron transfer process occurring on a sub-ps timescale between the PbSe and
the CdSe QDs.

In Chapter 3, we report the effect of different ligand treatments on the band-alignment
between PbSe and CdSe QDs in a heterojunction QD film. The band-alignment between
the two QD materials is determined both via spectroelectrochemical measurements and
transient absorption measurements. Our measurements showed the possibility to select



Summary

ligand with different dipole moments to switch the band-alignment of the two materials
from a type-I alignment, observed in bulk, to a type-II alignment. Transient absorption
measurements on a type-II-aligned PbSe-CdSe heterojunction QD film showed the
presence of a high density of trap states, that needed to be saturated to allow electron
transfer between the two components.

In Chapter 4, we develop a model to extract Carrier Multiplication (CM) rates from
experimental measurements of the CM vyield and carrier relaxation times. Additionally,
a simplified model allowed to obtain an estimate for the CM rates from utilizing CM
yield data and a value for the carrier energy-loss rates, typically available in literature.
Obtaining CM rates can play an important role in the optimization of the CM process,
while facilitating the screening of materials displaying desirable CM properties.

In Chapter 5, we demonstrate the presence of a hole contribution to the bleach of
cadmium chalcogenide QDs. We measured the bleach dynamics upon resonant excitation
of the 2§ feature of CdSe QDs, leading to the excitation of a band-edge electron and of
a hot hole. Observing the increase in the bleach as the hole undergoes cooling, we could
confirm the presence of a hole contribution to the bleach and quantify its amplitude.
Spectroelectrochemical measurements of CdTe QDs showed the presence of a bleach
feature upon electrochemical injection of holes. Furthermore, we showed a lack of hole
contribution in CdSe QD samples characterized by low photoluminescence, associating
the absence of a hole bleach with the presence of efficient hole trapping. Our findings
resolve a long-lasting controversy in the field of ultrafast QD spectroscopy.

In Chapter 6, we employ a Kinetic Monte Carlo (KMC) model to describe the spectral
shifts observed in temperature-dependent Transient Absorption measurement of InP
QD films, allowing to determine the temperature-dependence of carrier mobility in the
system. Our results show the presence of a temperature de-activated mobility, in contrast
with the predictions arising from the Miller-Abrahams description of carrier hopping.
We compared the mobility extracted from the KMC model considering Miller-Abrahams
rates with those obtained using a Marcus description for the transfer, obtaining a better
agreement between the model’s predictions and the experimental trend. Our results
suggest that a Marcus description of the hopping rates might explain the temperature
de-activated mobility in InP QD systems, without requiring changes in interparticle
distance or the presence of band-like transport.
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Samenvatting

Het genereren van ladingen in de aangeslagen toestand door absorptie van licht, en de
mogelijkheid van deze ladingen om door films van kwantum-stippen te bewegen, heeft
een sterke invloed op de prestaties van apparaten gemaakt met kwantum-stippen. Het
werk dat in dit proefschrift beschreven staat is gericht op het verhogen van ons begrip over
fundamentele processen die in oplossingen en films van kwantum-stippen plaatsvinden.
Dit legt de basis voor de toekomstige optimalisatie van apparaten gemaakt met kwantum-
stippen.

We hebben gebruik gemaakt van een combinatie van ultrasnelle spectroscopische
technieken (transiente absorptie spectroscopie en spectroelektrochemie) en
computationele methodes (Monte-Carlo en Dichtheids Functionaal Theorie simulaties),
om informatie te verkrijgen over de energie van elektronische toestanden en de dynamiek
van ladingstransport, relaxatie en ladingsoverdracht tussen verschillende materialen.
Onze resultaten laten effecten zien die tot nu toe nog niet geobserveerd zijn: de overdracht
van hete elektronen tussen verschillende kwantum-stip materialen, de bijdrage van een
gat aan de uitdoving van optische overgangen in Cd-chalcogenide kwantum-stippen, en
de aanwezigheid van een temperatuurs gedeactiveerde mobiliteit voor het hoppen van
ladingen in films van InP kwantum-stippen. Verder demonstreren we de mogelijkheid om
de band-uitlijning in heterojuncties gemaakt van kwantum-stippen aan te passen door de
oppervlaktes van de kwantum-stippen met verschillende liganden te passiveren.

Hoofdstuk 1 introduceert het onderzoek en de onderliggende ideeén die door het
proefschrift beschreven worden, en beschrijft waar de interesse in nanostructuren en
in kwantum-stippen vandaan komt. De elektronische eigenschappen van systemen
opgebouwd uit kwantum-stippen, en de daaruit volgende optische eigenschappen,
worden afgeleid vanuit een simpel kwantum-mechanisch model. Het hoofdstuk bespreekt
vervolgens de invloed van oppervlakte defecten op de optische prestaties van kwantum-
stippen, de eigenschappen van heterostructuren van kwantum-stippen en geeft een kader
voor de interpretatie van elektron transport in films gemaakt van kwantum-stippen.
Als laatste wordt het gebruik van kwantum-stippen voor toepassingen in zonnecellen
beschreven, waarbij de processen worden uitgelicht die deze nanodeeltjes een voordeel
geven over zonnecellen die gemaakt zijn van bulk materialen.

In hoofdstuk 2 beschrijven we de observatie van de overdracht van ‘hete-elektronen’
tussen CdSe en PbSe kwantum-stippen, die geassembleerd zijn in een heterojunctie film.
We hebben het overdrachtsproces van de elektronen gekarakteriseerd door te kijken naar
het uitdoven van optische overgangen in CdSe deeltjes, die plaatsvinden door selectief
de PbSe deeltjes in de heterojunctie film aan te slaan. De efficientie van het overdrachts-
proces is bepaald als functie van de excitatie golflengte, waaruit een interessante toename
in efficientie is te zien naarmate de overmaat aan energie van de fotonen toeneemt.
Dichtheids Functionaal Theorie (DFT) simulaties van een CdSe-PbSe heterojunctie
laten de aanwezigheid van gedelocaliseerde elektron toestanden zien, die over de gehele
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heterojunctie verspreid zijn. Door middel van tijds-athankelijke DFT is ook de overdracht
van een heet elektron bevestigd, die in een tijdsspan van minder dan een picoseconde
tussen de PbSe en CdSe kwantum-stippen plaatsvindt.

In Hoofdstuk 3 laten we het effect zien van verschillende ligand behandelingen op de
energetische posities van de banden in CdSe en PbSe kwantum-stippen in een heterojunctie
film. De band-uitlijning tussen de twee materialen is bepaald door een combinatie van
spectro-elektrochemie en transiente-absorptie metingen. Onze metingen laten zien dat,
door de keuze van liganden met verschillende dipool momenten aan de nanodeeltjes te
hechten, het mogelijk is om de band-uitlijning te veranderen van een type-I uitlijning, wat
ook in bulk varianten van deze materialen te zien is, naar een type-II uitlijning. Transiente
absorptie metingen aan een type-II uitgelijnde PbSe-CdSe heterojunctie film laten de
aanwezigheid van een hoge dichtheid aan defect-toestanden zien. Deze moeten verzadigd
worden om elektron overdracht tussen de PbSe en CdSe lagen te observeren.

In Hoofdstuk 4 hebben we een model ontwikkeld om de Ladings-Vermenigvuldigings
(LV) snelheden uit metingen van de LV opbrengst en de ladings relaxatie tijden te halen.
Een vereenvoudigd model stond ons toe om een schatting te maken van de LV snelheden,
met als input de LV opbrengst en een waarde voor de ladings energie-verlies snelheid (die
typisch in de literatuur te vinden is). Het verkrijgen van LV snelheden kan een belangrijke
rol spelen in de optimalisatie van het LV proces; materialen kunnen snel gecontroleerd
worden om te kijken of ze de juiste eigenschappen voor LV bezitten.

In Hoofdstuk 5 demonstreren we de bijdragen van een ‘gat’ aan de uitdovingen van optische
overgangen in CdSe kwantum-stippen. We hebben de uitdovings dynamiek gemeten na
resonante excitatie van de 2S overgang in de CdSe deeltjes, wat leidt tot een elektron aan
de conductieband-rand en een heet gat. Terwijl het gat afkoelt naar de de valentieband-
rand, observeren we een toename in de uitdoving van de eerste optische overgang in
CdSe, die gekwantificeerd is op basis van de theoretisch voorspelde eigenschappen van
CdSe deeltjes. Spectroelektrochemische metingen op een film van CdTe kwantum-stippen
laten de uitdoving van de eerste optische overgang zien na elektrochemische injectie van
gaten. Verder laten we een gebrek aan bijdrage van het gat aan de optische uitdoving
zien voor CdSe nanodeeltjes met weinig luminescentie. Dit wordt geassocieerd met zeer
efficiente afvanging van gaten door defecten aan het oppervlak van deze nanodeeltjes.
Deze bevindingen lossen een langdurig openstaande vraag op in het veld van ultrasnelle
spectroscopie aan kwantum-stippen.

In Hoofdstuk 6 gebruiken we een Kinetisch Monte Carlo (KMC) model om de spectrale
verschuivingen te verklaren in temperatuurs-athankelijke transiente absorptie metingen
van InP films. Dit stelt ons in staat om de temperatuurs-athankelijkheid van de mobiliteit
van ladingen in deze systemen te meten. Onze resultaten laten zien dat de mobiliteit
temperatuurs gedeactiveerd is, in tegenstelling tot voorspellingen uit de Miller-Abrahams
beschrijving voor het hoppen van ladingen. We hebben de mobiliteit uit het KMC
model verkregen door snelheden uit de Miller-Abrahams theorie met die uit de Marcus
theorie te vergelijken, waarbij de laatstgenoemde een betere overeenkomst laat zien
met de experimentele data. Onze resultaten laten zien dat de Marcus beschrijving voor
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het hoppen van lading de temperatuurs-gedeactiveerde mobiliteit in InP systemen kan
beschrijven, zonder dat de afstand tussen de deeltjes veranderd of dat er band-transport
aanwezig moet zijn.
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