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® [INTRODUCTION

1.1. QuANTUM DoTS

Semiconductor nanocrystals, also called quantum dots (QDs), have been attracting
considerable attention over the past three decades with potential applications as
biomarkers, in LEDs, solar cells, photodetectors, or thermoelectrics. A large share of this
interest roots in the size-dependence of their optoelectronic properties, resulting from
their spatial extent of only a few nanometers. For example, the apparent color of CdSe
QDs can be conveniently tuned throughout the entire visible spectrum. Figure 1.1a shows
the absorption spectra (solid lines) and photoluminescence spectra (dashed lines) of
CdSe QDs ranging from 2.5 nm to 5 nm in diameter. When their size is reduced, the
photoluminescence band and the absorption onset shift to the blue and spectral features
become more pronounced. Both can be explained by a transition of their properties from
being more bulk-like to more molecule-like. Figure 1.1b sketches this situation, depicting
the discrete energy levels in QDs. Presenting an intermediate case between two
extremes, a QD can either be considered a large molecule (consisting of hundreds to
thousands of atoms) or a crystal whose dimensions have been reduced from infinite
(bulk) to a small chunk of several nanometers. Choosing the latter, one describes the
“squeezing” of the electron and hole wave functions to spatial extents smaller than the
Bohr radius, the “natural” size of an electron-hole pair in a macroscopic (bulk) crystal.
This confinement increases the kinetic energy of both charge carriers, which is now not

only given by crystal material or temperature, but to a large extent by the size of the
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crystal. The nanocrystal is termed a nanoplatelet, nanosheet or quantum well, if it is
confined in one dimension, a nanorod or nanowire, if confined in two dimension, and a

quantum dot (QD), if confined in three dimensions.
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Figure 1.1 a) Absorption spectra (solid lines) and photoluminescence (PL) spectra
(dotted lines) of CdSe QDs of various sizes. The size-dependent red-shift of the 1S
maxima is indicated with an arrow. Absorption spectra were normalized at 400 nm, PL
spectra at the respective 1S maximum. (b) Particle-in-a-sphere model depicting the
increased band gap Ej o, > E;, of @ QD and its discrete energy levels nl. For
comparison, to the left and right the energy level diagram of a molecule and a bulk crystal
is displayed, respectively. (c) High resolution STEM image of a PbSe QD. Crystal
orientations are denoted in brackets. The upper left inset shows the proposed shape of a
cube with truncated [110] and [1m1] facets. The lower left inset shows a Fourier
transformation of the STEM image, revealing the rock salt crystal structure. Courtesy of
W. H. Evers, TU Delft. (d) Kinetic confinement energies of energy levels nl . The
quantum number N is represented as a number, while | is given as a letter (S for | =0,
Pfor I =1,..).
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Figure 1.1c displays a high resolution STEM image of a PbSe QD, revealing the ordered
arrangement of Pb and Se atoms into a crystalline lattice of an extent of a few
nanometers. Different crystal facets terminate the lattice, indicated by their Miller
indices. Not seen in this STEM image is that organic ligands form a capping layer which
terminates the crystal surface. This capping layer is discussed in section 1.1.2. Preceding

this section, section 1.1.1 introduces the electronic structure of a (bare) QD.

1.1.1. ELECTRONIC STRUCTURE

Afirst estimate of the extra kinetic energy due to size-confinement can be obtained with
the particle-in-a-box model and Heisenberg’s uncertainty relation AXAp, > h/Z , in which
AX is the size of the box in X direction and Ap, is the momentum of the particle in x
direction. In case of the QD, the box can be considered a cube (Ax = Ay = Az ), with
Ap =Ap, +Ap, +Ap, =3Ap, , and the kinetic energy can be approximated by
3Ap2/(2m0) = 3h2/(8m0Ax2 ) , Where m, is the mass of the electron. This predicts a
dependence on the square of the reciprocal size of the QD. A better description of an

electron in a QD can be obtained by solving the (time-independent) Schrédinger equation

[— i V2+V(r)]‘P(r)=E‘P(r) (1.1)
2m,

for a particle in a sphere of radius R with an infinite potential well at the QD boundary

V(r):{v0 <R (1.2)

o ,r>R

where V, is the bulk potential, in case of the electron the conduction band (CB) energy in

Figure 1.1c. The wave functions W(r) in Equation (1.1) then have the form

Y(r) =¥, (.0,4)=C-J,(k,)-Y"(6,9) (13)

where C is a constant, J,(K,,r) are spherical Bessel functions of |t order and

nl?

Ylm (6,9) are spherical harmonics. Due to the infinite potential well, J,(k,r)=0 at

the QD surface, allowing only momenta K, which satisfy the condition
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I(nl = %gnl (14)

where ), is the nt zero of the Bessel function J (K, r). This yields discrete
eigenvalues for the energy

hZ 2

En| =V0 + é’m2

2m,R

(1.5)

with the quantum confinement term displaying the already deduced 1/ R® dependence
on the QD radius. Each energy level E, is ( 2] +1)-fold degenerate and the confinement
term of the first ten levels is depicted in Figure 1.1d. Similar to molecules, the radial
quantum number n is given as a number and the angular momentum | as a letter (S for

1=0, P for I =1,...).

In QDs, the spacing between adjacent E, levels typically decreases towards higher
energies, partially due to finite potential barriers. Therefore, a typical QD absorption
spectrum as shown in Figure 1.1a is characterized by pronounced peaks due to size-
confinement close to the band gap but is bulk-like at higher energies, typically starting

from ~ 3eV.

Table 1.1 Electron and hole effective masses' in CdSe, CdTe, PbSe and PbS, the materials
studied in this thesis.

CdSe CdTe PbSe PbS
m; /'m, 0.13 0.09 0.05 0.09
m; /m, 0.45 0.12 0.05 0.09

So far, the particle-in-a-sphere model considered a sphere filled with vacuum. To account
for the periodic potential created by all atoms in the nanocrystal, one can refine this
model with an “effective mass approximation” in which the electron mass m; in
Equation 1.5 is replaced by an effective mass m * or m * for electrons or holes,
respectively. These effective masses are defined as the reciprocal curvature of the energy
bands in k-space and express how easily an electron or hole moves in an (externally
applied) electric field. Table 1.1 gives the (band edge) effective masses of the materials

studied in this thesis. From the larger effective mass of holes as compared to electrons in
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CdSe and CdTe, one can predict that hole levels are more closely spaced than electron
levels. In PbS and PbSe, both electron and hole levels should show similar quantum

confinement.

Next to the kinetic energy, also Coulomb interactions of charge carriers in a confined
volume are increased, due to enhanced wave function overlap. In case of an electron-hole
pair, the quasi-particle produced after optical excitation, the total energy is lowered and
given by the Brus equation>4
2 2
hz gnl é’nhlh

opt _ dir pol
Ei (R)=E_, TRt erﬁ +Ey + ) E (1.6)

where E = E?' (R — ) is the bulk band gap, m,* and m, * are the electron and
hole effective masses, Eedhir is the direct Coulomb attraction of the electron-hole pair and
the remaining term contains polarization energies, arising from the Coulomb interaction of a
charge with its image charge across the QD boundary. These electrostatic terms are given
by*

; 1.79¢’
dir
Eeh ~ _4 R (17)
TELE,,
and
pol __ 1, self I, self I,
Z E — Eepo self Ehpo self Ee;;]o cross (1.8)
with
e ¢ —¢
pol,self __ = pol,self _ in out
E. =E “OmeR e (1.9)
”80 gingout
e’ & —¢
pol,cross _ in out
E. AP — (1.10)
7[80 gingout
in which ¢;, and ¢, are the dielectric constant inside and outside of the QD, EepO|’self
and EP*" are the electron and hole polarization energy and EX"“™ is the cross-

polarization energy. The latter describes the interaction of a charge with the image
charge of the opposite type of charge carrier. The former two describe the interaction of

a charge with its image charge and is the energy to pay (win) due to loss (gain) of
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solvation, in case the dielectric screening &, outside is smaller (larger) than the

out
screening &, inside. Sometimes, these solvation terms are referred to as “self-energies”.
Equations (1.9) and (1.10) confirm the intuitive picture that for an exciton, in first
approximation, all polarization terms cancel, leaving the Coulomb and kinetic
confinement terms as the only contribution to the size-dependent band gap. In case of
weak confinement, i.e. for large particles, the kinetic confinement energy (increasing as
1/R?) is still smaller than the Coulomb energy (increasing in magnitude as 1/ R).
However, it exceeds the Coulomb term in case of strong confinement, i.e. for small
particles. In the latter case, the Coulomb contribution is usually treated using

perturbation theory.

Equations (1.6) to (1.10) were given for the case of an exciton inside a QD, as studied in
optical experiments. In case of (spectro-)electrochemical experiments as presented in
this thesis, one needs to consider the case of an unequal number of electrons and holes
inside the QD as well as interaction with charges outside a QD. Chapter 3 briefly discusses

how the above equations may be extended to include these cases.

The effective mass approximation presented in Equation (1.6) is the minimum level of
accuracy to understand the main trends and concepts of energy levels in QDs. A
satisfactory description of optoelectronic properties, however, requires further
refinements by including exchange interaction, shape anisotropy, internal crystal field
anisotropy, nonparabolicity of bands, and mixing of bands (intervalley and interband
scattering).57 The most accurate calculations up to date include many-body interactions
via atomistic models such as the (semi-)empirical pseudopotential method (EPM),% 7

tight-binding calculations,* 8 9 or DFT calculations.’"

In general, it has been found that the quantum numbers n and | originating from the
effective mass approximation are not sufficient to describe a quantum confined state.
The angular momentum  of the atomic orbitals in the lattice (i.e. the symmetry of the
Bloch function) and the spin S must be included to yield the total angular momentum

F=1+S+L as a good quantum number. Therefore, the notation nl_. has been

cc,F

established to describe quantum confined states. 3The index ¢ =e,h describes which
type of charge carrier, i.e. if electron or hole, is considered, and F, denotes their total
angular momentum. Accordingly, optical transitions from hole to electron states are

denoted as nhlhﬂn . . Sometimes, the index ¢ or F, is omitted if designation remains

e'eF,

sufficiently clear: for example, “1S,,1S,” is commonly used to describe the lowest-

3/2

energy transition in Cd chalcogenide QDs.
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The absorption spectrum in Figure 1.1a is not a sum of delta-functions (“spike-like”, as
would be the case for discrete energy levels), but shows considerable broadening of
transitions. This is due to homogeneous (Lorentzian) and inhomogeneous (Gaussian)
broadening. Homogeneous broadening is typically on the order of a few peV 4 only and
arises from the finite lifetime of the excited states (on the order of ns), dictated by
Heisenberg’s uncertainty relation. In contrast, inhomogeneous broadening accounts for
most of the observed line width: due to the 1/ R? dependence of quantum-confined
energy levels, even the currently achieved small size dispersions of ~ 5% lead to a

broadening of absorption transitions of tens to hundreds of meV line width.

1.1.2. THE SURFACE

In the preceding section, the QD was assumed to be bare, surrounded by vacuum or a
dielectric medium. While such a description might yield qualitative descriptions such as
the size-dependent change of the band gap, a satisfactory description of optoelectronic
properties needs to account for the surface of a QD. At the surface, the crystal symmetry
is broken, giving rise to facet formation, under-coordinated bonds, surface
reconstructions with accompanying anomalies in bond length and angle, as well as room
for physisorbed or chemisorbed species. In many cases, this manifold of surface
configurations gives rise to electron and hole trap states within the band gap, which
effectively quench excitations in a QD. A common strategy to (electronically) passivate
these detrimental surface states is to attach organic ligands to the terminating atoms of
the crystal lattice, as depicted schematically in Figure 1.2a. If the formed bond is
sufficiently strong, the bonding and antibonding orbital can be pushed outside the band
gap, eliminating mid-gap states. In most applications, such mid-gap states would
otherwise limit device performance, as they e.g. reduce photo-voltage and photo-current

(in solar cells) or the luminescence efficiency (in LEDs).

However, the functionality of the capping layer exceeds the mere role of eliminating trap
states within the band gap. Ligands have been shown to represent a tool to shift energy
levels by as much as 1.5 eV, influence the photoluminescence quantum yield,"® "7 relax
size-confinement,” or enable charge transfer and charge transport.'94° Hence, the option
to tune optoelectronic properties of QDs via their ligands poses both challenges and

opportunities for a careful design of their properties. An illustrative example for the latter
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can be found in surface states of very small QDs: while they may quench the band edge
luminescence, they simultaneously give rise to a broad and tunable (trap-related)
emission over the whole visible range, enabling white light LEDs comprised of a single
type of QD.4!

Next to organic ligands, inorganic ligands are currently explored as a promising
alternative passivating species with prospects of additional control over
photoluminescence efficiency, electron mobility, doping, magnetic susceptibility, and
catalytic performance.4? A third, and widely used, option to passivate a QD is to grow an
inorganic shell around the core. Such core-shell QDs offer improved stability and, in case
of careful engineering of the core-shell interface, enable near-unity photoluminescence

quantum yields.43

In Dispersion

Figure 1.2 Schematic of a QD (blue filled circle) surrounded by organic capping ligands
(zigzag lines), in dispersion (a) and in a film (b). Note that the QDs and ligands are not
drawn to scale. To stabilize a QD in dispersion, typically longer alkylchains (long grey
zigzag line, e.g. oleic acid) are used. To fabricate conductive films, ligands are usually
exchanged to shorter ligands of a length of only a few C atoms (short green zigzag lines,

e.g. 1,2-ethanedithiol).

A major advantage of organic ligands, however, is their ease of replacement by other
types of ligands. This roots in their dynamic equilibrium with the crystalline core,
indicated by an arrow in Figure 1.2a: while the time-averaged concentration of ligands
may be constant, individual ligands fluctuate between being bound to the surface and

being desorbed (free), at a rate which may exceed 50 Hz.44 Moreover, a recent STEM
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study of CdSe QDs proposed significant motion of surface atoms upon excitation by a
photon or electron.45 This highly dynamic configuration of the surface can be exploited to
quantitatively exchange ligands by exposing the QDs to a non-solvent and simultaneously
offering an excess of the new ligand to be attached. Films with almost an arbitrary choice
of new ligands (see Figure 1.2) can be grown using such a replacement scheme, either in a
Layer-by-Layer (LbL) fashion via e.g. sequential spin coating or dip coating, or as a post-
processing treatment to the entire film by dipping the film into a solution containing the
new ligand. A more detailed explanation of the Layer-by-Layer dip coating technique can

be found in the experimental sections of the following chapters.

In general, a division of properties related to the surface and the bulk becomes blurry in
the case of QDs, considering that about 10-50 % of all atoms of a QD are at the surface, for
diameters in the range 10 to 2 nm.4% 47 Interaction with ligands are therefore crucial in the
description of a QD’s optoelectronic properties, as discussed in Chapters 2, 4 and 5 of this

thesis.

1.1.3. SYNTHESIS

Semiconductor QDs of high quality (i.e. of small size dispersion and with low defect
densities) can be grown via colloidal synthesis. At elevated temperatures (typically
between ~ 80 °C and ~ 350 °C ), an oversaturated solution containing inorganic precursor
compounds and organic ligands reacts by forming nuclei of inorganic monomers,
followed by growth of the monomers. Both nucleation and growth exhibit kinetic and
thermodynamic barriers which can be tuned conveniently by e.g. the precursor
concentration, temperature, or ligand interaction. Details to materials and reaction
conditions of QD syntheses employed in this work can be found in the experimental
sections of the following chapters. To achieve a small size-dispersion (and therefore
uniform optoelectronic properties), a “hot-injection” method is commonly used, in which
a cold precursor is rapidly injected into a hot solution containing the complementary
precursor, under vigorous stirring. Such procedure assures that nucleation occurs as a
concerted action, i.e. for all formed monomers at the same time. The concomitant
reduction in precursor concentration and temperature then oppresses further nucleation

events while still allowing growth of the formed nuclei.
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1.2. QUANTUM-DOT SOLAR CELLS

The size-tunable band gap of QDs and prospects of cheap, low temperature solution
processing, on flexible substrates,4® are of interest for application in devices such as LEDs
and solar cells. In LEDs, quantum confinement is an advantage as the discrete energy
levels result in “single color” emission of narrow band width. This allows a high color
rendering index, i.e. the color of objects appears very similar as it would under “natural”
(black-body) illumination. Displays using QDs have recently been introduced to the
market.4% 5° In solar cells, on the other hand, absorption rather than emission is the
quantity of interest. The size-tunability of the entire absorption spectrum allows
optimization with respect to the solar spectrum and, thus, increases the choice of
materials to be used as absorber. For example, the band gap of silicon can be realized
while avoiding the drawback of an indirect band gap as in silicon. In general, materials
with a direct band gap allow the absorber layer to be thinner, as their absorption is
stronger. This lowers material costs and enables flexible devices. The important added
bonus is that lower diffusion lengths are required and, hence, lower purity. This means

low cost synthesis techniques may be used.

Furthermore, QDs hold promises for high-efficiency solar cells which (1) make use of
multi-junctions,> 52 or (2) extract the photo-generated charge carriers in a “hot” state,
before carrier cooling,535¢ or (3) exploit the concept of carrier multiplication.5>57-62 Solar
cells based on concept (1) make use of multi-junctions to harvest light in a stack of
different band gaps to better exploit the solar spectrum. This increases the maximum
theoretically achievable efficiency to 40-60 %, depending on the number of junctions
employed. Unlike conventional multijunctions based on combinations of IlI-V
semiconductors, e.g. Ge/GalnAs/GalnP, the ability to tune the band gap by QD size allow
QD multi-junctions made of a single material and therefore elegantly circumvents
problems arising from material discontinuities such as lattice mismatches. Concept (2)
states that higher photo-voltages can be achieved by extracting photo-generated charge
carriers in a “hot” state, after electronic thermalization but before carrier cooling to the
band edges, via selective energy contacts.>* 5 The reported slow (nanosecond) carrier
cooling in core-shell QDs% improve the likelihood of this process. However, while
theoretically efficiencies up to 66 % could be achieved,54 no convincing demonstration of
a working device has been presented up to date. Concept (3) relies on a process termed

“carrier multiplication”, which produces two or more electron-hole pairs at the cost of
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one photon. In this process, a photon with an energy exceeding twice the band gap
produces a high-energy electron-hole pair which relaxes to the band edges by promoting
valence band electrons across the band gap via impact ionization, thereby creating
additional electron-hole pairs. Full utilization of this process increases the maximum
theoretically achievable efficiency of a single band gap solar cell from 33.7% (Shockley-
Queisser limit) to 44.4%.5% 64 The optimum band gap shifts from 1.34 eV to ~ 0.7 eV.58 The
occurrence of carrier multiplication has been proven, both in solution57. 6567 and in films.8-
7' The most compelling evidence has been offered in working solar cells, where external

quantum efficiencies exceeded 100 %.5

carrier collection

free electron

I\" free hole
Bl 2a
1

excitation free charges

carrier collection

hole trap
electrontrap

trapping

recombination

Figure 1.3 Schematic of selected charge carrier dynamics in a QD solar cell following
photo-excitation. Once free charges are formed (1), carriers may be collected at external
electrodes to generate a photovoltage and photocurrent (2a). Charge trapping (2b)
competes with carrier collection, leading to lower photovoltaic efficiency (3a), decreasing

to a minimum if further recombination pathways are available (3b).

QD solar cells have shown a fast learning curve in their first decade of existence,’? from <
1 % in 2005 to a record efficiency of 8.6 % in 2014.7375 QD architectures building on
Schottky junctions, depleted heterojunctions, tandem cells and quantum funnels have
been explored.7¢ Already today, many niche markets can be assessed with QD solar cells,
thanks to the manifold of available (and partially demonstrated) solution processing

techniques, e.g. spin-coating, Layer-by-layer (LbL) dipcoating, spray-painting, ink-jet
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printing, or reel-to-reel printing.7® High-efficiency devices have been demonstrated on
curved and flexible substrates,® enabling the use of more unusual substrates, such as
textiles. QD solar cells might even compete in the race for bigger shares in global
electricity generation. Depending on the further development of the market dominating
Si based solar cells, an efficiency improvement of QD solar cells up to 10-15 % would be
needed to offer a competitive cost-efficiency ratio, the figure of merit for large scale
implementation of any type of solar cell.5" To do so, one might expect that a higher
mobility of charges due to increased inter-particle coupling in a QD film might fuel this
development. However, it has recently been proposed that a main obstacle in reaching
higher efficiencies are not low mobilities, but high defect densities,”s see Figure 1.3. Next
to realizing low trap densities, a second major task for photovoltaic applications is to
separate charges in order to produce a photocurrent which can be extracted via external
electrodes. Generally, this is achieved by incorporating a band offset in the material stack,
see section 1.3. In this thesis, both challenges are being addressed: chapter 3 presents a
method to determine band offsets in situ and chapter 4 reports charge separation rates,

while chapters 4 and 5 move the spotlight to trapping at defect sites.

While careful engineering of the charge carrier dynamics, i.e. the rate of charge carrier
multiplication, cooling, transfer, trapping, transport and collection may enable higher
efficiencies and therefore an attractive market position of QD solar cells, several other
questions are still to be addressed in future fundamental and applied research, such as:
(1) material scarcity and (2) toxicity of currently employed elements (PbS, PbSe, CdSe,

CdTe, etc.), and (3) air-stability without expensive and tedious encapsulation strategies.

1.3. BAND OFFSET AND CHARGE SEPARATION

A common strategy in the design of solar cells is to incorporate a rectifying junction
which separates electrons and holes. This can be a heterojunction of two different
materials such as the donor-acceptor junction in organic photovoltaics which relies on a
band offset of the two comprising materials, see Ffigure 1.4a. Alternatively, it can be a
homojunction such as the p-n junction in Si solar cells, which forms a built-in field due to a
difference in doping level and thereby creates a driving force for charges separation, see
Figure 1.4b. Here, we will briefly discuss the motivation for charge separation and give

examples of how a band offset (or built-in field) can be realized and determined.
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Figure 1.4 (a) Donor-acceptor interface in a molecular heterojunction, depicting the
respective LUMO and HOMO. If an optical excitation (red pulse) creates an electron
(filled circle) - hole (open circle) in the donor phase, the pair can dissociate by
transferring the electron to the acceptor. This is energetically allowed, due to a difference
in the respective electron affinities g, and X, » termed the band offset. (b) P-n
junction of an inorganic semiconductor device at short circuit, characterized by a uniform
Fermi level throughout the device. A space-charge region (shaded area) develops as
electrons from the n-doped region accumulate at the p-doped side of the interface and
holes from the p-doped region accumulate at the n-doped side of the interface. This gives
rise to a built-in electric field and band bending, facilitating the separation of charges

after optical excitation.

In organic solar cells, the exciton binding energy is strong (> k,T ) and an electron-hole
pair likely annihilates via geminate recombination before it dissociates. While
advantageous in lighting applications (such as OLEDs), a solar cells requires charge
separation, as electron and hole need to be extracted in separate contacts to produce a
photo-current and photo-voltage. Therefore, organic solar cells typically employ an
interface between an (electron) “donor” (molecule) and an (electron) “acceptor”
(molecule), as depicted in Figure 1.4a. The free energy difference between donor and
acceptor increases the likelihood of charge separation, as only for one type of charge
carrier transfer to the neighboring material is energetically a down-hill reaction. The
depicted case is also referred to as “type-II” band offset. Due to charge separation, the
lifetime of both charge carriers can be increased. Moreover, the staggered band
alignment leads to rectifying behaviour with preferential carrier collection at opposite

electrodes, generating a photo-voltage and photo-current.
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In inorganic (bulk) solar cells, such as Si solar cells, the exciton binding energy is typically
low, due to higher dielectric constants as well as smaller effective masses. Consequently,
photo-generated electron-hole pairs dissociate spontaneously into free charge carriers,
without the aid of an interface. Nevertheless, electrons and holes still need to be
collected at opposite electrodes in order to produce a photocurrent. To do so, Si solar
cells rely on a built-in electric field produced by a p-n-junction, developing when a p-
doped (electron deficient) and n-doped (electron rich) material is brought into contact,
see Figure 1.4b. Equilibrium, i.e. a shared Fermi level throughout the device, is reached by
electrons accumulating in the p-doped side of the interface and holes accumulating in the
n-doped side of the interface, creating a “space-charge region”. As a result, electrons in
conduction and valence band experience “band bending”, which separates the charges
spatially: after optical excitation, electrons and holes in the space-charge region move
towards opposite ends, towards the n-doped and p-doped region, respectively. The
spatial separation into separate domains ensures that electrons and holes are
predominantly collected at opposite electrodes, enabling exploitation of a photo-current
and a photo-voltage. An additional advantage is that outside the space charge region the
lifetime 7 of the majority charge carrier (electrons in the n-doped layer and holes in the
p-doped layer) is increased as recombination with the now scarcely available minority
charge carrier is less likely. This increases the diffusion length L= \/D_T , D being the

diffusion coefficient.

Quantum-Dot junctions form an intermediate case, resembling either organic devices
(forming a band offset of the donor-acceptor junction) or inorganic solar cells (featuring
band bending in a p-n junction). The closer analogy depends on e.g. the dielectric
constant and effective mass of the employed materials. In 2005, Gur et al.77 imitated the
organic donor-acceptor junction by fabricating a type-Il heterojunction of CdTe and CdSe

QDs, thereby significantly improving QD solar cell efficiencies (up to 3 %).

Their material choice was motivated by the large range of size combinations, over which
these two materials form a type-Il band offset, due to their ~ 0.5 eV difference in both
bulk ionization energy and bulk electron affinity.”® While cells made from the respective
single materials only showed modest photovoltages and no rectifying behavior, a bilayer
of both materials exhibited significantly higher photovoltages and rectifying behavior.
This showed that the single material cells lack contact selectivity, while the donor-
acceptor interface is necessary for producing a photovoltaic effect. A similar result using

different means is achieved in the current record QD solar cells based on ZnO
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nanoparticles and PbS QDs. Charges in these devices are very mobile, in some cases even
showing band-like transport,3>79 due to the large dielectric constant ( &, (PbS)=17)!° and
small exciton binding energy (<kgT ). While photogenerated excitons dissociate easily,
charges still need to be guided to opposite electrodes. To do so, these cells rely on band
bending via doping, similar to the p-n junction described above. Variations on this theme
include the depleted heterojunction and Schottky solar cells, or solar cells with a gradient

in band alignment.8+83

In both cases, careful engineering of the band alignment at an interface is key to
optimizing device performances: while lacking or inappropriate band offsets prevent
charge transfer, too large band offsets will reduce the open circuit voltage. In this
respect, it is unfortunate that in the majority of cases, band offsets are unknown.
References to literature values for the electron affinity or ionization potential are
dangerous, as reported energies vary by as much as 1 eV. As discussed in more detail in
Chapter 3, this can partially be attributed to differences in the dielectric environment and
the measurement technique used. To enable a better estimation of the band offset for
the material combination studied, both the description of fundamental processes in QDs
and the optimization of device performances requires an in situ measurement of the band
offset. In chapter 3, we suggest that spectroelectrochemistry enables such

measurements.

1.4. TRAPPING AND RECOMBINATION

The primary challenge for photovoltaics is to scavenge photo-excited charge carriers into
an external electrical circuit before they dissipate their energy in one of the many
available decay processes. Figure 1.5 illustrates this problem by sketching the manifold of
available charge carrier decay processes following photo-excitation of an electron-hole
pair. To reach high photovoltaic conversion efficiencies, charge extraction as described in
the previous section must be faster than the charge carrier decay. The first loss of free
energy typically occurs via cooling: on a (sub-)picosecond timescale, charge carriers
thermalize to their respective band edges by heating the crystal lattice (phonon emission)
and/or coupling to ligand vibrations.®3 8487 A variant of this process is Auger-assisted
cooling, in which the excess energy of one type of carrier is transferred to the other type

of carrier, which then thermalizes to the band edge.®®
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Figure 1.5 Schematic of charge carrier decay mechanisms following photo-excitation (1)
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into a higher-energetic state (dashed lines). Electron and hole lose excess energy via
cooling to the respective band edges (2), either via multi-phonon emission (zigzag lines)
or via an Auger-type energy transfer (solid lines) and subsequent phonon emission. In the
presence of defect states in the band gap, further energy loss occurs via trapping (3a),
either by electron transfer according to Marcus theory, emitting phonons, or by an Auger-
mediated trapping process. the ground state is recovered (3b) via Auger recombination,
transferring energy to a third charge carrier, or via radiative recombination, emitting a

photon.

Next to cooling, charge carriers may get trapped in defect states. This process has often
been formulated using a Marcus-type transfer formalism. The energy lost in this process
is accommodated by rearrangements of the nuclei and coupling to phonons. In case of
trapping to a deep defect state, the associated large free energy loss would require
emission of a multitude of phonons, rendering this process slow and therefore
improbable. In this case, Auger-mediated trapping is more likely to occur: similar to
Auger-assisted cooling, the excess energy is transferred to another charge carrier which
dissipates its gained energy in a subsequent process. This possibility is discussed in
Chapter 4 of this thesis. Note that both trapping processes might not only occur from the
band edges, as suggested in Figure 1.5, but also from a “hot” (higher energy) state.
Finally, charge carriers can decay to the ground state via radiative recombination
(emission of a photon) or via Auger recombination (transfer of energy to another charge

carrier).
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In principle, all described processes need to be studied, understood and steered to yield
the best performance of the device of interest. In this thesis, we mainly focus on trapping
and recombination, as these are major decay pathways impacting QD based devices such
as solar cells and LEDs. Radiative recombination in QDs typically occurs on the
nanosecond to microsecond time scale and can be observed using laser spectroscopy.
Auger recombination and trapping can be considerably faster, occurring often on a
picosecond time scale. To monitor these processes, sufficient time resolution is needed
and in this thesis is achieved using ultrafast laser spectroscopy, namely transient
absorption and time-resolved photoluminescence spectroscopy. Analysis of the decay of
transient absorption and luminescence features can offer answers to questions such as:
at which carrier density does Auger recombination become a major loss mechanism?8 Or
how fast much carrier collection at external electrodes occur to outcompete trapping?73
In chapter 5, the magnifying glass is placed upon the trapping process in CdTe QD films. It
aims to reveal the role of the surface in this process by studying the implications of ligand

density and dangling bonds on the density of trap states.

1.5. RELEVANCE OF RESEARCH ON PHOTOVOLTAIC ENERGY
CONVERSION FOR A SUSTAINABLE ENERGY FUTURE

Research described in this thesis was carried out in the framework of the Joint Solar
Programme (JSP) of HYET Solar and the Foundation for Fundamental Research on Matter
(FOM), which is part of The Netherlands Organisation for Scientific Research (NWO). In
the following, we will give a motivation for research on photovoltaic energy conversion

and discuss the possible role of solar cells in assuring a sustainable energy future.

The earth’s fortunate position in relation to the sun enabled evolution to bring forth
astonishing forms of life. Unfortunately, our today’s ecological footprint is larger than the
earth, i.e. we spend resources faster than they recover.9% 9" In addition, the emission of
greenhouse gases due to combustion of oil, gas and coal alters the protective
atmosphere surrounding the earth. As a result, the climate is currently changing to a
larger extent than can be explained by natural fluctuations alone.%? In order to prevent
undesirable consequences for the quality of life on earth,9 especially for future
generations, sustainability must be regained. 30 TW of carbon-emission-free power needs

to be provided by 2050 to slow down and eventually stabilize the rise in global
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temperature and sea level.94% This requires tremendous efforts by politics, industry and
last, but not least, us consumers. Regarding more sustainable electricity generation,
increasing the market share of solar cells is a promising solution: sunlight is available
everywhere, arriving with predictable fluctuations, from a source that is effectively
inexhaustible. As a result, the risk of geopolitical conflicts are lower than for the more
traditional resources such as gas and oil. Competition of land use with agriculture is
minimized since the needed area for photovoltaic installations is small. Given the
tremendous energy flux from the sun reaching the earth (~ 1000 W/m?) and assuming 10 %
efficiency of photovoltaic modules, 0.2 % of the earth’s surface must be covered to
provide 100 % of the world’s electricity demand. In comparison, the Sahara covers 1.8 % of
the earth’s surface, roads 0.2 % and golf courses 0.02 %. First efforts are underway to

exploit the photovoltaic potential of this otherwise “lost” areas.9”

During their guaranteed lifetime of 20-30 years, solar cells in photovoltaic modules
operate emission-free. Only during their production, energy is required. However, this
energy is harvested again within < 1 to 3 years after installation, depending on the used
technology and location.?® That means, photovoltaic modules convert 10-30 times more
energy than was used in their production. Consequently, about 95 % less greenhouse
gases are emitted during the entire life-cycle of a photovoltaic module compared to the
traditional burning of fossil fuels such as coal or gas.%? In 2011, the United Nations
Environmental Programme Finance Initiative (UNEP FI) estimated the costs of climate
change to US $6.6 trillion in 2008, 11% of the value of the global economy at the time
(GDP).™° In a fair comparison, these costs must be accounted for when calculating the
“true cost” of electricity generated via different technologies. According to a study by
Epstein et al.,’' the negative impact on the climate translate into additional costs for coal
of 12 US¢/kWh in 2011. Combined with other external costs such as arising from air
pollution, toxicity and transport, the authors estimated the true cost of electricity
converted by coal in the US to be 30-39 US¢/kWh in 2011, much higher than the residential
market price of 12 US¢/kWh. In contrast, the true cost of electricity from photovoltaics (11-
27 US¢/kWh) was barely higher than its market price of 10-25 US¢/kWh. Estimates for both
technologies were already corrected for received subsidies. Hence, electricity from
photovoltaics is cheaper than electricity from coal. Similar comparisons can also be made
when estimating the true cost of nuclear energy.” The above comparisons are expected
even more favorable in future, as the price of solar energy decreases while the price of

fossil energy is increasing.’o3
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While the economic advantages of photovoltaics funneled in average annual growth
rates of world-wide PV installations as high as 44 % (in the period from 2000 to 2013),"3 a
major challenge remains: installation costs are high (1 € per 1 W peak capacity installed),
posing an obstacle to a more wide-spread use, especially in developing countries.
Unfortunately, the “packaging” of solar cells (i.e. their protection from weather
influence) and the balance of system costs (i.e. all costs additional to the cost of a PV
module, such as wiring, mounting, inverters, operation, etc.) are major cost factors which
are difficult to reduce. Nevertheless, some cost reduction can still be achieved by using
less and cheaper material in the active part of a solar cell while maintaining or increasing
the efficiency of the cell. Solution to this challenge are increasingly searched in
nanotechnology, employing organic molecules, perovskites, or quantum dots.” The case
of quantum-dot solar cells is discussed in section 1.2. A significant advantage over
conventional silicon solar cells are potentially reduced production costs due to solution-
processing at low temperatures. Less clear are the questions how (nano-)toxicity™+ and
limited abundance of elements in the earth’s crust®> can be coped with and which

efficiencies? can be reached.

1.6. OUTLINE OF THIS THESIS

In chapter 2, absolute energetic positions of confined electron levels in CdSe QD films are
determined in situ using spectro-electrochemistry. Attention is payed to the effect of void
size and ligand length on electrochemical charge injection. Chapter 3 extends this
methodology to QD films containing two types of materials and determines their band
offsets. Chapter 4 reports on ultrafast electron trapping in CdTe QD films and dispersion
using ultrafast transient absorption spectroscopy. It demonstrates that in a film
containing CdTe to CdSe QDs (featuring a favorable type-1l band offset) electron transfer
can occur only if the competing trapping channel is switched off, via ligand chemistry
and/or control of the Fermi level. At last, chapter 5 elaborates on the Fermi level
dependence of electron and hole trapping rates. The density of trap states throughout
the band gap is assessed by combining ultrafast transient absorption and time-resolved

photoluminescence spectroscopy with electrochemical control of the Fermi level.
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(] ELECTROCHEMICAL
CHARGING OF CDSE QUANTUM
DOT FILMS: DEPENDENCE ON
VOID SIZE AND COUNTERION
PROXIMITY

2.1. INTRODUCTION

Colloidal Quantum Dot (QD) solids are promising for cost- and energy-efficient light
harvesting, detection and generation due to their tunable bandgap, solution
processability! stability,> 3 and anticipated cost-efficiency.# 5 Encouraging device
efficiencies have been achieved in the fields of photovoltaics,4 ¢8 LEDs>" and (IR)
photodetectors.” A compelling strategy to improve their luminescence (for LEDs) and
charge extraction properties (for photovoltaics and photodetectors) is the
implementation of a heterostructure consisting of two different semiconductor
materials: by tuning the energy levels at either side, both the direction and rate of charge

transfer can be controlled. However, the measurement of absolute energy levels (vs.



28

CHAPTER 2

vacuum) remains a challenge. While a variety of experimental techniques is available,
each one has its own pitfalls: Ultraviolet Photoelectron Spectroscopy (UPS) can only
determine energy levels of samples in vacuum™ and Photoelectron Spectrocopy in Air
(PESA) only of samples in air.'"4 Whereas the former measurement may be irrelevant for
an actual device configuration, the latter has to cope with the poor stability of QDs in air.
In addition, both are intrinsically limited to the surface of the film. This drawback is shared
by Kelvin probe measurements. Finally, electrochemistry can determine energy levels of
the entire volume of a sample and under a variety of dielectric environments.’® However,
the commonly employed cyclic voltammetry measurement mode (CV) per definition
cannot distinguish between QD levels and defect states resulting from impurities or the
surface of a QD. Since surface defects are abundant and very sensitive to a sample’s
preparation conditions and history, CV measurements often feature a large sample-to-
sample variation and their interpretation is difficult. Hence, it is not surprising that the
spread in literature values for energy levels determined by CV measurements surpasses
1.5 V. This discourages any effort to improve the performance of a working device via
careful fine-tuning of its energy level alignment based on the existing literature of energy

levels.

On the other hand, spectro-electrochemistry adds to the reliability of electrochemical
energy level studies since it simultaneously probes changes in transmission and/or
luminescence as a function of the applied potential to the sample. This way, it is possible
to unambiguously distinguish charges in (optically active) QD orbitals from charges in
defect states.'®>' Such “electrolyte gating” (also called “electrochemical gating”)' has
been successfully exploited by several groups to study absolute energy levels,™
investigate charge associated absorption changes and fluorescence quenching,?® 2
blinking characteristics?» 24 or induce order-of-magnitude increases in steady-state

conductivities. 25

One reason for the success of the above spectroelectrochemical studies roots in the
nanoporous morphology of a QD film: simultaneous with the injection of electrons or
holes into the QD film, electrolyte counterions (present in the voids of the films) allow for
a nanoscale charge compensation. Hence, while only the surface of a macroscopic
semiconductor crystal can be charged, it is possible to charge the complete “bulk”
volume of a QD film. Furthermore, one would expect that the type of counterion has little
influence on the efficiency and energy of charging the QD film as long as the counterions

are electrochemically inactive.
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In this report, we determine the absolute energies of the 1S. and 1P. electron levels in
CdSe QD films by spectroelectrochemistry. In particular, the spotlight is moved to charge
injection in QD films whose conductivities are increased via reduced interparticle spacing
by short cross-linking molecules, i.e. the ligands. We find that in those films the maximum
number of injectable electrons is limited by the size of the film’s voids. The latter can be
tuned via the diameter of the QDs and the length of the ligands that separate them.
Furthermore, we report two peculiar observations concerning the absolute electron
energy levels: (1) they depend on the cation size; this is not expected given the
assumption that the cation is electrochemically inactive (see above). (2) They depend on
the length of the QD ligand; this is not expected as a recent report finds energy level
shifts due to the binding group of a linker, but not its length." Both observations suggest
that the cation tends to approach the QDs as close as possible and that the proximity of
the cations and the negatively charged QDs is an important factor in the overall energy of

the system.

2.2. EXPERIMENTAL DETAILS

QD synthesis

QDs were synthesized following Mekis et al.:?® two precursors were prepared in a N,
purged glovebox by dissolving 0.474 g Se (325 mesh) in 6 ml TOP (trioctylphosphine) and
0.36 g Cd(Ac), in 9 ml TOP, respectively. 24g of TOPO (Trioctylphosphine oxide) was
heated to 180 °C in vacuum under periodic flushing with N,. After cooling down to 100 °C,
15g HDA (1-hexadecylamine) and 0.45 g TDPA (1-tetradecylphosphonic acid) were added
and dried at 120 °C in vacuum during 30 min under periodic flushing with N,. The TOP-Se
precursor was injected and the solution was heated to 300 °C under N, flow. Under
vigorous stirring, the TOP-Cd(Ac), precursor was injected to induce nucleation of CdSe
nanoparticles. During the growth at 280 °C aliquots were taken to monitor the growth
rate. After the desired QD size was reached, the reaction was stopped by cooling down to
room temperature. Toluene was injected to avoid solidification of the TOPO. The
obtained dispersion was purified by repeated washing with MeOH and precipitation of
particles in a centrifuge at 3000 rpm for 5 min. The final stock of particles was dispersed

in Chloroform.
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QD film processing by LbL dipcoating procedure

QD films were grown in a layer-by-layer (LbL) dipcoating procedure in a N, purged
glovebox. ITO substrates were first immersed for 30 s in a concentrated QD dispersion,
subsequently immersed for 30 s in a stirred MeOH solution containing 10 vol-% of the
desired ligand and finally rinsed by residing 60 s in stirred MeOH. Using this procedure,
the original insulating ligands are replaced by the new desired ligand. Typically, the above
procedure was repeated 20 times to yield films roughly 20 QD monolayers thick. After
dipcoating, the film was kept on a hotplate at 70 °C to evaporate residual solvent. For all
the films, a small region on the edge of the substrate remained uncoated for contacting

in electrochemical measurements.
Spectroelectrochemical measurements

Our electrochemical setup consists of a CHI832B bipotentiostat (CH Instruments, Inc.)
with an Ag wire pseudo-reference electrode and a Pt sheet counter electrode in an air-
tight Teflon container (see Figure 2.1a). The Ag wire pseudo-reference electrode (-5.01 V
vs. vacuum) was calibrated with a ferrocene/ferrocinium couple.?” 28 In a N, purged
glovebox, the cell is loaded with a QD film and filled with an electrolytes consisting of
anhydrous acetonitrile (> 99.8 %, Sigma-Aldrich) and either 0.1 M LiClO, (lithium
perchlorate, battery grade, 99.99 %, Aldrich), 0.1 M TBAPFs (tetrabutylammonium
hexafluorophosphate, = 99.0 %, Fluka) or 0.1 M TOABF, (tetraoctylammonium

tetrafluoroborate, > 97.0 %, Aldrich). All chemicals were used as received.

We perform electrochemical measurements in the so-called “differential capacitance”
mode.'® 29 The charging current is integrated during a fixed time interval following a
potential step yielding the differential capacitance, i.e. the injected charge per potential
step AQ/ AV . This removes the contribution of faradaic background currents in the
electrolyte. Secondly, the electric double layer capacitance can be corrected for by a
separate differential capacitance measurement of a bare ITO substrate. The so obtained
differential capacitance of the QD film then reveals the sample characteristic charging
and discharging features much more clearly than common CV measurements (see

Appendix A).

In the same experimental setup, UV-VIS absorption measurements are performed using a
HL-2000 halogen lamp (Ocean Optics) and a USB2000+ spectrometer (Ocean Optics).

After passing through the electrochemical cell via two windows in the Teflon container,
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the light is collected in an optical fiber and its intensity is adjusted by a diaphragm and
collimating lenses. The absorption bleach spectrum of each potential step is taken after

the electrochemical current has decayed to a stable level.

1T h E vs. vacuum
=L T— Sample
Counter

T
Reference ——

Vs, pseudoref

A— Electrolyte

QD Film ITO

Figure 2.1 (a) Schematic of the spectroelectrochemical setup: via the potentiostat a
voltage is applied between the Ag wire pseudo-reference electrode and the QD film on an
ITO substrate, both of which are immersed in the supporting electrolyte. Simultaneously,
the electrochemical charging current is measured by a counter electrode and the change
in the QD film absorption is monitored by a UV-VIS spectrometer. (b) Schematic of the
electron injection process: raising the Fermi level of the ITO from within the QD bandgap
(black dashed line) to above the bandgap (blue continuous line) allows electron injection
into an electronic level of the QD film. This blocks transitions to this level and thereby

bleaches the absorption.

2.3. DETERMINATION OF 1S: AND 1P¢ ENERGY LEVELS

QDs with diameters ranging from 2.4 nm to 8 nm were synthesized following the
procedure by Mekis et al.26 QD films were grown on ITO substrates with a layer-by-layer
(LbL) dipcoating method in a N, purged glovebox. Charge injection into CdSe QD films
was investigated using a spectroelectrochemical setup in which the sample’s substrate
served as the working electrode in a three-electrode electrochemical cell (see Figure

2.1a). The Fermi level of the QD film is raised by a negative voltage between the sample’s
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substrate and the Ag wire pseudo-reference electrode (see Figure 2.1b). The resulting
injection of electrons in the QD film and simultaneous charge compensation by cations in
the electrolyte is monitored by a change in the absorption of the QD film. See methods

section for details.

Known size confinement effects such as an increase of the bandgap and discretization of
electronic states are observed in an absorbance measurement of our QD dispersions of
five different diameters (see Figure 2.2a). Compared to the spectrum of the original
dispersion, the QD films with diaminoethane (2DA), diaminobutane (4DA),
diaminohexane (6DA) and diaminooctane (8DA) show a minor redshift and some
broadening of the lowest energy transition (see Appendix A). In Figure 2.2b, the spectrum
of a 8DA-linked film of 8 nm QDs is fitted by multiple Gaussians in the energy region
between 1.65 and 3.45 eV to unveil the underlying optical transitions. Following Norris
and Bawendi3, the first Gaussian can be assigned to the nearly overlapping 1S;;1Se and
2S3),1Se transitions at 1.9 eV, the second Gaussian can be ascribed to the 1P5;,1P. transition
at 2.05 eV and the third Gaussian may originate from the 3S;,1Se, 151,2Se and 4Ss2Se
transitions at 2.3 eV. The relatively large size of the QDs precludes a more detailed

assignment of transitions.

a b

3.5

0.10 —

0.05 —

A [norm.]
Aand AA

Figure 2.2 (a) Absorption spectra of QD dispersions with diameters ranging from 2.4 nm
to 8 nm. For clarity, the spectra are offset vertically. (b) The absorption spectrum of a
8DA-linked film of 8 nm QDs (black continuous line) can be fitted by multiple Gaussians
(black dashed lines). Starting from about -1 V vs. the Ag pseudo-reference electrode, the
QD film gets reduced inducing an absorption bleach of these transitions. The involved
electron levels are indicated by vertical dashed lines. The supporting electrolyte is 0.1 M

LiClO4 in anhydrous acetonitrile.
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We now endeavor to determine the absolute energy of the confined electron levels for
some of the observed transitions. Upon applying a negative potential on the sample’s
substrate (in case of a conductive film equivalent to shifting the Fermi level of both
substrate and sample towards vacuum), we witness a negative change in the film’s
absorption (see Figure 2.2b) compared to the absorption at open circuit. This absorption
bleach is seen at the lowest energy transitions. At about -1 V vs. the Ag wire pseudo-
reference potential, first the transitions involving the 1S, electron level start to bleach and
disappear completely at about -1.5 V, whereas from about -1.2 V also the transitions

involving the 1P, level start to bleach.

The number of charges injected into a QD energy level I (i=1S,,1P,) can be

determined?5: 3" from

<nopt,i(v)>: 0 'T%E (2.1)

with < ng,. (V) > the average number of electrons per QD in leveliat an applied
potential V, g; the degeneracy of this level and 4;(V) the absorption resulting from all
transitions to level i at this potential, with I, the open circuit potential. In the following,
(A;(V) = A; (Vo)) /A (V) is called the “relative bleach”. Consequently, the average total
number of electrons per QD in quantum confined levels is <n0m'tOt (V )> = Z<nom,i (V )> .

This incremental filling of electronic states in a QD film is illustrated in Figure 2.3 as the
differential bleach AA,s./AV and the differential capacitance AQ/AV. The former yields
the density of optically active states A< n,,; >/AV according to Equation 2.1, while the
latter relates to the “electrochemical” DOS A< n,. >/AV = (AQ/AV)/(e - N) with <
nec > the average number of electrons injected into the film per QD, e the elementary
charge and N the number of QDs in the film. This “electrochemical” DOS3? includes
optically dark electrons which may reside, for instance, in surface states. Hence, if the
only charging that occurs is charging of the QD energy levels, the differential optical
bleach and the differential capacitance should rise simultaneously with decreasing
voltage. Indeed, the first wave in the differential capacitance clearly coincides with filling
of 1S electron levels (blue open circles in Figure 2.3), whereas the second wave in the

differential capacitance is related to charging of 1P states (green open triangles). We can
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thus conclude that within the observed time window (see Appendix A) there is negligible

charging of states other than the quantum confined ones.

E vs. vacuum [eV]
-3.6 -3.8 -4.0 -4.2 4.4
| | | |

|
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Figure 2.3 Differential Capacitance AQ/AV (filled diamonds) and differential absorption
bleach AA/AV at transitions involving the 1Se level (open circles) and 1Pe level (open

triangles), respectively.

The reversible charging and discharging of QD films hence enables the observation of
quantum size confinement both optically and electrochemically. First, in the case of 8 nm
QDs, we find the 1S and 1P, levels to reside at -3.85 and -3.7 eV vs. vacuum (or at -1.15
and 1.3 V vs. the Ag pseudo-reference electrode, respectively), as inferred from the
extrema in the differential bleach. This experimentally determined 1Se-1Pe intraband
separation of 0.15 eV is close to the expected intraband separation based on
photoluminescence excitation data of Norris and Bawendi:3° their reported difference of
0.15 eV between the 1S5,1Se and 1P3,1Pe transition translates into a 1Se-1Pe intraband
separation of 0.11 eV, using effective masses of 0.13M, and 0.44 M, for electron and hole,
respectively. It also agrees with the infrared absorption data of smaller QDs in solution:
the reported 1Se-1Pe intraband separation of QDs with diameters between 2.7 and 5.4 nm
ranges from 0.27 to 0.5 eV.'9 Second, we find that in films of 3.7 nm QDs the injection into
1Se electron orbitals occurs at a 0.16 eV higher potential than in films of 8 nm QDs (see
Appendix A). This agrees reasonably with the 0.21 eV offset expected from the 0.27 eV
larger confinement energy (see Figure 2.2a) and the above electron and hole effective

masses.
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2.4. VoID Si1zE LIMITED ELECTRON INJECTION

Using Equation 2.1 we have determined the average number of electrons per QD < n;,, >
for various QD diameters and diamine ligand lengths. Figure 2.4a shows <., >vs.
applied potential for three films in a 0.1 M LiClO, electrolyte: 3.7 nm QDs and 8DA ligands
(triangles), 8 nm QDs with 6DA (circles) and 8DA ligands (squares). For all films the
number of injected charges is found to saturate at a certain potential: applying a more
negative potential does not result in additional injection of electrons into the QD energy
levels. The value of < n;,; > at which this saturation occurs varies for the different films.
For the 8 nm QD diameter film with 8DA ligands the maximum occupation of quantum
confined electron levels is 5.5 electrons per QD. However, reducing either QD diameter
(from 8 nm to 2.4 nm) or ligand length (from 8DA = octanediamine to 2DA =

ethanediamine) results in fewer electrons injected (see Figure 2.4b).

We hypothesize that the maximum number of injected electrons per QD is limited by the
size of the film’s voids. Consequently, in case of very small voids, i.e. for densely packed
films cross-linked via 2DA, insufficient cation compensation permits charging only at the
surface of the entire film. This situation is equivalent to charging of a planar
semiconductor: the potential drops in the depletion region where charging is possible.™
The bulk of the film remains uncharged. In this picture, efficient charge injection requires
voids to be large enough for hosting electrolyte cations, as it is the case in the films of

large QDs with long ligands.

To test this hypothesis, in the following we estimate the sizes of both the cations and the
voids. The sizes of the former can be found in literature and range from 0.5 nm (i.e. Li*,
solvated by acetonitrile molecules)’ to 0.93 nm (i.e. TOA*, “solvated” by its alkyl
chains)34, the sizes of the latter are calculated in a hard sphere model. Herein, the QDs are
modeled by hard spheres forming a closed-packed fcc lattice, as Murray et al.3> have
found evidence of fcc stacking in self-assembled CdSe QD lattices. We assume that the
available void volume for uptake of electrolyte cations is given by the largest possible
spheres that fit in the octahedral and tetrahedral voids of this stack. For N ligand-free QDs
of radius R, there are N octahedral and 2N tetrahedral voids of radii 0.414 R and 0.225 R,

respectively.3¢
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Figure 2.4 (a) Saturation of the number of electrons injected for films of 8 nm QDs with
6DA (circles) and 8DA ligands (squares), respectively, and a film of 3.7 nm QDs with 8DA
ligands (triangles). (b) Experimentally determined maximum number of electrons per QD
<M >4, (bars) and calculated void volume assuming stiff ligands (line with diagonal
markers) and flexible ligands (line with vertical markers), respectively, as explained in the
text. The films are categorized by their QD diameter and their ligand length, the latter
ranging from two (2DA) to eight (8DA) C atoms. The supporting electrolyte is 0.1 M
LiCLO4 in acetonitrile. (c) Schematic of a tetrahedral void in the hard sphere model. The
fourth and out-of-plane QD is half-transparent, the calculated void volume for stiff and

flexible ligands by a filled and dashed circle, respectively.

Due to the ligands on the QDs, the volume of both voids is enlarged, as sketched in the
two scenarios in Figure 2.4c: either the ligands are assumed “stiff”, in which case they
merely increase the apparent radius R of the QD, or they are “flexible” in the sense that
they permit full penetration of electrolyte ions and could thus be seen as a solvent that
increases the distance between QDs. In Figure 2.4¢, a tetrahedral void in the stiff case is
sketched as a filled orange circle, a void in the flexible case is sketched as a dashed
orange circle. The combined volume of the one octahedral void and the two tetrahedral
voids per QD for ligands of length | can then be calculated as
Vi o = 4137 (0.414- (R+1))° +2-(0.225- (R +1))° | in case of stiff ligands and
Viecor =413+ (0.414-(R+1)+1)° +2-(0.225- (R+1) + I)3] in case of flexible
ligands, respectively. Both calculated volumes are shown in Figure 2.4b for different QD
diameters and various ligands. The increase in the calculated void volume qualitatively

agrees with the trend observed in the experimentally determined average electron
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occupation < ng,, > per QD. This shows that if there is more volume available for cation

uptake (in case of large QDs and long ligands), more electrons can be injected into the

QDs.

The qualitative agreement of the hard sphere model with the measured average electron
occupation < ng, > is remarkable given the crude assumptions of the model.
Specifically, our films will not be as ordered as assumed in the above hard sphere model.
It is known that dipcoating results in glassy, rather than ordered films37: 38, Furthermore,
we so far neglected any interaction between injected electrons and electrolyte cations.
For high degrees of charging with multiple cations per void as observed in the films with 8

nm QDs and long 8DA ligands, this should lead to deviations from our hard sphere model.

Summarizing, we show here that the small interparticle spacing of highly conductive QD
films necessarily limits their electrochemical charging ability. This is in line with a puzzle
presented in an earlier report:39 CdSe QD films treated with NaOH were found to be
chargeable up a concentration that amounts to charging of the first monolayer at the
surface of the film. Exposure to NaOH effectively removes all ligands leaving OH- at the
surface.4° We suggest that in this case the voids in the film have been too small for cation
uptake. The importance of nanoporosity for efficient charging has also been
demonstrated in a recent study on graphene based electrochemical capacitors:#'
increasing the porosity in graphene layers was the recipe to achieve capacitors of both

high power density and high energy density.

2.5. LIGAND LENGTH AND CATION SIzE

In the following we want to address the energetics of electron injection in CdSe QD films.
As outlined above, we draw our motivation from the large spread in reported values for
QD electron energy levels. Figure 2.5a shows the potential dependent charging of films of
8 nm QDs with ligands of varying length. For the 6DA and 8DA ligands, the bleach of the
1S3121Se transition saturates at ~ 1, indicating full (two-fold) charging of the 1Se level. This is
in line with the conclusion above that in these films in total more than four or five

electrons can be injected, respectively. However, for the shorter 6DA ligands we observe
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Figure 2.5 (a) Potential dependence of the relative bleach at the 1S;:21S. transition (open
symbols) and its derivative (closed symbols) for films of 8 nm QDs cross-linked with 2DA
(triangles), 6DA (circles) or 8DA (squares), respectively. Gaussian fits to the bleach
derivatives are shown as continuous lines. (b) Schematic illustrating increased proximity
of cation and QD for decreasing ligand length. Note that the QDs, ligands and Li* ions are
not sketched with their true relative size. (c) Bleaching of a 8DA-linked film of 8 nm QDs

in acetonitrile electrolytes using cations of increasing size: from Li* (squares) to TBA*
(upward triangles) to TOA* (downward triangles). (d) Schematic illustrating the different
sizes of used electrolyte cations. Note that the QDs and ions are not sketched with their

true relative size.

a ~ 200 meV lower injection potential (defined as the minimum of the derivative of the

relative bleach). While for the 2DA ligands the incomplete relative bleach at saturation

due to reduced void size precludes a quantification of the shift, the high relative bleach at

low potentials for 2DA ligands confirms the trend that electron injection occurs at lower
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potential when the ligand length is decreased. The same qualitative trend of a lowering of

the injection potential also holds for films of 3,7 nm diameter QDs (see Appendix A).

While it is conceivable that the ligand itself causes a shift of the energetic position of the
QD electron levels, a recent study using photoelectron spectroscopy in air (PESA) showed
only negligible variations in the energy levels for films of QDs with varying length of the
amine capping.' We therefore hypothesize that the distance between cation and injected
electron in the QD determines the injection potential instead: an increased proximity of
the charges on cation and QD imposes an attractive Coulomb interaction, thereby

lowering the electrochemical potential of injection.

To corroborate this hypothesis, we also varied the cation size, with Li* < TBA* < TOA* .33 42
Figure 2.5c displays the charging of a film with 8 nm QDs and 8DA ligands. The large void
size in this film allows facile counterion penetration, even in case of the largest ion TOA*.
This is evident from the complete bleach of the 1S;;1Se transition for all cations used. We
observe a lowering of the injection potential by 500 meV when the size of the cation
reduces from TOA* to TBA* to Li*. This is consistent with the above proposed scenario in
which the proximity of the charges on cation and QD lowers the electrochemical

potential of injection.

2.6. COMPARISON TO |ONIC LATTICES

One might compare the charged QD film to an ionic lattice comprised of negative charges
(being the electrons in the QD film) and positive charges (being the electrolyte cations in
the voids of the QD film). One could assume that, as is the case for atomic ionic lattices,
the cations sit symmetrically between the QDs in the center of the voids. As a result, the
total potential of the lattice and, thus, the electrochemical potential of electron injection,
should only slightly depend on the ligand length (due to lattice contraction, see Appendix

A) and should not depend on the size of the cation.

In strong contrast to this picture, Figures 5a and 5c¢ show that the injection potential is
lowered by 200 meV due to a decrease in the ligand length and by 500 meV due to a
decrease in cation size. Therefore, we suggest that, unlike cations in atomic ionic lattices,

the cations in a film of QDs try to approach the charged QDs as close as possible. Their
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proximity to the QDs, and hence the film’s potential, is controlled by the ligand length
and the cation size: the ligand acts as a “spacer”, increasing the film’s potential with
increasing ligand length; the cation size leads to the same effect by controlling the
proximity of the charge on the ion and the electron on the QD via the thickness of the
ion’s solvation shell (in case of Li*) or the length of its alkyl side chain (in case of TBA* and

TOAY), respectively.

Apparently cations in QD films do not behave like cations in ionic lattices. This can be
understood when we consider that in atomic ionic lattices steric hindrance is responsible
for locating the cations in the center of a void. The size ratio between cations and anions
is much larger (~1:1) than the QD:cation size ratio. The similarity of the ionic radii of anions
and cations immobilizes the cations in the (center of the) small voids of the anionic
sublattice. In QD lattices, however, the large ratio in size of QD and cation creates voids

that are larger than the cation and permit the cation to “move”.

Voids in real films are even larger, since dipcoating results in glassy, rather than ordered
films.37 38 Disorder gives rise to inclusions of large voids where the electrochemical
potential of electron injection will be controlled by the ligand length and cation size, as
they determine the distance between electron and cation (see Figure 2.5). This situation is
similar to the charging of a planar semiconductor. Hence, the charged QD film can be

modeled by specific optimized electron/cation pairs and absence of ion-lattice periodicity.

Similarly, mesoporous oxide films in dye or QD sensitized solar cells feature larger voids (a
few to a few tens of nanometers) and their conduction band minima were found to shift
substantially with surface functionalization.434¢ Apparently, both the mesoporous oxide
films and our CdSe QD film compare better to a planar bulk semiconductor than to atomic
ionic lattices. Studies on dye sensitized solar cells already paid substantial attention to the
choice of the electrolyte: charge transfer rates could be influenced4749 and the overall
device performance optimized43 5° solely by the choice of the electrolyte salt and its
concentration. It was found that the conduction band position of metal oxide particles
and thus the open circuit voltage mainly depends on the charge-to-size ratio of the
electrolyte cation. Specifically, an increasing concentration of Li* led to significant shifts
of the metal oxide conduction band edge away from vacuum, lowering the Vq.444¢ In
general, this trend is known to pronounce with increasing cationic charge-to-radius ratio
and decreasing pH.#45 The underlying origin of the positive shifts for small cations

continues to stimulate debate with explanations put forward ranging from a reduced



Electrochemical Charging of CdSe QD Films: Dependence on Void Size and Counterion Proximity

41

distance between charges of opposite sign#4 to facilitated cation intercalation into the

sample’s lattice.45 5157

We find a similar trend in our spectroelectrochemical study on CdSe QD films: in case of
sufficiently large QDs, a decrease of the ligand length or a decrease of the cation size
lowers the electrochemical potential for electron injection into the discrete levels. This is
consistent with enhanced Coulomb attraction between electron and cation. Thus, the
proximity between injected electron in the QD and cation in the void determines the
electronic energy level. This finding sheds light on the origin of the present spread in
literature values for one and the same QD electron energy level. The sensitivity of the
electrochemical potentials to QD ligands and electrolyte composition should be borne in
mind when using electrochemistry to determine absolute energy levels in conductive QD
films. In such measurements, the motivation for using small cations and long ligands is
two-fold: (1) the necessary porosity for introducing cations is given and (2) the ligands act
as “spacers” keeping the cations at a distance, thereby allowing less perturbation of the
film’s energy levels by cations themselves. However, the choice of both the ligand and
the electrolyte also allows control of absolute energy levels in QD films. In QD sensitized
solar cells in particular, this can be exploited when engineering the free energy difference
between injecting QD electron level and the metal oxide conduction band to optimize the

short-circuit current Jsc and open circuit voltage V,. of the device.

2.7. CONCLUSIONS

In conclusion, we report electrochemical charge injection of up to 5.5 electrons per QD,
yielding the absolute energetic position of both 1Se and 1P electron levels in CdSe QD
films. The maximum electron occupation in quantum-confined states is limited by the
uptake of charge compensating electrolyte cations. We identify the physical size of film
voids as the main bottleneck, resulting in efficient charging for large QDs with long
ligands and small electrolyte cations. Furthermore, the potential of the 1S. energy level
shifts away from vacuum, if (1) quantum confinement decreases, or if the distance
between cation and QD decreases due to (2) small cations or (3) decreased length of the
QD ligand. Such influence of the film morphology, surface functionalization as well as the

electrolyte composition on the QD energy levels must not be neglected in
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electrochemical measurements of QD films. On the other hand, spectroelectrochemistry
serves as a tool to sense and control electrostatic interactions with the electrolyte,
illuminating the route towards an optimized design of future optoelectronic devices such

as QD sensitized solar cells.
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APPENDIX A

A.l Absorption Spectra

The usual size confinement effects are observed in our CdSe QD dispersions of
different diameter (see Figure 2.6). Film formation via Layer by Layer (LbL) dipcoating
from these dispersions does not substantially relax the confinement. This is illustrated in
the inset of the same figure, where the absorption spectrum of a dispersion of 8 nm QDs
is compared with that of films of the same QDs, cross-linked by either 4DA
(diaminobutane), 6DA (diaminohexane) or 8DA (diaminooctane). Despite some
broadening and red-shift of the absorption for the films, the confinement features are

preserved.

Anorm ]

Figure 2.6 Absorption spectra of QD dispersions with diameters ranging from 2.4 nm to
8 nm. Inset: A dispersion of 8 nm QDs (continuous line) and obtained LbL dipcoated
films cross-linked by 4DA (dotted line), 6DA (dashed line) and 8DA (dashed-dotted line)

ligands, respectively.

A.2 Cyclic Voltammetry (CV) and Differential Capacitance
Measurement

In our differential capacitance measurements, the electrochemical current between
working and counter electrode is monitored as a function of time. Commonly, we
integrate this current over 3 s following a potential step of 25 meV. Division by the

potential step yields the differential capacitance. Prior to integration, the current is
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corrected for a faradaic background contribution, i.e. the remaining current after an
exponential decay due to film charging. The hereby obtained differential capacitance for
a film of 8 nm QDs with 8DA ligands on a ITO substrate is shown in Figure 2.7 together
with a cyclic voltammetry (CV) scan of the same film. Note that both the CV and the
differential capacitance scans contain both the signal of the QD film and the ITO
substrate. The contribution of the ITO substrate to the total differential capacitance is
constant over the studied potential range and responsible for the non-zero signal in the
bandgap of the sample (around -0.6 V).
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Figure 2.7 Differential Capacitance (left axis) and CV (right axis) of a film of 8 nm QDs

with 8DA ligands. The scan directions are indicated by arrows.

A3 Influence of Film Thickness

Next to the effect of the charge-to-radius ratio of the cation, part of the shift of the
injection potential is also due the morphology of the film. Specifically, higher injection
potentials are required for thicker films as seen in Figure 2.8 on the example of films of 8
nm QDs with 8DA ligands. We hypothesize that due to the inhomogeneity of the films
and a concomitant pore size dispersion, surface-near regions of the film can be
penetrated more easily by electrolyte ions. In case an overpotential is needed to drive
cations into deeper layers, this establishes a gradient of the required injection potential.
Such situation is conceivable, if cations encounter an increasing probability of “blocked”
pores on their transit from the bulk electrolyte phase to the bottom layers. If an
overpotential is sufficient to overcome such obstacles, charge injection is possible,

however at increased potentials. For thicker films, this effect enhances.
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To allow for comparison of the various ligands, we processed and studied films with
comparable thicknesses in the main article. For the measurements employing various

cation types, we even used the same film.
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Figure 2.8 Potential dependent relative absorption bleach for QD films of 8 nm QDs
with 8DA ligands, grown for three (triangles), ten (squares) and twenty LbL cycles

(circles), respectively.

A.4 Ligand Dependence

The same qualitative trend of a lowering of the electrochemical potential of charge
injection and a widening of the differential bleach with decreasing ligand length is seen
both for 3.7 nm and 8 nm QDs. However, this only holds for the regime where the pore
size is still not limiting the incorporation of cations. Notably, in the case of decreased pore
size, for example in films of 3.7 nm QDs with short ligands, the injection potential rises
again with decreasing ligand length (see Figure 2.9b). Consulting the results of Figure 4 of
the main article, we infer that such a transition from a decrease to an increase of the
potential with the ligand length occurs in a regime where less than one electron per QD
can be injected. From this, we conclude that both Coulomb attraction and steric repulsion
determine the electrochemically determined 1Se energy level and density of states. For
films of large (8 nm) QDs with long (8DA) ligands, the Coulomb attraction between
cations and injected electrons dominates the injection potential.

In films of 8 nm QDs, however, we argued in Chapter 2 that the 200 meV shift of the
injection potential for shorter ligands can be assigned to an enhanced attractive Coulomb
interaction between electron and electrolyte cation. In this scenario, both charges would

try to minimize their distance, until ultimately controlled by the ligand length of one
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single electron-cation pair. This can explain the observed shift. We exclude here an
additional collective contribution to the shift due to a contraction of the ionic lattice in
case of a decrease in ligand length. This is justified, as such a lattice contraction for the
studied ligand length and QD diameters would only account for less than 10% of the

experimentally observed shift of 200 meV.
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Figure 2.9 (a) Dependence of the relative bleach (open symbols) and the differential

# C atoms

relative bleach (closed symbols) at the 1S;/:1S. transition on the distance of the Li* ion to
the QD surface for films of 3.7 nm QDs with 2DA (upward triangles), 4DA (downward
triangles) and 8DA ligands (squares). Gaussian fits proportional to e-=V0)?/20) 4re
depicted by solid lines. (b) Fit parameters injection potential V, and width ¢ as a function
of number of C atoms in the ligand for films with 3.7 nm QDs (diamonds) and 8 nm QDs

(triangles), respectively.

Table 2.1 Fit parameters to the differential bleaches in Figure 2.9

QD diameter ligand Injection potential Injection potential ~Width

[nm] [V vs. vacuum] [V vs. Ag wire] [V]
8 2DA -4.02 -0.98 0.25
8 6DA -3.99 -1.02 0.15
8 8DA -3.85 -1.15 0.13
3.7 2DA -3.41 -1.59 0.22
3.7 4DA -3.77 -1.23 0.15

3.7 8DA -3.70 -1.31 0.10
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A.5 Cation Dependence

The derivatives to the 1S;;1S. absorption bleach of a CdSe QD film - measured using

different electrolyte cations as presented in Figure 2.5¢ - can be fitted by a Gaussian

density of states proportional to e(V=¥0)*/29)_ The free parameters of the fits — injection

potential Vy and width ¢ — are displayed in Figure 2.10 and summarized in Table 2.2.
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Figure 2.0 The fit parameters injection potential (open circles) and width (closed

circles) of the Gaussian fits in Figure 2.5c¢.

Table 2.2 Fit parameters to the differential bleaches in Figure s5c of the main article

Electrolyte cation Injection potential Injection potential ~Width
[V vs. Ag wire] [V vs. vacuum] [V]

Li -1.15 -3.85 0.13

TBA -1.30 -3.70 0.14

TOA -1.62 -3.39 0.24
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e IN SITU
SPECTROELECTROCHEMICAL
DETERMINATION OF BAND
OFFSETS IN QUANTUM-DOT
FILMS

3.1 INTRODUCTION

Charge transfer at an interface is a fundamental process in many electronic devices, as it
allows one to separate charge carriers and guide them into different spatial domains. In
photoelectrochemical cells, for instance, this allows water splitting. In solar cells, this
concept is used to generate a photocurrent and a photovoltage. To this end, many device
designs employ a semiconductor heterojunction comprised of two distinct materials,
such as a donor-acceptor (D-A) junction. Upon photoexcitation, disparate energy levels in
the conduction and valence band of donor and acceptor (LUMO and HOMO in molecules)
lead to charge transfer in one preferential direction. In case of a “type-II”’ band alignment
(see Figure 1.4a), this allows charge separation with electrons and holes accumulating at
opposite sides of the interface. To control the direction of charge transfer, knowledge of

absolute and relative energy levels in the heterojunction is of paramount importance.
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A large experimental toolbox is available to study the rate of a charge transfer process,
including ultrafast pump-probe spectroscopy. The observed charge transfer rate is then
described employing a theoretical model that often involves the free energy difference
between donor and acceptor, such as in Marcus theory. It would therefore be insightful
to experimentally determine this free energy difference, i.e. the band offset in films. This
would enable the experimental verification of the employed charge transfer model and
the prediction of charge transfer rates in unknown material combinations. The latter
allows for a more deliberate design of devices, accelerating their development and

reducing their cost by limiting the choice of candidate materials to be investigated.

Unfortunately, realization of this concept is severely hindered by the fact that literature
values for (supposedly identical) absolute energy levels vary by more than 1 eV, often
exceeding typical free energy differences between materials in heterojunctions. Partially,
this can be explained by differences in the experimental techniques used to derive these
values. As remarked in section 2.1, each of the commonly used techniques has their own
pitfalls: for example, Ultraviolet Photoelectron Spectroscopy (UPS)," Photoelectron
Spectrocopy in Air (PESA)? and Kelvin probe measurements3 only access the surface of a
sample. The assessment of energetics at distances exceeding a few nanometers away
from the surface is generally not possible. In addition, measurements are often
performed under vacuum, probing energy levels in a different environment than present

in the final device.

Electrochemical measurements such as the commonly employed Cyclic Voltammetry (CV)
technique offer an alternative approach:4® films exceeding one micrometer thickness can
easily be measured if the film is sufficiently porous to allow penetration of electrolyte
ions.> 7 In the commonly employed Cyclic Voltammetry (CV) mode of operation, the
potential applied to the sample is scanned in a cyclic fashion and energy levels are
assigned on basis of oxidation and reduction peaks in the charging current. However,
reduction and oxidation peaks can be due to either quantum confined states or defect
states, complicating their assignment. Moreover, Faradaic background currents in the
electrolyte may conceal CV oxidation and reduction peaks. To rule out the ambiguity of
the origin of charging currents, simultaneous detection of changes of optical and/or
electrical properties of the QD films are necessary. Such “electrochemical gating” (or
“electrolyte gating”) experiments combine electrochemical charging of QD films with
simultaneous detection of associated changes in the conductance, photoluminescence or
absorption of the QD film.4*®
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In this chapter, we choose the latter and perform spectroelectrochemical measurements
on films of CdSe and PbSe QDs. If charges are injected into a quantum confined energy
level, they will induce absorption bleaches at all inter-band transitions to this level and
induce absorption due to intra-band transitions from this level.®2 The voltage at which
such absorption changes occur can then be directly converted to an absolute energy
scale by calibration of the (fixed) potential of the reference electrode. This
electrochemical potential for charge injection is close (within K,T ) to the energy (the
enthalpy) of the level of interest. The described spectroelectrochemical approach does
not only allow a more accurate determination of energy levels than simple CV
measurements, it also allows the in situ determination of band offsets in semiconductor
heterojunctions, provided that the different materials have different optical
characteristics, i.e. band gaps. This is the subject of this chapter, which reports on the

band offset between CdSe and PbSe in films containing QDs of both materials.
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Figure 3.1  Schematic of the in-situ assessment of absolute energy levels via
spectroelectrochemistry. The sample is a QD film on a conductive substrate (ITO),
immersed in an electrochemical cell containing a solution of Li*ClO4" in acetonitrile as
the electrolyte. Top: at open circuit, the Fermi level (Er) in the QD is within the band gap
and QDs are uncharged. Bottom: if the Fermi level in the ITO is raised sufficiently by
applying a voltage between ITO and reference electrode (Ref), electrons are injected into
the QD. As a response, Li+ cations will penetrate the voids in the QD film to compensate
the injected charge. Since the QD is small compared to typical depletion widths,
negligible band bending occurs and the Fermi level in the QD is constant throughout the

film. Here, the situation of one electron per QD is depicted.
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Figure 3.1 depicts a schematic of such a spectroelectrochemical experiment for a QD film
on a conductive substrate. The film is immersed in an electrolyte, here Li*ClO4 in
acetonitrile. The top panel illustrates the equilibrium situation, i.e. no voltage is applied
between ITO and the (pseudo-)reference electrode. In this case, the Fermi level (Es,
dashed line) lies within the band gap and the QDs are uncharged. The bottom panel
shows the situation when a voltage is applied between ITO and reference electrode. If
the voltage is sufficiently large, the Fermi level is moved into the conduction band of the
QD film and electrons are injected into the QDs. In response, Li* cations of the electrolyte
are attracted by the negative charge in the QD film and will penetrate the voids of the QD
film. This leads to macroscopic charge compensation. Effectively, the system (consisting
of both QDs and electrolyte) remains “uncharged”, while inside the QDs, high charge
densities can be reached. In the depicted case, every QD contains one electron on
average, corresponding to a charge density on the order of 10 to 102* cm3 for QDs with
diameters ranging from 1 to 10 nm. This is considered the “degenerate” (or “heavy”)
doping regime for conventional semiconductor devices. Doping levels of up to ten
charges per QD have been demonstrated by electrochemical charging, yielding
information of both hole and electron quantum confined levels.> 8 Due to electrolyte
penetration throughout the pores of the QD film, the Fermi level is constant throughout
the film. Band bending is negligible as the QDs (few nanometers in diameter) are smaller

than typical depletion width in semiconductors (tens to hundreds of nanometers).5

This presents a major difference to Field Effect Transistors (FETs), where only planar
charge compensation is provided and depletion regions form. As a consequence, the gate
coupling in FETs (i.e. the ratio between effective shift of the Fermi level and applied

voltage) is much lower than in an electrolyte-gated device where it is close to unity.

In this chapter, we will focus on (inter-band) absorption bleaches of the lowest-energy
(band gap) transitions in films of PbSe and CdSe QDs to determine the absolute energy of
their respective 1S levels. Next, we will fabricate composite films containing both type of
QDs to determine their band offset in situ and demonstrate the importance of the
dielectric environment on the in situ band offset. Finally, we will show how the size of one

of the QDs (PbSe) affects the band offset between PbSe and CdSe.
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3.2 EXPERIMENTAL DETAILS

QD synthesis

CdSe QDs were synthesized as described in section 2.1, following Mekis et al.:" QDs with a
diameter of 9.7 nm were obtained, as determined from the 1S peak of their absorption
spectra and the sizing curve given by de Mello Donegd and Koole.” PbSe QDs of three
different size (“S”, “M”, and “L”, with diameters of 4.1 nm, 5.3 nm, and 6.0 nm,
respectively) were synthesized following the recipe by Steckel at al.3 A first synthesis

yielded QDs of size S and M. A second synthesis yielded QDs of size L.
Film Processing and Ligand Exchange

All QD films studied in this chapter were grown on ITO substrates in a layer-by-layer (LbL)
dip coating procedure in a N, purged glove box: the substrates were first immersed for 30
s in a QD dispersion with a QD concentration on the order of 10> M, subsequently
immersed for 30 s in a stirred 0.1 M solution of 1,6-hexanedithiol (6DT) ligands in MeOH,
and finally dipped twice for 10s in stirred MeOH to rinse excess ligands. Using this
procedure, the original insulating ligands are replaced by the shorter bidentate ligands to
allow for charge transport between QDs. The above procedure was repeated 10-20 times
to yield films roughly 10-20 QD monolayers thick. A small region on the edge of the ITO
substrate remained uncoated to provide electrical contact in electrochemical

measurements.
Electrochemical Control of the Fermi Level

Electrochemical control of the Fermi level in QD films as well as measurement of potential
dependent changes in the absorption followed the procedure described in section 2.1.
However, in this chapter, an additional spectrometer (NIRQuest 256, Ocean Optics) was
used to extend the probe range to the near-infrared, to about 2400 nm (0.52 eV). This
way, the band edge transition of both PbSe and CdSe QDs can be acquired
simultaneously. For all films, the potential was scanned in a cyclic fashion (CV mode),
starting from open circuit potential (inside band gap, usually close to 0 V), scanning at a
rate of 10 mV/s, first in negative direction (towards the 1S. level), and repeating a cycle
two to three times. Absorption difference spectra (with respect to the absorption at

open circuit potential) were taken every 10-20 mV and the acquired spectra during the
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first leg of the first cycle are shown in the figures of the results section. Unless stated
otherwise, all potentials are given with respect to a Ag wire pseudoreference electrode
immersed in the electrolyte. Its potential (- 4.75 eV vs. vacuum) was calibrated with a
ferrocene/ferrocinium couple and was stable within 20 meV. The convention was used
that a negative potential corresponds to a shift of the sample’s Fermi level towards

vacuum.
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Figure 3.2 Absorption spectra of pure and composite QD films with 6DT ligands,
comprising PbSe QDs of three different sizes and CdSe QDs of 9.7 nm. (a) Top: Film of
PbSe QDs only (5.3 nm, size “M”, with 1S peak at 0.78 eV), depicted as dark blue solid line.
A linear fit to the almost featureless absorption above 1.5 eV is shown as a light blue
dotted line. Middle: Film of CdSe QDs only (9.7 nm, with 1S peak at 1.91 eV). Bottom:
Bilayer (dark green solid line) consisting of a film of CdSe QDs on top of a film of PbSe
QDs of size M. A (light blue dotted) line was fit to the spectrum to emulate the (almost
featureless) PbSe contribution above 1.5 eV. Subtraction of the extrapolated PbSe
contribution yields the CdSe contribution to the spectrum (light green solid line). (b)
Absorption spectra of all bilayer QD films studied in this chapter. Top: Bilayer with PbSe
QDs of size S (4.1 nm, with 1S peak at 0.91 eV). Middle: Bilayer with PbSe QDs of size M
(5.3 nm, with 1S peak at 0.78 eV). Bottom: Bilayer with PbSe QDs of size “L” (6.0 nm, with
1S peak at 0.71 €V).



In Situ Spectroelectrochemical Determination of Band Offsets in QD Films

59

Linear absorption spectra

Figure 3.2 displays the absorption spectra of all QD films studied in this chapter. In the top
panel of Figure 3.2a, the absorbance of a pure film of PbSe QD (of size M) is shown (blue
solid line), below that the absorbance of a pure film of CdSe QDs (yellow solid line), and
below that the absorbance of a bilayer comprising a film of CdSe QDs grown on top of a
film of PbSe QDs of size M (green solid line). To separate the absorbance contribution of
both types of QDs, a line is fitted to the bilayer spectrum from ~ 1.55 eV to ~ 1.75 eV and
extrapolated to 2.5 eV to emulate the (almost featureless) PbSe contribution in the
region from 1.9 to 2.5 eV (blue dotted line). Subtraction of this simulated PbSe
contribution yielded the CdSe contribution to the bilayer spectrum (light green solid line).
In Figure 3.2b, the PbSe and CdSe contribution of composite films comprised of both type
of QDs are shown, both around their respective 1S peak. Bilayers featuring CdSe QDs and
PbSe QDs of size S, M, and L are shown as blue, yellow, and red solid lines, respectively.

All composite films show very similar CdSe 1S maxima, at 1.905+0.050 eV.

Spectroelectrochemical Measurements

When a negative potential is applied to a QD films in an electrolyte containing 0.1 M LiClO,
in anhydrous acetonitrile, next to absorption bleaches due to state filling, we often
observe a strong and broad induced absorption background (AA>0), increasing towards
higher probe energies and increasing with potential. In principle, red shifts of the
absorption spectrum, increased scattering, increased reflection, or a combination thereof
can lead to such a background. To identify the cause, further experiments are necessary.
However, we note that the background appears and disappears slower than the bleach of
the 1S transitions and shows a hysteresis with regard to the applied potential. This
suggests that it is caused by a slow process, possibly (1) the injection of charges into
defect states within the band gap, or (2) the slow rearrangements of electrolyte ions in
the voids of the QD film and a slight “breathing” of the film itself. The first hypothesis
suggest that the background is caused by an increased absorption due to charged traps.

The second hypothesis suggests that scattering is the likely explanation.
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Figure 3.3 Processing approach of difference absorption data in spectro-electrochemical
measurements of this chapter, on the example of a composite film of PbSe and CdSe QDs
with diameters of 5.3 and 9.7 nm, respectively. (a) Typical difference absorption spectrum
of the film, at various negative potentials, i.e. for raised Fermi levels. A broad induced
absorption background (AA>o) is visible over the entire spectrum, increasing with
decreasing potential. To correct for this background in the energy region of the
absorption bleaches (for PbSe between ~ 0.7 and ~ 0.9 €V in the near-infrared and for
CdSe between ~ 1.7 and ~ 2.5 eV, shown as grey shaded areas), we fit a straight line
through two points defining the respective energy regions. For -1.29 V, these fits are
shown as black dashed lines. (b) Same spectra as in (a), but after subtraction of the fitted

background. Subtraction was performed individually for the NIR and VIS range.

To correct for this background, we perform a subtraction as shown in Figure 3.3. In our
regions of interest around the respective 1S bleaches of PbSe and CdSe (shown as grey
shaded areas, from ~ 0.7 to ~ 0.9 eV for PbSe and from ~ 1.7 to ~ 2.15 eV for CdSe), we
simulate the induced background by fitting a straight line through two points defining the
respective energy regions. For -1.29 V, these fits are shown as black dashed lines.
Subsequently, these fits are subtracted from the difference absorption spectra to yield
the spectra shown in Figure 3.3b. For the visible and near-infrared region, this subtraction
was performed individually. Such a correction is not per se justified for a broad

wavelength range, but, due to the slowly varying induced absorption background, is a
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good estimate around the fitted 1S peaks. Therefore, if not stated otherwise, we apply
this correction to all spectroelectrochemical measurements, but only show the region in

the vicinity of the respective 1S bleaches.
Differential Capacitance Measurements

To correct for Faradaic background currents in the electrolyte and to determine the
steady-state capacitance, we perform differential capacitance measurements. To this
end, we scan the potential in a step-like fashion. After each potential step (of 50 mV), we
record the electrochemical charging current, i.e. the current between sample and a Pt
sheet counter electrode. The initial peak current quickly decays to an almost constant
level within the first 0.5 s following the step. Since the constant current after decay of the
initial dynamics can be attributed to Faradaic background currents in the electrolyte, we
subtract this constant level and obtain the current contribution due to electrochemical
charging of the film. This background corrected current is integrated and divided by the
potential step to yield the differential capacitance, in units of C/V. The differential
capacitance is due to the conduction and valence band states in the QD, and due to the
double layer capacitance of the QD film as well as the parts of the ITO substrate which are
in direct contact with the electrolyte. To correct for the double layer capacitance, we

subtract a (potential independent) value of about 3-105 C/V for each film.

3.3 ENERGY LEVELS IN QD FiLMS

3.3.1 SPECTROELECTROCHEMICAL ASSESSMENT OF THE 1S¢
ELECTRON LEVEL IN FiLms OF PBSE QDs

We begin with the spectroelectrochemical determination of energy levels for a pure film
with PbSe QDs of 5.3 nm diameter (size “M”). Its absorption spectrum is shown in the top
panel of Figure 3.4a. A pronounced peak at 0.795 eV due to the 1S41S. transition as well as
a small feature at 1.02 eV is observed which has been assigned to the 1P,1P. transition.™
After the sample has been placed inside an electrochemical cell, the Fermi level in the

sample is raised by applying a negative voltage between sample and Ag pseudoreference
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Figure 3.4 Spectroelectrochemical determination of the absolute energetic position of
the 1S. level in a film of 5.3 nm Pbse QDs (size “M”, 1S peak at 0.795 eV). (a) Upper half:
linear absorption spectrum. Lower half: difference absorption spectra for potentials
ranging from mid-gap (-0.42 V) to -1.39 V, as given in the legend. No correction for a
photoinduced absorption background was performed. The numbers in brackets indicate
the acquisition order. (b) Difference absorption image obtained during the CV scan
between o and -1.4 V, as given in Panel I of (c). AA is displayed by false colors. Time runs
from bottom to top. (c) Panel I: CV scan, starting from mid-gap (-0.42 V). An arrow
indicates the scan direction. Panel II: differential capacitance on the forward scan (grey
filled circles) and the backward scan (grey open circles). An arrow indicates the scan
direction. Panel III: number of electrons in the PbSe 1Se level (red circles), as deduced
from the relative absorption bleach AA/A at 0.795 eV. Panel IV: the energetic position of
the 1Se level at occupation by one electron is indicated by a horizontal bar. All potentials
are given with respect to the Ag pseudo-reference electrode (left axis) and vacuum (right

axis).
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electrode. Starting from about -0.8 V, a bleach of the absorption (AA < 0) at the 1Sx1Se
transition appears, see bottom panel in Figure 3.4a. Note that these spectra were not
corrected for an induced absorption background, since for this sample that effect was
negligible. The 1Sx1Se bleach increases with voltage up to -1.1V, reducing the absorption at

the 1S peak by roughly 40 %, and then slightly decreases again for more negative voltages.

Next to a bleach at the band edge, one observes a slight bleach at 0.9 eV and a red shift
at 1.0 eV. The latter coincides with a peak in the linear absorption spectrum at the same
energy, which we assigned to 1Pn1P. transition. The former might be due to the formally
(dipole-)forbidden 1Sh1Pe and 1Pn1Se transitions.™ 5 Both the slight bleach at 0.9 eV and
the red shift at 1.0 eV appear at the same voltage (about -0.8 V) as the band edge bleach,
suggesting that the filling of the 1S¢ level is their cause.

After -1.4 V, the scan direction is reversed and the potential cycled twice between 0 and -
1.4 V at a constant rate of 10 mV/s. Figure 3.4b shows the recorded difference absorption
as a false color image. The second CV cycle almost completely reproduces the absorption
features of the first cycle, demonstrating that electrons can be reversibly injected and
emptied from the 1S. level. However, a pronounced hysteresis is observed: on the
backward scan, the bleach magnitude is lower and the potential of the bleach onset ill-
defined. Moreover, the 1S41Se bleach decreases again already before the potential scan
direction is reversed, from about - 1.1V on the forward scan. Tentatively, we attribute the
early bleach decrease and the hysteresis to slow trap filling at negative potentials. This
trap filling is continuous and eventually leads to a reduction of the number of 1S,

electrons due to Coulomb repulsion among (an increasing number of) electrons in traps.

Figure 3.4c-I shows the simultaneously monitored electrochemical current in the CV scan,
with an arrow indicating the scan direction and the potential at the start of the scan. Only
one weakly pronounced reduction feature between -1.05 and -1.10 V is observed on the
forward scan, while no oxidation feature could be resolved, in stark contrast to the
strong optical absorption bleaches revealing filling and emptying of the 1S. level. This
highlights the added value of simultaneous collection of optical data for the
determination of absolute energy levels, its increased sensitivity and reduced ambiguity
concerning the type of energy level probed. Therefore, in this chapter we infer energy

levels solely from difference absorption data.

As a control experiment, we further perform a differential capacitance measurement, i.e.

we determine the amount of charge injected into the system after a small potential step
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of 50 mV (see section 3.1 for details of this method). This quantity, in units of C/V and
corrected for Faradaic background currents in the electrolyte, is depicted in Figure 3.4¢-Il.
Filled and open grey circles show the differential capacitance for the forward and
backward scan, respectively. A grey arrow indicates the scan direction and potential at
start. At negative potentials exceeding - 0.7 V, charge is injected into the QD film. At
about -1.0 V, a peak of the differential capacitance is observed. The backward scan

reproduces the forward scan, apart from a small difference in magnitude.

The investigate whether the differential capacitance reflects injection of electrons into
the 1Se level or injection into defect states in the band gap, we determine the number of
1Se electrons N, (V) from the difference absorption data in Figure 3.4a, depicted as red
circles in Figure 3.4c-lll. This number is inferred from the relative absorption bleach

according to

AAg 15, (V)

nlse(v):glse'A1 )
S,1S, \ " oc

(3.1)

where glse is the degeneracy of the 1S. level ( glse =8 in the case of PbSe) and
AAiShlse (V) is the absorbance difference at potential V with respect to the absorbance
AlShlse (VOC) at open circuit potential V. The number of 1S. electrons are inferred from
the absorbance (difference) at 0.795 eV, indicated by a red arrow in Figure 3.4a. From
about - 0.8 V, electrons are injected into the 1S. level. At - 0.87 V, an average population
of one electron per QD is reached, indicated by a dashed vertical line. The population
reaches a maximum of 3.1 electrons/QD at - 1.09 V. Its derivative with respect to
potential, dn,,, (V) /dV , equals the contribution of 1S, injection to the differential
capacitance shown in Figure 3.4c-ll, given in units of charge per potential step. Since the
steepest slope in N (V) is observed at the same potential as the maximum in the
differential capacitance, i.e. at about - 1.0 V, the differential capacitance predominantly
reflects injection of 1Se electrons. A second contribution to the differential capacitance
might be due to the filling of trap states, the proposed cause for the decrease of the
1S31,1Se bleach (see above). Traps in the band gap would explain the early onset of charge
injection (at about -0.5 V), preceding the onset of the absorption bleach at about - 0.75 V.
Traps above the 1S level would explain that the maximum of the differential capacitance
(at - 1.0 V) is reached only after a maximum of dn,., (V) /dV is observed (at - 0.9 V).
Note that a quantification of the trap density would require a slower scan rate than used

here (~ 50 mV/min), as the injection into trap states is expected to be slow.
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3.3.2 ENERGETICS OF ELECTRON INJECTION

A relevant quantity for the study of charge transfer and charge transport as well as the
utilization of these processes in devices is the energy at which one electron occupies the
1Se level, as this is the energy that needs to be paid for injecting or transferring an
electron to the 1Se level. For an electron in the 1Se level of a single QD, this “quasi-
particle” energy is given by

Elqspe — E + Ekin + Eepol,self (3.2)

EA,bulk e

kin
e

where E is the electron affinity in bulk, E/" is the kinetic confinement energy, and

EA ,bulk
EP"*" is the polarization energy to pay (win) in case the dielectric screening outside the

QD is smaller (larger) than the screening inside the QD. The term E*"is also called the

“self-energy” or charging energy of an electron. The kinetic confinement and polarization

term were already introduced in Section 1.1.1 and are given by E:in = hz/(8me * RQD2 ) )16

where m,* is the electron effective mass and RQD the QD radius, and by

Eepol,self zez/(BﬁgoRQD)‘[(‘?QD — Egut )/(SQDgout )] ,7 where g5, and ¢,, are the

dielectric constants inside and outside the QD, respectively. We use here the high-frequency

dielectric constants, Eop = 23 for PbSe and €op = 6 for CdSe,8 as under confinement the

kinetic energy of the electron exceeds typical phonon frequencies.1® The dielectric constant
outside is an effective dielectric constant with contribution from ligands and electrolyte in
the voids (&4 = €igand = Eetectrone = 2) as Well as surrounding QDs, see Figure 3.5.
Assuming a filling fraction between 0.3,° and using Bruggeman effective medium
theory,* this yields &,, =5 for PbSe and &, = 3 for CdSe. For the QDs studied in this
chapter, this leads to self-energies between 30 meV (for CdSe QDs) and 60 meV (for the

small PbSe QDs).

This differs from the case of optical excitation where the electron interacts with the
simultaneously excited hole (given by the direct Coulomb interaction and cross-
polarization terms in Equation (1.6)). Generally, this means that the quasi-particle energy
level for a single electron is higher (closer to vacuum) than the level for an electron in the
presence of a hole. In principle, spectroelectrochemistry can determine this quasi-particle
energy level: Figure 3.4c-IV shows the energy corresponding to one electron per QD as a

horizontal red bar, at — 3.88 eV vs. vacuum.
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Figure 3.5 Schematic of the dielectric environment inside a QD film where one electron
(e7) resides inside a QD and is charge compensated by a neighboring Li* counterion. The
dielectric constant inside a QD is given by £, and outside by an effective dielectric

constant &, with contributions from neighboring QDs, ligands, and electrolyte.

However, so far we have neglected the influence of the electrolyte. As shown in Figure
3.1, injection of one electron per QD into the 1Se level occurs if and only if a combination
of conditions are met: the Fermi level in the ITO must be lifted to the quasi-particle
energy E¥ inthe QDs, and the energetics must be favorable to allow Li* ion penetration
into the voids of the QD film while CIO, remain in the bulk of the electrolyte or move
away from the QD film. Thus, the electrochemical potential 44, at which 1S injection

occurs, can formulated by

lulSe = que + EEL (33)

where E®- denotes the sum of the terms ascribed to the presence electrolyte, given by

ER = EX" +AEY" +Eff5, + Eoti + 00 + 308 + 300 (3.4)
It contains the self-energy E"**" of the Li cation in the voids of the QD film, a possible
energy penalty AEE?"’ for reduced solvation of Li* ions by acetonitrile moelcules, a
possible energy penalty Ef:?é,OA for dissociation of Li*ClO, ion-pairs, the direct Coulomb
attraction Eed'i[i between an electron and a Li* cation, and finally many body terms
describing the interaction of all charges in the sample, attractive between electrons and
Li+ fons ( J i< 0), but repulsive between electrons ( J e > 0) and between Li* ions (
Jar >0)

Li,Li



In Situ Spectroelectrochemical Determination of Band Offsets in QD Films

67

At occupation of one electron per QD, the film may be approximated by a ionic lattice,
comprised of an (ordered) array of negative charges (the electrons) and positive charges
(the Li* counterions). In this case, the last four terms containing the direct Coulomb
interactions can be combined into a single term M 'Esi[i, where M is the Madelung
constant of the lattice. Madelung constants depend on the type of ionic lattice formed,

but are typically on the order of 1.5 - 2 for lattices of monovalent ions.

The term ES:?E,OA may be neglected as the concentration of ion-pairs in our 0.1 M LiClO,
electrolyte solution is low.?> Moreover, the number of electrolyte cations in the entire
electrochemical cell greatly exceeds the typical number of injected charges into the film,
such that free, i.e. un-paired, cations are always available for charge compensation,
rendering Ef;?é,OA =0,

solv
Li

Finally, we discuss the energy penalty AEY" due to a possibly necessary shedding of the
solvating acetonitrile shell surrounding Li* ions upon penetration of small voids in the QD
film. We argue that the solvation energy of Li* in acetonitrile is large (5.3 eV)> which
makes the shedding of the solvation shell unlikely: if only one of the four solvating
acetonitrile molecules in the first solvation® shell would be shed, an energy penalty
exceeding 1 eV would need to be paid. This would be inconsistent with the low
electrochemical band gap observed in films with large PbSe QDs (see discussion below).
Furthermore, since for our QD films with 6DT ligands the voids are large enough to host
one Li* ion including its solvation shell,”2¢ AE®" ~ 0. In conclusion, Equation (3.4) may
be approximated by

ER ~EX +M-E, (3.5)
The self-energy E”"*" can be calculated analogue to the case of the electron” by
assuming that the Li* sits in the center of a void with radius R, and dielectric constant
&

Vi

Pl ez/(87rgo R )'[(Evoid — &gt )/(6‘ & ):| . Due to the slow dielectric relaxation

oid » Surrounded by the film with an (effective) dielectric constant &, . This yields

Li void “out

of the solvated Li* ions in the void, static dielectric constants need to be used:

Euig =37.5 for voids filled with acetonitrile, and &,, =68 for PbSe and ¢&,, =27 for

void
CdSe. This yields small self-energies for Li* in the voids, as shown in Table 3.1: between + 3

meV (in case of CdSe QDs) and — 8 meV (in case of PbSe QDs of 4.1 nm diameter).
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Table 3.1 Electrolyte contribution to the 1S. energy level at occupation of one electron per
9

QD: Self-energy of the Li* cation, EP**" | and ionic lattice energy M- Ee,I[i , given by

the Madelung constant ( M =1.75) and the direct Coulomb interaction between

electron and Li*. Their sum is given in the last column.

ol self di
QD diameter [nm] Ef, [eV] M - Ee,llii [eV] Sum [eV]
PbSe S 4.1 -0.008 -0.012 -0.020
PbSe M 5.3 -0.006 -0.009 -0.016
PbSe L 6.0 -0.006 -0.008 -0.014
CdSe 9.7 0.003 -0.013 -0.010

The direct Coulomb interaction M -Ef’i[i =-M ~ez/[4ﬂ80.€eﬂ (Ruoia + R )} of all
electrons and all Li* ions in the film is comparable, as shown in Table 3.1 for the Madelung
constant M =1.75, ie. for the case of the rock-salt lattice. While the rock-salt
configuration was used as an example, different ionic lattice structures are conceivable.
However, the Coulomb interaction will be comparable for all lattice types, as Madelung
constants of typical ionic lattices of monovalent ions do not vary much. Finally, a disordered
film of electrons and ions, as likely the case for our sample, may show a reduced stabilizing
effect of the Coulomb interaction. In conclusion, the presented values for the direct
Coulomb interaction in Table 3.1 are seen to be as a coarse estimate only. However, it is
clear that both the self-energy for Li* and the direct Coulomb interaction are small and that
their sum is on the order of — 10 meV (for CdSe) and — 20 meV (for PbSe QDs). This means
that the presence of the electrolyte in the voids of the QD film has a negligible effect on the
quasi-particle energy levels and that electrochemical charging, at least for the case of one
electron per QD, does not alter the probed energy level. Expressing this in the language
common for the study of Field Effect Transistors (FETs), the “gate coupling”, i.e. the ratio
between effective shift of the Fermi level and applied voltage, is unity. Therefore,
(spectro-)electrochemistry lends itself to the determination of (quasi-particle) energy levels

in QD films, provided that voids are sufficiently large, see chapter 2.
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3.3.3  SPECTROELECTROCHEMICAL ASSESSMENT OF CONFINED
ELECTRON LEVELS IN FILMS oF CDSE QDs

After having assessed the 1S. energy in a film of PbSe QDs and estimated the energetics
of electron injection in QD films, we proceed to spectroelectrochemically determining
electron energy levels in a film of CdSe QDs with a diameter of 9.7 nm. Figure 3.6a shows
the absorption and difference absorption spectra of this film. Selected transitions are
indicated by numbers 1-4, and assigned according to Norris and Bawendi:?> feature 1 is
due to the (close spaced) 1S;5,1Se and 2S3,1Se transitions around 1.91 eV, feature 2 due to
the 1P3;1Pe transition at 2.06 eV, feature 3 due to the 3S,,1S. transition at 2.35 eV and
feature 4 at 2.5 eV due to the 1P;;%°1Pe, 1S:22Se, OF 4S352Se transition. At negative
potentials exceeding — 0.9 V, the absorption at transitions 1 and 3 start to bleach
simultaneously. At about - 1.2 V, the first absorption peak is completely bleached, i.e.
APz s (_1-2\/)/&53/2»159 (ov)=-1

1.5V, where the potential is reversed.

, and transitions 2 and 4 start to bleach, up to -

Figure 3.6b displays difference absorbance data of the entire CV scan as a false color
image. Transition 1 and 3 as well as 2 and 4 bleach and recover in a concerted action. This
points towards filling and emptying of identical energy levels, based on the assignment of
Norris and Bawendi the 1S. and 1P. level, respectively. The symmetry of the image with
respect to the potential turning points (y axis) show that bleaching proceeds reversible
and reproducible. Figure 3.6c depicts the electrochemical charging current during the CV
scan (Panel I), a differential capacitance scan (Panel 1), and the number of electrons in
the 1Se and 1P. level as inferred from the difference absorbances (Panel I11). As in the case
of the PbSe QD film, the CV scan lacks well-resolved reduction and oxidation features,
while the differential capacitance reveals three pronounced injection regimes, marked by
asterisks. The first regime (*) is not accompanied with optical changes (see Panel IIl),
suggesting charging of trap states within the band gap. The second regime (**) coincides
with injection of 1Se electrons as inferred from the bleaching of the 1S;;1Se and 2S3/,1Se
transition at 1.91 eV (dark blue line), and the third regime (***) coincides with injection of
1P, electrons as inferred from the bleaching of the 1P3),1Pe transition at 2.06 eV (light blue
line). This allows us to establish the energy diagram depicted in Panel IV: the energy
corresponding to occupation of one electron per QD in the 1Se level, i.e.

Az e (V)/Aiw“lse Ov)=-1/2 resides at - 3.68 eV vs. vacuum. For the 1P. level,

the energy  corresponding  to occupation by  one electron, ie.
APpyrzsipe (V)/Aip3/2ﬁl"e (v)=-1/6 , lies 0.15 eV higher. After another 0.08 eV,
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Figure 3.6 Spectroelectrochemical determination of the absolute energetic position of
the 1Se and 1S level in a film of 9.7 nm Cdse QDs (1S peak at 1.91 V). (a) Upper half: linear
absorption spectrum. Lower half: difference absorption spectra for potentials ranging
from open circuit potential (-0.03 V) to -1.49 V, as given in the legend. The numbers in
brackets indicate the acquisition order. (b) Difference absorption image obtained during
the CV scan between o and -1.5 V, as given in Panel I of (c). AA is displayed by false colors.
Time runs from bottom to top. (c) Panel I: CV, starting from open circuit potential (-0.03
V). An arrow indicates the scan direction. Panel II: differential capacitance. Filled grey
circles depict the forward scan, empty grey circles the backward scan. A grey arrow
indicates the scan direction. The three features (*), (**) and (***) are discussed in the
main text. Panel III: number of electrons in the CdSe 1Se and 1Pe level. For the 1S. level,
this number is deduced from the relative absorption bleach at transitions 1 (dark blue
solid line), for the 1Pe level, it is deduced from the relative bleach at transition 3 (light

blue solid line). Panel IV: absolute energies of the 1S and 1P. levels.
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half of the 1P, level is occupied. This energy spacing is in coarse agreement with the
expectation (0.11 eV) based on the energy difference between the 1S;,1Se and 1P3),1Pe
transition (0.15 eV) and effective masses of 0.13 and 0.44 for electron and hole,

respectively.

3.4 BAND OFFSETIN A QD HETEROSTRUCTURE

Based on the spectroelectrochemical measurements for a pure film of PbSe QDs with a
diameter of 5.3 nm (shown in Figure 3.4) and a pure film of CdSe QDs with a diameter of
9.7 nm (shown in Figure 3.6), one would expect a band offset of 0.2 eV between the
respective 1S. states in both films. To test this hypothesis, we fabricated an alternating
multilayer of both type of QDs by alternatingly depositing a layer of PbSe QDs, then a
layer of CdSe QDs, and repeating this cyle twelve times. The absorption spectrum of the
resulting film is shown as a black solid line in the top panel of Figure 3.7a. The estimated
CdSe contribution (see section 3.1 for details) is displayed as grey solid line. A fit
consisting of a sum of Gaussians is given as a blue dashed line. Fitted transitions involving
the 1Se and 1P level are depicted by green and red dashed lines, respectively, and higher
energy transitions by grey dashed lines. These fits were performed to quantify the
bleaches upon electrochemical charging and to correlate them with distinct optical

transitions, enabling the assignment of the level to which charges are injected into.

Difference absorption spectra at potentials ranging from open circuit (- 0.3 V) to - 1.3V
are given in the bottom panel and color-coded as given in the legend. The 1S,1S. transition
in PbSe at a probe energy of 0.795 eV (indicated by a red arrow) is bleached from about -
0.55 V, whereas the CdSe 1S3),1S. transition at a probe energy of 1.905 eV (indicated by a
dark blue arrow) bleaches only at potentials exceeding about — 0.75 V. The CdSe 1P3;1Pe
transition at a probe energy of 2.05 eV (indicated by a light blue arrow) is not bleached
within the range of applied potentials. The shown difference absorption spectra were
collected during the forward scan of the first of two cycles in the CV scan that is shown in
Figure 3.7b-I. A change in slope at — 0.55 and -0.80 V on the forward scan corresponds to
appearance of PbSe and CdSe absorption bleaches, respectively, at similar potentials. This
suggests that injection into the PbSe and CdSe 1S states is the dominant current and that
the density of defect states is low or that their charging is slow compared to the scan rate

of 10 mV/s of the CV. This picture is confirmed in the differential capacitance depicted in
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Figure 3.7b-1l. No charge is injected into the QD film up to — 0.50 V, after which two

charging waves around — 0.65 and — 1.00 V are observed.
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Figure 3.7 Spectroelectrochemical determination of the band offset in an alternating
multilayer of 5.3 nm Pbse QDs (size “M”, 1S peak at 0.785 eV) and 9.7 nm CdSe QDs (1S
peak at 1.905 eV). (a) Absorption (top) and difference absorption spectra at various
potentials (bottom). The contribution of CdSe (grey solid line) to the absorption
spectrum is obtained as described in the experimental section and fitted with a sum of 6
Gaussians (blue dashed line). Transitions involving the 1S and 1P. level are depicted by
green and red dashed lines, respectively, and higher energy transitions by grey dashed
lines. (b) Panel I: CV, starting from -0.3 V. An arrow indicates the scan direction. Panel II:
differential capacitance, starting from o V. Filled grey circles depict the forward scan,
empty grey circles the backward scan. Panel III: number of electrons in the PbSe 1Se level
(red circles) CdSe 1S level (blue triangles), respectively, as deduced from the relative
absorption bleach at the respective band gap transitions. Panel IV: energetic position of

both 1S. levels, featuring a separation of 0.52 eV.
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Itis also consistent with the optical assessment, summarized in Figure 3.7b-IIl. Here, as for
the pure films, the number of electrons in the 1S. level of PbSe (red circles) and CdSe
(blue triangles) is inferred from the relative absorption bleaches at the respective lowest-
energy transition, at 0.785 eV for PbSe and 1.905 eV for CdSe). The onset of the
absorption bleaching coincides with the onset for electrochemical charge injection (see
Figure 3.7b-l and Figure 3.7b-Il), while an average occupation of one electron per QD is
reached at the potentials indicated by horizontal bars in Figure 3.7b-1V, equivalent to the
PbSe 1S, state at -4.15 eV vs. vacuum and the CdSe 1S, state at -3.63 eV vs. vacuum. The
determined band offset of 0.52 eV between CdSe and PbSe in the alternating multilayer
film is much higher than the band offset of 0.20 eV that we estimated based on the

respective levels in the pure films (see section 3.3).

One can imagine that this difference is due to a different dielectric environment. To
investigate this hypothesis, we also fabricated a bilayer, consisting of a thick layer of CdSe
QDs on top of a thick layer of PbSe QDs, grown via LbL dipocating with 15 LbL cycles for
each type of QD. This allows for phase separation of both types of QDs within the
composite film and minimizes their mutual interaction. In fact, such a layer stack mimics
the situation of two pure films stacked on top of each other. If the dielectric environment
plays a dominant role in determining the band offset, bilayer and pure films should show
a similar offset. Figure 3.8a illustrates the number of electrons in the PbSe 1S, level (filled
circles) and CdSe 1S. level (open triangles) in pure films of 5.3 nm PbSe QDs (black) and
9.7 nm CdSe QDs (grey) as well as a bilayer (yellow) and an alternating multilayer (blue) of
both types of QDs. The energy corresponding to one electron per QD is indicated by
dotted and dashed lines for PbSe and CdSe, respectively.

Compared to the pure film, the CdSe 1Se level has a higher potential in both the bilayer
and alternating multilayer film. On the other hand, the PbSe 1S, levels in the composite
films reside at lower potential than in the pure film. The combined effect of a higher CdSe
and a lower PbSe potential leads to a larger band offset in the bilayer (0.61 eV) and
alternating multilayer (0.52 eV) compared to the hypothetical band offset in pure films
(0.20 eV). The large difference in band offset between bilayer film and extrapolation from
1Se levels in pure films is incompatible with a large influence of the layer stack on the band
offset as a result of altered dielectric environment. If this were the case, the bilayer and
pure films should exhibit comparable band offsets, while the alternating multilayer would
deviate. Moreover, Table 3.1 showed that the effect of the electrolyte on the 1S. levels is

small, on the order of 10 to 20 meV for our PbSe and CdSe QD films. This suggests that the
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difference in the dielectric environment of pure film, bilayer and alternating multilayer

cannot explain the observed variations in their respective 1S levels.
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Figure 3.8 Energy levels and band offset depending on layer stack. (a) Number of
electrons in the PbSe 1S. level (filled circles) and CdSe 1Se level (open triangles),
respectively, for a film of PbSe QDs only (black), CdSe QD only (grey), a bilayer (yellow),
and an alternating multilayer (dark blue). The potential at which the respective 1S. level is
occupied by one electron is indicated by dotted (PbSe) and dashed (CdSe) lines,
respectively. The spread in potential is illustrated as red and blue shaded area,
respectively. The band offset based on the single layers (0.21 eV) is much smaller than the
band offset in the bilayer (0.61 V) or multilayer (0.52 €V). (b) Differential capacitance

scans for all films, consistent with the band estimates in (a).

Alternatively, the surface of the QD film may explain differences in the measured energy
level structure: the stoichiometry,?® ligand density,?® 27 type®3° and anchor group3' as
well as charged surface traps# have all been shown to shift energy levels. In all our QD
films, thiol ligands were used as the organic capping. Thiols are known to affect energy

levels of QDs due to surface dipoles.” 3' Hence, their density on the QD surface will
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determine the 1S energy for an electron in the QD. While the same dithiol ligands were
used in pure films, bilayer and alternating multilayer, it is conceivable that slight variations
in ligand coverage of the QDs are present in the different stacks and therefore lead to a

difference in the energetic position of the 1S level.

An additional shift can result from charged surface traps.# Chapter 5 demonstrates the
importance of traps in QD films and show they are filled, i.e. charged, when the potential
is varied. Charged surface defects were so far not considered in our description of the
energetics of electrochemical charge injection (see section 3.2.2), but may strongly
influence these energetics by additional Coulomb interactions with electrons in the QD
and Li* cations in the electrolyte. While both the quantification of the density of defect
states (see chapter 5) and its effect on the energy level diagram are difficult, a first
estimate can be obtained from differential capacitance measurements, as these record
injection into both optically active (quantum confined) and passive (defect) states. Figure
3.8b shows the differential capacitance of all films. For clarity, only the forward scan is
depicted. Comparison with the spectroelectrochemical data of Figure 3.8a shows that
only few charges are injected into states within the band gap. This can either be result of
a low defect density or a slow injection of charges into defect states which cannot keep

up the pace of our scan speed (50 - 100 mV/min).

Finally, a high density of electrochemically injected charges may influence the
determination of energy levels in QD films. In the case of the PbSe-CdSe alternating
multilayer, almost seven electrons have been injected into PbSe QDs before the CdSe 1S,
level starts to be occupied. One might argue that for these high charge densities, the
assumption that electrochemical charge injection has a minor effect on the determined
energy levels (see Table 3.1) might not hold any more. However, in section 3.5 we show

that the assumption does hold, at least for large PbSe and CdSe QDs.

In conclusion, the observed variations in the studied film stacks and the experimental
difficulty to quantify the effect of surface charges on the energy level structure show that
the extrapolation of energy levels obtained for pure films to respective energies in a
heterostructure should be avoided. This highlights the importance of assessing the band

offset in situ for the sample of interest.
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3.5 DEPENDENCE OF BAND OFFSET ON QD SizE

To further test the capabilities of spectroelectrochemical in situ determination of band
offsets, we assess the dependence of band offset on the size of one of the QDs. To this
end, we fabricated bilayers containing a film of CdSe QDs on top of a film of PbSe QDs of
three distinct sizes: size “L” with a diameter of 6 nm, size “M”” with a diameter of 5.3 nm,
and size “S” with a diameter of 4.1 nm. The band offset of the bilayer with PbSe QDs of
size M (0.61 eV) has already been determined in Figure 3.8. The expectation for the
remaining two films is that the band offset is larger for PbSe QDs of 6.0 nm diameter and

smaller for PbSe QDs of 4.1 nm.

Figure 3.9a shows the absorption (top panel) and difference absorption spectra (bottom
panel) of the film with the larger PbSe QDs. A black solid line shows the absorbance
around the 1Sx1S. transition of the PbSe QDs (at 0.69 eV, indicated by a red arrow) and a
grey solid line shows the CdSe contribution (obtained as discussed in section 3.2) around
the CdSe 1S3,1Se transition (at 1.91 eV, indicated by a dark blue arrow). To assign features
in the absorption spectrum to either 1Se or 1P. level, the CdSe contribution has been fitted

as described above.

We now perform a CV scan (see Figure 3.9b-1), starting from o V, beginning in negative
scan direction, reversing the potential at - 1.6 and + 0.25 V, and cycling the potential for
two consecutive times. Up till the first potential turning point at - 1.6 V, difference
absorption spectra with respect to the absorbance at 0 V are recorded and displayed in
Figure 3.9a. Initially, slight bleaching of the PbSe 1Sx1Se transition is observed, becoming
significant from about - 0.2 V and almost reaching transparency, i.e.
AAIS}HL%/AiSIHlSe ~ -1, atabout - 1.0 V. Bleaching of the 1S;,1Se and 2S;,,1Se transitions
in CdSe occurs at more negative potentials, starting at about - 1.0 V and reaching a
plateau at about — 1.5 V. This saturation suggests that at -1.5 V, the 1S level is completely
filled (with two electrons). The 1P, level continues to be charged, as deduced from the
increasing absorption bleach at 2.05 V (light blue arrow). Upon reversal of the scan
direction, both CdSe and PbSe recover their ground state absorbance, until at positive
potentials, the PbSe 1S41S, transition gets bleached again. At a potential of + 0.27 V, on

average one hole per PbSe QD is injected.
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Figure 3.9 Spectroelectrochemical determination of energy levels in a bilayer of 6.0 nm
Pbse QDs (“L” size, 1S peak at 0.69 e€V) and 9.7 nm CdSe QDs (1S peak at 1.91 €V). (a)
Upper half: linear absorption spectrum of the bilayer film. In the region from 1.7 to 2.2 eV,
only the CdSe contribution to the spectrum is shown and fitted (see main text for details).
Lower half: difference absorption spectra for various potentials as indicated in the legend.
(b) Panel I: CV, starting from open circuit potential (-0.02 V). An arrow indicates the
scan direction. Panel II: number of electrons in the PbSe 1S or 1Sh level (red solid line), in
the CdSe 1S. level (dark blue solid line), and the CdSe 1P. level (light blue solid line),
respectively, as deduced from the relative absorption bleach AA/A at 0.69, 1.91, and 2.05
eV, respectively. Panel III: absolute energies of the PbSe 1Sh and 1Se level as well as the

CdSe 1Se and 1P level. The level spacing is depicted by arrows.

Figure 3.9b-1l summarizes this observation by showing the potential dependent number
of electrons in the 1S¢ or 1Sy level of PbSe (red line), as well as the 1S, level (dark blue line)
and 1P. level (light blue line) of CdSe. The energies corresponding to occupation of one

electron per QD are shown in Figure 3.9b-ll as horizontal bars versus an absolute energy
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scale. The PbSe 1Sy-1S. inter-band separation of 0.67 eV (the “electrochemical band gap”)
is in coarse agreement with the optical band gap of 0.69 eV. As explained in the Appendix
B.1, one would expect the electrochemical band gap to be slightly larger than the optical
band gap. A possible explanation for the small discrepancy can be found in the assumed
ordered structure of the QD film and the assumption of a ionic lattice of charges and
counterions. In fact, our films are glassy in nature and counterions apparently do not
reside in the center of a void (as in a ionic lattic), but at the QD surface, as was found for
CdSe QDs (see chapter 2).7 This may increase the attractive Coulomb interaction between

injected charges and counterions and explain the smaller electrochemical band gap.

The coarse agreement between electrochemical and optical band gap demonstrates that
the gate coupling, i.e. the ratio of Fermi level shift and applied voltage, is close to unity.
This verifies our experimental approach of deducing absolute energy levels directly from

the applied potential.

This approach seems even valid for injection of a large number of electrons: as illustrated
in Figure 3.9b-lll, the 1Se-1P. separation in the CdSe QDs is 0.17 eV, similar to the same
measurement on the pure film. Apparently, also after injection of a large number of
electrons into the 1S levels of PbSe (about 7) and CdSe (about 2), injection of electrons

into the CdSe 1P. level still occurs with a gate coupling of close to unity.

Finally, the band offset between CdSe and PbSe amounts to 0.87 eV. This is significantly
larger than the offset for smaller PbSe QDs of 5.3 nm (0.61 eV, see Figure 3.8a), in

agreement with the expectation.

To verify the trend, we also determine the band offset for a bilayer with PbSe QDs of a 4.1
nm diameter. Figure 3.10a presents an overview of the 1S. levels in the CdSe and PbSe
QDs of all assessed bilayers, depicted by a blue line with triangles and a red line with
circles, respectively. Both values are plotted with respect to vacuum and as a function of
the PbSe band gap. For comparison, also the energies of the pure films are appended, as

open triangle and open circle, respectively.

A large variation between 1S, levels of about 0.5 eV is apparent, both for CdSe and for
PbSe. While size-dependent shifts may be expected for PbSe, the CdSe variations must be
of other origin. As discussed above, we suggest that these may arise from differences in
ligand densities and defect densities, while differences in dielectric environments play a

minor role.
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Figure 3.10 (a) Absolute energies of the 1Se level in PbSe and CdSe QDs in bilayer films
(filled symbols) as function of the PbSe band gap, for the three studied PbSe sizes “L”,
“M”, and “S”. The respective 1S. energies of a pure film of CdSe QDs and a pure film of
PbSe QDs of size M are shown as open symbols. (b) Band offset between CdSe and PbSe
QDs in bilayer films (filled green circles) as function of the PbSe band gap. A linear fit of

slope - 2.9 (grey dashed line) serves as a guide to the eye.

While the variations of the 1Se levels are strong, the band offset exhibits a clear size-
dependent trend. Figure 3.10b shows the band offset as a function of PbSe band gap. A
linear fit with a slope of (-) 2.9 is included to guide the eye. The slope of (-)2.9 is rather
steep, steeper than expected based upon the optical band gap alone (~ - 0.5 due to
identical effective masses and the small exciton binding energy in PbSe). Hence, other
contributions must be present, possibly the energy penalty that needs to be paid for

incomplete charge compensation.

Incomplete charge compensation might occur if (1) the film offers too small voids (as is
the case for small PbSe QDs) and/or (2) if the voids are already fully occupied by
counterions due to e.g. a high number of charged sub-gap states that were charge
compensated before the Fermi level reaches the electrochemical potential for 1S
injection. If only a tiny fraction of the injected electrons in the film lacks a counterion, the
total energy of the system increases strongly due to long-range Coulomb repulsions with

other electrons. As this situation could already explain the lack of charging in films of
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CdSe QDs with small voids (see Chapter 2), we propose that such reasoning might also be

hold for the strong dependence of the band offset on the band gap of the PbSe QDs.

3.6 CONCLUSIONS

In this chapter, we have demonstrated that spectroelectrochemistry can be used to
determine band offsets in QD films in situ. Extrapolation of band offsets from pure films
are inaccurate, since: (1) the dielectric environment is altered, and (2) variations in ligand
and defect densities lead to large differences in the determined energy levels, precluding
a valid estimate for the exact band offset in a heterojunction. We fabricate PbSe and
CdSe heterojunction, both as a bilayer and as an alternating multilayer film, showing a
similar (type-1) band offset, with the CdSe 1Se level having a 0.5 - 0.6 eV higher potential.
Finally, a decrease of the band offset is observed for decreasing size of the PbSe QDs, i.e.

for increasing PbSe band gap, in agreement with the expectation.
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APPENDIX B

B.1  Optical Versus Electrochemical Band Gap

The optical band gap is given by

h? 1 1 1 79’
E"(R)=E, —E, + + - + Y ER (3.6)
’ # P8R m* m %) dmee Ry

QD me mh ”gogQD
Where E,, is the electron affinity, E, is the ionization potential, R,, and &, are the
radius and dielectric constant of the QD, respectively, and m,* and m, * are the
electron and hole effective masses, respectively. In the case of an exciton, the sum of the

lopt . .

polarization terms Z EP s approximately zero and can be neglected. The
electrochemical band gap can be defined as the difference between the electrochemical

potentials for injection of a 1S electron and a 1Se hole, i.e.
E'— ap EL ) EL
E = fhs, — they = Eige + Big —Bigy B (3.7)

The electrochemical potential for 1S, injection has been given in Equations (3.3) and (3.5).
The electrochemical potential for 1S injection can be calculated accordingly, by replacing

the electron with the hole and the Li* cation with the CIO4 anion. This yields

2 2
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where the polarization terms

pol,EL _ = pol,self pol, self pol, self pol, self
D = e e =) (3.9)

do not cancel as in the case of an exciton. These terms are given by

2
e Eop — &,
Eepol‘self _ Ehpol,self ~ QD out (3.10)
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and
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As given in Table 3.1, the self-energy of Li* was estimated with — 6 meV, the electron self-
energy can be estimated wtih + 40 meV. The sum of all polarization terms is therefore +
68 meV. Combined with the attractive Coulomb interaction (- 16 meV), all electrostatic
terms add up to + 52 meV. As the Coulomb terms for an exciton amount to — 37 meV, the
electrochemical band gap is expected to be be about 9o meV larger than the optical band
gap. However, the measured electrochemical gap is about 20 meV smaller than the
optical band gap. The discrepancy may be partially due to the glassy nature of the film,
changing the assumed effective dielectric constant and Coulomb interactions between

injected charges and counterions in the electrolyte.
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B.2 Spectroelectrochemical Assessment of Energy Levels in
Bilayers of PbSe and CdSe QDs
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Figure 3.1 Spectroelectrochemical determination of energy levels in a bilayer of 5.3 nm
Pbse QDs (size “M”, 1S peak at 0.82 V) and 9.7 nm CdSe QDs (1S peak at 1.905 eV).
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Figure 3.12 Spectroelectrochemical determination of energy levels in a bilayer of 4.1 nm

Pbse QDs (size “S”, 1S peak at 0.87 V) and 9.7 nm CdSe QDs (1S peak at 1.905 eV).
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® ELECTROCHEMICAL
CONTROL OVER PHOTOINDUCED
ELECTRON TRANSFER AND TRAPPING
IN CDSE-CDTE QUANTUM-DOT
SOLIDS

4.1. INTRODUCTION

Charge transfer lies at the heart of operation of many devices such as LEDs, solar cells,
thermoelectrics and photoelectrochemical solar fuel cells. In all such devices colloidal
semiconductor Quantum Dots (QDs) are investigated as electron donors and/or
acceptors.”2 Understanding the fundamental laws governing the charge transfer process
between QDs is therefore a key to further advances in these devices. Various studies have
been conducted to reveal the efficiency and rate of charge transfer processes in QDs in
solution or attached to a semiconductor surface.>'° Parameters that commonly
determine the rate of charge transfer are the driving force between donor and
acceptor,’ the width and height of an energy barrier, given by the distance and energy
landscape between donor and acceptor, respectively,® and by the dielectric
environment.’ However, the efficiency of charge transfer is not just influenced by the
charge transfer rate, but also by the rate of competing processes. The initial aim of this

study was to study electron transfer from CdTe to CdSe QDs since these materials are
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known to form a type Il band offset."4 However, we found that sub-picosecond electron
trapping in CdTe QDs obstructs electron transfer to CdSe QDs. Therefore, we first
performed a systematic investigation of the trapping processes in CdTe QDs and then set
out to reduce the trapping rates and to allow charge transfer to CdSe QDs to occur. We
demonstrate that thiol ligands reduce the electron-trapping rate sufficiently, albeit only
just, for electron transfer to take place. However, full control over charge trapping and
charge transfer is enabled by applying an electrochemical potential to the QD films. This
allows filling of trap states, thereby switching off electron trapping and enabling electron
transfer from CdTe to CdSe QDs.

4.2. EXPERIMENTAL DETAILS

Materials

1,2-ethanediamine (99.5 %, Fluka); 1,2-ethanedithiol (98 %, Fluka); oxalic acid (anhydrous,
99 %, Sigma-Aldrich); 1,8-octanediamine (98 %, Aldrich); methanol (anhydrous, 99.8 %,
Sigma-Aldrich); butanol (anhydrous, 99.8 %, Sigma-Aldrich); acetonitrile (anhydrous,
99.8%, Sigma-Aldrich); LiClO, (battery grade, dry, 99.99%, Aldrich); Se (325 mesh, 99.99 %,
ChemPur); Te (-18+60 mesh, 99.999 %, Alfa Aesar); Cd(Ac), (anhydrous, 99.999 %, Strem
Chemicals); trioctylphosphine (97 %, Aldrich); trioctylphosphine oxide (99 %, Aldrich); 1-
hexadecylamine (technical grade, 90 %, Alfa Aesar); 1-tetradecylphosphonic acid (98 %,
Alfa Aesar); 1-octadecene (technical grade, 9o %, Aldrich); oleic acid (technical grade, 90 %,

Aldrich). All materials were used as received.
QD Synthesis

CdSe QDs with 4.9 nm diameter were synthesized following the recipe by Mekis et al.:"®
two precursors were prepared in a N, purged glove box by dissolving 0.474 g Se (325
mesh) in 6 ml TOP (trioctylphosphine) and 0.36 g Cd(Ac), in 9 ml TOP, respectively.
Subsequently, the synthesis was done in a Schlenk line providing oxygen- and water-free
conditions. 24 g of TOPO (trioctylphosphine oxide) was heated to 180 °C in vacuum under

periodic flushing with N,. After cooling down to 100 °C, 15 g HDA (1-hexadecylamine) and
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0.45 g TDPA (1-tetradecylphosphonic acid) were added and dried at 120 °C in vacuum
during 30 min under periodic flushing with N,. The TOP-Se precursor was injected and the
solution was heated to 300 °C under N, flow. Under vigorous stirring, the TOP-Cd(Ac),
precursor was injected to induce nucleation of CdSe nanoparticles. After growth at 280
°C, the reaction was stopped by injection of cold toluene and external cooling. The
obtained dispersion was purified by repeated washing with anhydrous MeOH and
precipitation of particles in a centrifuge at 3000 rpm for 5 min. The final stock of particles

was dispersed in Chloroform.

We synthesized CdTe QD dispersions with diameters of 3.7 nm and 6.3 nm, respectively,
following the procedure described by Kloper et al.39 At 310 °Cin N, atmosphere, a TOP-Te
precursor in ODE (octadecene) is injected rapidly to a Cd-(oleate), precursor in ODE under
vigorous stirring. Growth took place at 270 °C and was stopped after several minutes by
injection of cold toluene. The dispersions were purified as follows: anhydrous MeOH and
anhydrous BuOH were added as nonsolvents to precipitate the QDs in a centrifuge at
3500 rpm during 7 min. Typically, the volume ratio was 1:1:2 (reaction
solution:MeOH:BuOH). Subsequently, the precipitate was redispersed in chloroform and

the whole purification procedure was repeated once.
Film Processing and Ligand Exchange

Films for electrochemical studies are deposited on an ITO substrate; all other films are
deposited on a quartz substrate. Films with either 2DT, 2DAc, 2DA or 8DA ligands are
grown in a layer-by-layer (LbL) dip coating procedure in a N, purged glove box: the
substrates were first immersed for 30 s in a concentrated QD dispersion, subsequently
immersed for 30 s in a stirred 1 M solution of the desired ligand in MeOH, and finally
dipped twice for 10s in stirred MeOH to rinse excess ligands. Using this procedure, the
original insulating ligands are replaced by the shorter bidentate ligands. The above
procedure was repeated 10-20 times to yield films roughly 10-20 QD monolayers thick. In
CdTe-CdSe multilayer films, the substrates were alternatively dipped in CdTe and CdSe QD
dispersions. For electrochemical measurements, a small region on the edge of the ITO

substrate remained uncoated to provide electrical contact.
Broadband Transient Absorption Measurements

Broadband transient absorption (TA) measurements were performed on either QD

dispersions in chloroform in a 2 mm cuvette or on films on a quartz substrate in an air-
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tight cell containing N.. Optical densities were typically between 0.05 and 0.2 to provide
uniform excitation densities. Samples were excited with ~ 200 fs pump pulses from an
OPA (Light Conversion ORPHEUS) after a regenerative amplifier (Light Conversion
PHAROS), at a repetition rate of 2500 Hz. Absorption spectra in the visible (450 - 900 nm)
were recorded with an Ultrafast Systems HELIOS spectrometer at a repetition rate of
5000 Hz using broadband probe pulses from a sapphire crystal pumped by 1030 nm. A
variable delay of - 10 to 3000 ps between probe and pump pulses was introduced to yield
difference absorption spectra, as a function of pump - probe delay and probe energy.
Due to dispersion in optical components between the white light generating crystal and
the photodetector, the “time zero”, i.e. the point of time where pump and probe show
maximum temporal overlap, depends on the probe wavelength. Dispersion corrected 2D
TA data with identical time zero for all wavelengths were obtained by subtracting a third-
order polynomial fit to the “coherent artifact”4% 4* from the raw data. About 10 000

difference absorption spectra were obtained per pump - probe delay.
Electrochemical Control of the Fermi Level

The Fermi level of our QD films on ITO was controlled by a CHI832B bipotentiostat (CH
Instruments, Inc.), while immersed in an airtight glass container with an Ag wire
pseudoreference electrode and a Pt sheet counter electrode (see inset in Figure 4.4). The
Ag wire pseudoreference electrode (- 5.01 V versus vacuum) was calibrated with a
ferrocene/ferrocinium couple. In a N, purged glove box, the cell is loaded with a QD film
and filled with an electrolytes consisting of anhydrous acetonitrile and 0.1 M LiClO,4
(lithium perchlorate). All chemicals were used as received. The electrochemical cell is
placed such that TA measurements are possible, with both pump and probe beams
passing through the front window, the QD films and the back window of the cell. For all
applied potentials reported in the main text, care was taken that the absorption of the
unexcited sample did not change with respect to open circuit potential. Hence, no

charges were injected into quantum confined levels.

4.3. STEADY-STATE AND TRANSIENT ABSORPTION

CdTe and CdSe QDs between 3 and 6 nm were synthesized according to reported

recipes.’> 1 The organic ligands on the QD surface are oleic acid (OA) and
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trioctylphosphine (TOP) for CdTe QDs and hexadecylamine (HDA), trioctylphosphine
(TOP), trioctylphosphine oxide (TOPO) and tetradecylphosphonic acid (TDPA) for CdSe
QDs. Figure 4.1a shows absorption and emission spectra of dispersions of the synthesized

QDs.

Photoconductive films of these QDs on quartz or indium doped tin oxide (ITO) substrates
were prepared with a layer-by-layer (LbL) dip coating process in a N, purged glove box;
see methods section for details. The long insulating ligands that result from the QD
synthesis are replaced by shorter bidentate ligands, either 1,2-ethanediamine (2DA), 1,2-
ethanedithiol (2DT) or oxalic acid (2DAc). Whereas they differ in their functional group, all
of these new ligands contain only two carbon atoms as a “spacer”. These shorter ligands

are intended to increase the electronic coupling between QDs."”
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Figure 4.1 a) Absorption spectra (solid lines, versus left axis) and photoluminescence
(PL) spectra (dotted lines, versus right axis) of CdSe and CdTe QDs in dispersion with
diameters ranging from 3 to 6 nm. Absorption spectra are normalized at 400 nm and PL
spectra at their respective 1S;.1Se peak. Spectra are offset for clarity. The 1S;:1Se
absorption peak wavelengths are denoted in the legend. b) Schematic of electron transfer
from CdTe to CdSe QDs due to the type II band alignment™* that is expected for all
combinations of CdSe and CdTe QDs displayed in (a). Blue and red arrows schematically

indicate size dependent variations in QD band gap and, hence, energy level alignment.
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As stated above, the aim of this work is to study charge transfer between CdTe and CdSe
QDs. Figure 4.1b shows a schematic of the band alignment between CdTe and CdSe QDs.
For common QD sizes, these materials are expected to form a type Il band alignment with
both HOMO and LUMO levels of CdSe at a lower energy than the levels in CdTe."* This is
the case for all combinations of sizes in Figure 4.1a, in spite of large differences in their
band gap. Hence, upon photoexcitation of CdTe QDs, electron transfer to CdSe QDs could
take place. To reveal the time dependent population of electrons in CdTe and CdSe QDs,
we measure the time and energy dependent change in absorption
AA(E, t) = A*(E,t) — A(E) between the excited ( A*) and unexcited ( A) sample in
broadband transient absorption (TA) measurements. As shown in the Appendix C, this

change in absorption allows to deduce the density of excitations per unit area N *(t) via

AA(E,t) =c*(E)-N*(t)/In10 (4.1)

where the cross section of a single excitation o *(E) is derived from the signal at time

zero according to

AA(E,t =0)-In10

*E=
o*(E) I F,

(4.2)

with |0 the excitation fluence and FA the fraction of absorbed pump light, obtained by
measuring the transmission through the QD film in an integrating sphere, thereby

correcting for reflection and scattering.

In this work we display excitation density normalized transient absorption data as
(AA(E,I)/(IOFA)). At time zero, this “absorption bleach per excitation” is directly
related to the cross section per excitation o*(E) via Equation 4.2. For all later times, it
shows the decay of excitations according to Equation 4.1. Electron transfer in films
containing CdTe donor and CdSe acceptor QDs can be inferred from an increasing
absorption bleach at the CdSe 1S;;,1Se transition and can be quantified by first
determining o *(E) for individual CdSe and CdTe QD films.

Initial TA measurements on films that contained CdTe donor QDs (either 3.7 or 6.3 nm in
diameter) and CdSe acceptor QDs (4.1 nm in diameter), both capped with 2DA ligands, did
not show any signals belonging to the acceptors, indicating that negligible electron
transfer took place. Instead, only a very short-lived bleach of the 1S;,1Se transition in the

CdTe QDs was observed, which decayed on a timescale of a picosecond. We hypothesized
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that this is due to fast electron trapping in CdTe QDs. If this trapping is much faster than

the electron transfer time to CdSe QDs, no donor-acceptor signal will be observed.

TA measurements on various CdTe QD dispersions are presented in the Appendix C. They
show two important characteristics: (1) the bleach of the 1S3,1S. transition is due to 1Se
electrons only. The presence of a 1S3, hole results in a much smaller bleach, if any, than
the presence of a 1S. electron. This is in line with previous work from the Klimov® and
Kambhampati groups™, and has been attributed to the higher degeneracy of the 1S;;
hole level compared to the 1S, electron level in cadmium chalcogenides.2® Therefore we
will assume here that the kinetics of the 1S;,1Se bleach represent the kinetics of 1Se
electrons and that any fast decay of this signal is due to electron trapping. At the end of
this report, we present experimental evidence for this assignment using electrochemical
control of the Fermi level. (2) We observe large sample-to-sample variations in the rate of
electron trapping. We find for instance that the rate of electron trapping increases with
increased number of washing steps in the purification of the QD dispersions. This is
consistent with a report by Morris-Cohen et al.2* who observed a loss of ligands and a
drop in PL quantum yield during purification. Such a loss of ligands may result in a higher

number of traps on the QD surface.

4.4, FAST ELECTRON TRAPPING IN CDTE QD FiLMS

We prepared films of 6.3 nm CdTe QDs via layer-by-layer dipcoating, during which the
original oleic acid ligands are exchanged for 1,2-ethanediamine (2DA), 1,2-ethanedithiol
(2DT) or oxalic acid (2DAc). The decreased distance between QDs results in enhanced

electronic coupling as evidenced by a much increased photoconductivity.* 22

The films with 2DA, 2DT and 2DAc ligands are excited at 670 nm, at the blue edge of their
1S3521Se transition, with ~180 fs pulses at a fluence of 2.5-10 photons per cm?, a FWHM of
8 nm and at a repetition rate of 2500 Hz. Transient absorption spectra of the samples are
recorded with a broadband probe pulse of ~180 fs at a repetition rate of 5000 Hz, as a
function of time delay with respect to the pump pulse. This yields the 2D TA images
shown in Figures 2a-c for films with 2DA, 2DT and 2DAc ligands, respectively. The bleach
per excitation AA/(lo'Fa) is shown in false colors. The linear absorption spectra are

displayed as black solid lines versus the right axis. The image has been corrected for
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dispersion of the probe light as outlined in the Appendix C. For all TA data in the
remainder of this document similar excitation conditions are ensured with fluences on
the order of 10" photons per cm?, leading to an average of 0.1 excitations per QD. The
exact fluence for each data set is given in Table 4.2 in the Appendix C. To better resolve
both fast and slow dynamics, the time axis is displayed on a linear scale from -1 to 10 ps

and on a logarithmic scale from 10 to 3000 ps.
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Figure 4.2 Effect of ligand anchor group on electron trapping behavior: 2D TA image
displaying the bleach per excitation AA/(I..Fa) for films of 6.3 nm CdTe QDs capped with
2DA (a), 2DT (b) and 2DAc (c) after excitation at 670 nm. The linear absorption spectra
are plotted versus the right axis. The pump wavelength is indicated with grey arrows. (d)
Transient absorption spectra at 5 ps pump-probe delay (e) kinetics of the 1S;/.1S. bleach,
together with tri-exponential fits (see main text). (f) sketch of the proposed electron

trapping process.

The dominant feature is an absorption bleach of the 1S;;1S. transition around 700 nm,
indicative of charges populating the 1S3, hole and/or 1S. electron state. However, the
population persists only for a short time: for 2DA and 2DAc ligands, its picosecond decay
is three orders of magnitude faster than for the same QDs with the original ligands in
dispersion (see Figure 4.7d, 2a and 2¢). Only 2DT ligands lead to a slightly longer lifetime
(see Figure 4.2b). A comparison of the 1S;,1Se bleach kinetics of the three films as well as

the dispersion with the original ligands is shown in Figure 4.2e.



Electrochemical Control over Photoinduced Electron Transfer and Trapping in CdSe-CdTe QD Solids

97

For all samples, the decay must be non-radiative in nature, as the observed kinetics are
much faster than the reported radiative lifetime of 38.8 ns for CdTe QDs of this size.23 The
decay could hence be due to electron trapping, or non-radiative electron-hole
recombination. We discard Auger recombination as the major decay mechanism, as
typical Auger lifetimes are on the order of tens to hundreds of picoseconds?# and thus
longer than our observed decay. Consequently, we identify electron trapping as the origin
of the fast decay of the 1S;,1Se bleach.

The 1S;),1Se decay kinetics of the CdTe QD dispersions and films are well described by a tri-
exponential function of the form AA(t) = Zici -exp(-t/7;), where i =1,2,3 and c,
and z; are the amplitudes and lifetimes of the exponential components. The fits are
displayed as blue dashed lines in Figure 4.2e. We chose 7, = 38.8 ns to match the
radiative lifetime,? and left all other parameters free. The fit parameters are shown in

Table 4.1. In addition to the radiative decay, at least two components are required for a

good fit. This suggests that two types of traps must be present. The assignment of the
lifetimes 7; and 7, to specific surface sites is of great interest, but is beyond the scope

of this work. We will discuss the nature of these traps in a forthcoming publication.

Table 4.1 Overview of lifetimes obtained from a tri-exponential fit to the TA decays at

the 1S5/21S. transition. 2 In dispersion (CHCL;), ® As film

Material Diameter  Ligands Material Lifetimes [ps]
[nm] Probed 7, 7, z,
(fixed)

CdTe? 3.7 TOP, oleic acid CdTe 2.8+0.1 46 +2 22200
CdTe? 6.3 TOP, oleic acid CdTe 192 £34 942 +301 38800
CdTe® 6.3 2DA CdTe <0.2 1.6 £ 0.1 38800
CdTe® 6.3 2DAC CdTe <0.2 3.1£2.1 38800
CdTe® 6.3 2DT CdTe 5.3+0.2 763 38800
CdSe/cdTe? 4.1/6.3 2DT CdSe 2.9+ 0.1 327+20 26000
CdSe/CdTe? 4.1/6.3 2DT CdTe 0.22+0.01 2.4 +0.1 -
CdSe/cdTe? 4.1/6.3 2DA CdSe 0.23 £ 0.01 2.3+0.3 26000

CdSe/CdTe? 4.1/6.3 2DA CdTe 0.23 £ 0.01 2.310.3 38800
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For the 2DT capped film 7 = 5.3 + 0.2 psand 7, = 76 £ 3 ps best describe the data. The
diamine and diacid capped films feature significantly shorter lifetimes: the slower
component is 7, =1.6 + 0.1 ps for 2DA and 3.1 2.1 ps for 2DA, respectively, while the
fast component (t,) even falls short of our instrument response time, for both ligands.
This sets an upper limit 7, < 0.2 ps for 2DA and 2DAc. Significant decay during the pump
pulse is also the reason why the bleach magnitude for films with these ligands is lower

than for films with 2DT ligands.

Even for the QD film with dithiol ligands, the observed kinetics are three orders of
magnitude faster than the radiative decay (see Table 4.1). Apparently, the preparation of
conductive QD films has resulted in the introduction of very efficient electron traps. We
further point out that for the 2DA and 2DAc capped films, the lifetimes are even shorter
than typical cooling times. Since trapping competes with electron cooling, high energy
excitation results in a small 1Se population per incident photon (see Figure 4.8). As
discussed for the QD dispersions in the Appendix C, insufficient ligand coverage can lead
to accelerated trapping in solution. We speculate here that ligand density (partly) also
explains the observed trend in the films: the diamine (2DA) and diacid (2DAc) ligands lead
to a shorter lifetime than the dithiol ligands (2DT), in line with their smaller binding

strengths.9 25,26

The TA spectra at 5 ps in Figure 4.2d reveal a broad photoinduced absorption (PA) feature
below the band gap and extending to the infrared. This positive PA “shelf” feature is only
seen for 2DA and 2DAc ligands and not for 2DT ligands. It is furthermore also observed for
a dispersion with QDs of 3.7 nm diameter that featured a low PL quantum yield and fast
trapping (see Figure 4.7b). Its 1/e lifetime is typically hundreds of ps (see Figure 4.9 in
Appendix C) and its magnitude seems to be related to a short lifetime of the 1S3,1S.
bleach, as it is hardly pronounced for 2DT ligands. This photoinduced absorption has been
observed previously,?729 and was tentatively assigned to intraband transitions which
receive oscillator strength from the presence of a trapped electron. The fact that this PA
“shelf” feature is particularly pronounced for the films with 2DA and 2DAc ligands further
suggests that trapping is significant in these films. Summarizing the results of Figure 4.7
and Figure 4.2, we find that electron trapping is efficient in CdTe QDs. Particularly the

processing of QDs into photoconductive films leads to very efficient electron trapping.
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4.5, DEMONSTRATION OF ELECTRON TRANSFER IN CDTE-
CDSE MULTILAYER FILMS

Next we investigate electron transfer between CdTe and CdSe QDs in QD films. We start
by determining the bleach per excitation AA/(lo'Fa) for 2DT capped single component
films of 4.9 nm CdSe QDs (see Figure 4.3a) and 6.3 nm CdTe QDs (see Figure 4.3b). The
CdSe QD film has been excited at 620 nm and the CdTe QD film at 670 nm. Both films
exhibit a bleach maximum at their 1S3),1Se transition, at 610 nm for CdSe and at 700 nm for
CdTe, respectively. While also for the CdTe QD film the TA spectrum is non-zero at around
610 nm, the absorption changes are both positive and negative and most likely result
from spectral shifts rather than bleaches due to state-filling.3° After integration over the
region of the CdSe 1S3,1Se transition (563 to 660 nm), the CdTe TA signal is negligible
compared to the signal integrated over the region of the CdTe 1S;,1S. transition (630 to
755 nm). This will facilitate the spectral assignment to either CdSe or CdTe in the films

comprising both materials.

Before continuing with the composite films, we first quantify how much absorption
bleach is produced by a single excitation. Figure 4.3c shows this quantity
J.ls < AA(E,t)/(IO-FA-Inlo)dE for single component films of CdTe QDs (red filled

circles) and CdSe QDs (blue open circles), respectively, where the integration over the
1S3p1Se transition has been introduced to average over all QDs in the ensemble and to

account for spectral shifts. At time zero, this quantity equals oy * = LS 5 o*(E)dE, the
3127

cross section per excitation as given in Equation 4.2, integrated over the 1S331Se
transition. Note that the integration changes the unit of the resulting quantity to eV-cm2.
In Figure 4.3¢c, the 1S;)1Se integrated cross section is indicated by dashed lines, being
larger for CdTe (og * = - 2.8:107¢ cm?) than for CdSe (og * = - 0.9:107 cm?). It may be
compared to the 1S;,1Se integrated linear absorption cross section per QD given in ref. 19.
We find that the cross section per excitation determined here is 53% of the linear
absorption cross section for the CdSe QDs and 66% of the linear absorption cross section
for the CdTe QDs. These values represent the degeneracy of the electron and hole states.

A bleach of 75% would be expected in the standard effective mass model.2°
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Figure 4.3 Demonstration of Electron Transfer from CdTe to CdSe QDs. TA spectra at
selected pump-probe delays for films of 2DT capped 4.9 nm CdSe QDs (a) and 2DT
capped 6.3 nm CdTe QDs (b). The spectral region around the pump wavelength shows
significant pump scatter and is not shown. The linear absorption spectra are plotted as
black solid lines versus the right axis. (c) cross section per excitation Oss , integrated
over the 1S;1S. transition, for films of 2DT capped CdTe (red filled circles) and CdSe
(blue open circles) QDs, respectively, as obtained from the measurements in (a) and (b),
see main text. (d) 2D TA image displaying the bleach per excitation AA/(Io-Fa) for a QD
solid comprising both 2DT capped CdSe QDs (4.9 nm) and 2DT capped CdTe QDs (6.3
nm) after selective excitation of the CdTe QDs at 670 nm. The linear absorption spectrum
of the film is plotted as black solid line versus the right axis. The pump wavelength is
indicated with a grey arrow. (e) spectra of this film at selected pump-probe delays, along
with its linear absorption spectrum and that of single layers of either CdSe or CdTe. The
inset is a magnification of the spectral region marked by the black box. (f) kinetics of the
CdSe 1S;/:1Se (610 nm) and CdTe 1S;/21S. (700 nm) transition for the measurement in (d).
The black line displays the kinetics obtained by subtracting the kinetics at 700 nm (scaled
by 0.055) from the kinetics at 610 nm. A fit consisting of a single-exponential ingrowth

and a bi-exponential decay is shown as a grey dashed line.

Next, films of both donor (CdTe) and acceptor (CdSe) QDs were prepared in an

alternating multilayer architecture: first approximately a monolayer of 4.9 nm CdSe QDs is

deposited, followed by a monolayer of 6.3 nm CdTe QDs and this sequence is repeated 5

times. In between the QD depositions, the original ligands are exchanged to 2DT ligands,

as these are (1) short enough to provide the necessary wave function overlap between

donor and acceptor QDs and (2) are the ligands with the longest lifetimes in our single
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component films (see Figure 4.2e). Finally, the alternating multilayer ensures contact of
each CdTe QD with CdSe QDs.*

CdTe QDs were excited selectively with pump pulses (670 nm) having sufficient energy to
induce optical transitions across the band gap of CdTe (710 nm), but not CdSe (610 nm).
After excitation, only the electron is expected to transfer from CdTe to CdSe QDs, while
the hole should stay in CdTe QDs. Both the 2D TA image in Figure 4.3d and the spectra at
selected pump-probe delays in Figure 4.3e show an instantaneous bleach at the CdTe
1S3,1Se transition (around 700 nm) and a delayed bleach at the CdSe 1S3,1Se transition
(around 610 nm). Figure 4.3f displays the kinetics of both features, where the 700 nm
feature has been scaled by a factor 0.055 for clarity. The decay at 700 nm can be
attributed to depopulation of 1S electrons in CdTe. The bleach at 610 nm features an
instantaneous rise at time zero, followed by an ultrafast decay within the first 0.5 ps.
Subsequently, it increases again over 20 ps until it decays on a nanosecond time scale.
These rich kinetics at 610 nm arise both from CdSe and CdTe QDs, as the smallest CdTe
QDs have a minor spectral overlap with CdSe QDs (see Figures 3a and 3b). We attribute
the initial rise and fast decay to small CdTe QDs as suggested by the similarity of the
kinetics at 610 nm and the kinetics at 700 nm (scaled by a factor 0.055) during the first 0.5
ps. In contrast, the subsequent increase of the 610 nm bleach originates from a bleach of
the 1S;21Se transition in CdSe, as inferred from the spectra in Figure 4.3e. This indicates an

electron transfer process.

To extract the kinetics of electron transfer to CdSe from the signal at 610 nm, we subtract
the scaled kinetics at 700 nm from the kinetics at 610 nm, depicted as a black line in
Figure 4.3f. A fit consisting of a single-exponential ingrowth and a bi-exponential decay is
shown as a grey dashed line. The time constants are 7., =2.9 1 0.1ps for the ingrowth,
and 7q,,= 3271 20 ps and Tegse 3 = 26 ns for the decay, respectively, where 7., 5 has
been fixed at the radiative decay time of the CdSe QDs.23 On the other hand, the CdTe
bleach kinetics at 700 nm can be fitted with a bi-exponential decay with time constants
Tegrer = 0-22F 0.01ps and 7., , = 2.4F 0.1 ps. The latter is very close to the ingrowth
time constant z, , . Hence, we assign 7, , to electron transfer from the CdTe 1S, to
the CdSe 1S, level. The 74, , component is assigned to very efficient electron trapping
in the CdTe QDs. Its value of 0.22 ps is likely limited by the instrumental time resolution

and is hence an upper limit.

The electron transfer time found here is in line with the reported transfer time between

CdSe QDs and SnO, of 311 ps and 251 2 ps, when separated by a molecular bridge
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slighter shorter (HS-CH,-COOH) or longer (HS-[CH,];-COOH) than ours.# It is also similar to
reported electron transfer times in solution, 2 ps from CdSe QDs to methylene blue,3' 2.3
ps from PbS QDs to methylene blue3! or 3.8 ps from PbS QDs to 1,4-benzoquinone.32 The
component 7., , (327 ps) is attributed to electron trapping, as it is shorter than the
radiative lifetime and there are no holes for Auger recombination in CdSe. Such relatively
slow decay is also observed in the control experiment with CdSe QDs only (see Figure

4.3¢). This further corroborates that electrons have arrived in CdSe QDs.

The efficiency of electron transfer 77, from CdTe to CdSe QDs can be determined by
comparing the observed absorption bleach of the CdSe 1S3,1Se transition after electron
transfer to the cross section per excitation o, * in the single component CdSe QD film

as determined above:

max 4 — j AA(E, t)dE
185,18,

(4.3)

e S *1,F, In10

The max function indicates that we take the highest value of the integrated transient
absorption signal in the CdSe QD 1S521Se spectral region (i.e. the maximum of the bleach
transient). As discussed above we assume that the bleach of the 1S3,1Se is due to
electrons only. In this case the hole (present in the determination of o *) may be
neglected and Equation 4.3 is valid. For the CdSe-CdTe QD film discussed here, a transfer
efficiency of 5% is obtained. This low value is the result of the competition between
electron transfer with a rate of ~ (2.9 ps)" and very fast electron trapping in CdTe QDs
with a rate of > (0.22 ps). A straightforward estimate of the transfer efficiency based on

these rates gives 7, < (2.9)_1/[(2.9)_l +(O.22)_1} =7.1%, in close agreement with

the value of 5% obtained via Equation 4.3.

4.6. ELECTROCHEMICAL GATING CONTROLS ELECTRON
TRAPPING

While we have shown above that with 2DT ligands electron transfer from CdTe QDs to

CdSe QDs may be observed, the transfer yield is low (5 %) as electron trapping is faster
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than electron transfer. In the following, we attempt to eliminate electron trapping via
electrochemical gating: we immerse a CdTe QD film on an ITO substrate in an
electrochemical cell containing 0.1 M LiCIO, in acetonitrile, a Ag pseudo-reference
electrode and a Pt counter electrode. The ITO substrate serves as a working electrode
whose Fermi level can be changed in a controlled and reversible fashion by setting a
voltage versus the calibrated Ag pseudo-reference electrode (- 5.01 V versus vacuum).
Unless stated otherwise, all potentials mentioned hereafter are given with respect to this
Ag pseudo-reference electrode. Upon changing the potential, no charges are injected
into the 1S. electron level, as no steady state 1S;,1Se bleach is observed.33 However,
electron traps may be filled. In fact, for CdTe QDs, injection of electrons into the 1S level
is difficult, possibly as a result of a large number of traps within the band gap that need to
be filled first.

Figure 4.4b shows a 2D TA image of a film of 6.3 nm CdTe QDs with 1,8-octanediamine
(8DA) ligands on ITO, after photo-excitation at 460 nm. Longer ligands were chosen here
as these facilitate cation uptake and result in more efficient charging.33 The film was
immersed in the electrochemical cell described above and held at open circuit potential.
This situation is comparable to the conventional TA measurements on CdTe films in Figure
4.2. In agreement with Figure 4.2, the 1/e lifetime of the 1S;,1S. bleach is 35 ps; the
majority has decayed even within the first 5 ps, indicating fast electron trapping (see
kinetic trace in Figure 4.4d). The decay is even faster when the Fermi level is moved to +
0.23 V, i.e. closer towards to 1S3, hole level (see Figure 4.4a and 4.4d): now, the 1/e
lifetime has decreased to 1.4 ps. This accelerated decay is most likely also the reason why
the maximum bleach is less than half that of the open circuit case: electrons get trapped
within the time duration of the pump pulse. We attribute such fast decay to a higher
electron trapping rate as more electron traps are unoccupied at + 0.23 V. We now move
the Fermi level towards the 1S. level, to — 0.7 V. In this case, a much slower decay of the
1S31,1Se bleach is observed (see Figure 4.4c and 4.4d): the 1/e lifetime has increased to 1 ns.
Hence, by raising the Fermi level by 1V, we could slow down electron trapping by three
orders of magnitude. Similar effects are also seen for other QD sizes as well as for dithiol
ligands (1,6-hexanedithiol) and shorter diamine ligands (1,2-ethanediamine and 1,7-
heptanediamine). Summarizing, the decay of the 1S;,1Se bleach becomes slower when
the Fermi level gets closer to the 1Se level, a situation in which more electron traps are
occupied and more hole traps are unoccupied. This corroborates our above assignment
that the 1S3,1S. bleach decay reflects electron (and not hole) trapping, as hole trapping

would show the opposite effect, i.e. it would be faster at- 0.7V than at + 0.23 V.
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Figure 4.4 Switching Off Electron Trapping. 2D TA image of a film of 6.3 nm CdTe QDs
with 8DA ligands on an ITO substrate after 460 nm excitation (a) at + 0.23 V versus Ag
pseudo-reference electrode, (b) at open circuit, corresponding to - 0.22 V, and (c) at - 0.7
V, respectively. (d) kinetics of the 1S;.1S. transition at 700 nm for all applied potentials.
The schematic in the second row sketches the filling of traps states going from (a) to (c),

using an electrochemical cell (lower right) to control the Fermi level.

One could argue that electron trapping may be induced by ultrafast hole trapping
followed by rapid electron-hole recombination, rather than taking place on electron traps
directly. The above results however show that this is not the case. In this scenario the
1S5121Se bleach decay would be governed by the availability of hole traps. This would lead
to increased electron trapping when the Fermi level is raised closer to the 1S. level as this
leads to a higher number of available hole traps, opposite to the observation. Hence, we
conclude that there is a large number of electron traps throughout the band gap that
lead to fast electron trapping if they are empty, but that this trapping channel can be

switched off by raising the Fermi level.

To the best of our knowledge, this is the first time that electrochemical control of the

Fermi level has been combined with TA spectroscopy to identify, monitor and reduce
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trapping in QD films. Especially for samples in which trapping is a major decay channel,
such as for our CdTe QDs, this technique offers a powerful method to study and control
trapping. First, as the trapping rate depends on the density of trap states, it opens up the
possibility to map the density of trap states (DOTS). Second, it improves the passivation
of the QD surface and circumvents the problem of achieving sufficient ligand coverage, a

common challenge3# 35 due to e.g. the inherent dynamic character of the surface.3®

4.7. ELECTROCHEMICAL GATING ENABLES ELECTRON
TRANSFER

In the following, we exploit the electrochemical control of the Fermi level to improve the
yield of electron transfer from CdTe to CdSe QDs. Alternating multilayers of both CdSe
QDs (4.9 nm) and CdTe QDs (6.3 nm) are deposited on ITO and the QD ligands are
exchanged to 2DA. In an electrochemical cell containing a 0.1 M LiClO, in acetonitrile,
CdTe QDs are selectively excited at 680 nm. Figure 4.5a shows the obtained 2D TA image
at open circuit potential with the bleach per excitation AA/(loFa) shown in false colors. At
time zero, several spectrally narrow extrema appear which can be attributed to

stimulated Raman excitations of acetonitrile.3738

In addition, a short-lived bleach at the CdTe 1S;;1Se transition (700 nm) and negligible
signal at the CdSe 1S31Se transition (610 nm) are seen. This is consistent with the
previously observed fast electron trapping in CdTe QDs with 2DA ligands (see Figure
4.2a), which obstructs electron transfer to CdSe QDs. This is further illustrated by the
kinetic traces in Figure 4.5¢ and the spectra at selected pump-probe delays in Figure 4.5d.
Whereas the CdTe 1S;,,1Se bleach decays rapidly, it does not lead to a bleach at the CdSe
1S3521Se transition, at any pump-probe delay. In contrast, raising the Fermi level to - 1.35 V
leads to a bleach both at the CdTe and CdSe 1S;,1Se transition (see Figure 4.5b). The
1S3p1Se integrated bleach kinetics in Figure 4.5f show that the CdSe bleach is significant

and appears simultaneously with the decay of the CdTe bleach.
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Figure 4.5 Electrochemistry enables charge transfer in a CdTe-CdSe QD film. Bleach per
excitation AA/(Io-Fa) for a 2DA capped QD multilayer of both CdSe QDs (4.9 nm) and

CdTe QDs (6.3 nm) on ITO after excitation at 680 nm, in an electrochemical cell
containing 0.1 M LiClO, electrolyte. (a) 2D TA image at open circuit with the film’s linear
absorption spectrum plotted as black solid line versus the right axis. The pump
wavelength is indicated with an arrow and Raman excitations of acetonitrile at time zero
with labels (1), (2), (2*) and (1*). (b) 2D TA image after the film’s Fermi level has been
raised to -1.35 V versus Ag pseudo-reference electrode. (d) and (e) display spectra at
selected pump-probe delays, while (c) and (f) show the ingrowth and decay of the bleach
per excitation for CdSe (circles) and CdTe (continuous lines), respectively, integrated
over the 1S;/21S. transition. The integration boundaries for CdSe and CdTe are indicated
with dark grey and light grey boxes, respectively. Fits to the traces in (f) are displayed as

dashed lines.

A tri-exponential fit to the CdTe decay (grey dashed line) yields the time constants 7., ,

= 0.23%0.01 ps, 7¢yp, ,= 237 0.3 ps and 7y, , = 7,4 = 38.8 ns. The CdSe kinetics are

well-described with a bi-exponential ingrowth where the time constants 7., ; = Togre 1

and 7y, , = Togre , NAve been set to the respective CdTe decay constants, and a single-

exponential decay with the radiative lifetime of CdSe QDs T¢gse 3= 26 ns. The fit is

displayed as the light green dashed line. The good agreement between the data and fits

containing only the radiative lifetime and two time constants describing both the

ingrowth of the CdSe bleach and the decay of the CdTe bleach suggests that electron

trapping is negligible and Tcgse1 = Tegre1 and Tegse2 = Tedre,2 are electron transfer
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times. While the latter is comparable with the transfer time of 2.9 % 0.1 ps in the CdTe-
CdSe QD multilayer with 2DT ligands in conventional TA (see Figure 4.3 and Table 4.1), the
former is very close to the ~ 200 fs time resolution of the experiment, indicating an
accelerated transfer channel. This fast transfer is in line with the magnitude of the CdTe
bleach at early times, which is a factor 2 lower than expected from Equation 4.2, using the

excitation cross section of the single component CdTe QD film (see Figure 4.3f).

The transfer yield at -1.35 V is 95 %, as determined via Equation 4.3. Estimating a combined
error of 20 % in the determination of the pump fluence and the CdSe QD excitation cross
section, we conclude that the transfer yield is close to unity. This is corroborated by the

fits of the kinetics (Fig. 6e) that suggest that electron trapping is absent.

Thus, electrochemical control of the Fermi level clearly enables much higher electron
transfer efficiencies than does exchanging the 2DA ligands for 2DT ligands (see Figure
4.3). As the rate of electron transfer is similar in both cases, one can attribute this to a
reduction of the trapping rate in CdTe QDs. This is in line with the same finding for the
single component films (see Figure 4.2 and 4.4) and consistent with the lack of trapping in
the model to fit the CdTe bleach kinetics in Figure 4.5f. The absence of trapping in the fit
to the CdSe bleach kinetics completes the picture: apparently, the rise of the Fermi level
has also filled electron traps in CdSe and, hence, reduced the trapping rate in this material

as well.

4.8, CONCLUSIONS

In conclusion, electron trapping is a common process in CdTe QDs. Broadband TA
measurements in dispersion reveal that the lifetime of the 1S5,1S. bleach depends on the
QD surface quality which is affected by e.g. the purification protocol after synthesis. In
films with short bidentate ligands, electron trapping is further accelerated with amines
and acids leading to considerable trapping even within the duration of the exciting laser
pulse (< 0.2 ps). Using thiol ligands, trapping can be slowed down. This allows electron
transfer to CdSe QDs, which form a type Il band offset with CdTe QDs. However, the yield
of electron transfer is low (5 %) as electron trapping is still faster than electron transfer.
Using a novel combination of electrochemical gating and TA, we show that

electrochemical control of the Fermi level in CdTe QD films decreases the trapping rate by
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three orders of magnitude. This leads to an efficiency of electron transfer from CdTe to
CdSe QDs of close to unity. We propose that this method can also be applied to other
materials, offering facile, controllable and reversible control of the Fermi level. It opens
up the possibility of studying the density of trap states (DOTS) as well as the systematic

investigation of electron transfer without the complication of trapping.
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APPENDIX C

C1 Chirp Correction of Transient Absorption Data

The probe pulse in our broadband transient absorption (TA) measurements is subject to a
“chirp”, where the blue part of the probe spectrum is at the leading edge (in time) and
the red part of the spectrum at the tailing edge. This wavelength dependent temporal
shape of the pulse is due to a dispersion in optical components traversed by the probe
pulse between the white light generating crystal and the photodetector. It causes “time
zero”, i.e. the point of time at which pump and probe show maximum temporal overlap,
to depend on the probe wavelength. To illustrate the case, Figure 4.6a displays a 2D TA
image for a quartz substrate, without a QD film and before chirp correction. Sub-
picosecond oscillations coined the “coherent artifact’”" 2 are observed when pump and
probe arrive simultaneously at the sample. We use the maxima of these oscillations to
define our wavelength dependent “time zero”. To obtain chirp corrected 2D TA images as
shown with identical time zero for all wavelengths (as shown in Figure 4.6b and
throughout the main text), we subtract a third-order polynomial fit to this “coherent

artifact” from the raw data (shown as a white dashed line in Figure 4.6a).
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Figure 4.6 2D TA images of a quartz substrate after excitation at 480 nm before (a) and
after (b) correction for a chirp of the probe pulse. The chirp correction is performed by
subtracting a polynomial fit to the “coherent artifact™?, shown by a white dashed line in

(a).
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C.2 Fluence of the Photo-Excitation

Table 4.2 gives an overview of the fluences employed in the measurements reported in

the main text. Typically, this resulted in excitation densities on the order of 0.1 per QD, as
~A; pump-In10 :

pump - @ —€ YA pump - IN10) , where 1 is

the incident light intensity and O, pump and A the absorption cross section and

i i 3] .
derived according to3 |-,

A, pump
absorption at the pump wavelength, respectively.

Table 4.2 Overview of fluences for the measurements presented in the main text

Figure  Sample Pump wavelength Fluence [photons per cm?
[nm] per pulse]

4.2a-C 3.7 nm CdTe, dispersion in 460 3.5:10"
chloroform

4.2d-f 6.3 nm CdTe, dispersion in 670 3.4-101
chloroform

4.3 6.3 nm CdTe, films 670 2.5-10"

4.4a+c 4.9 nm CdSe, film 620 3.2:10

4.4b+c 6.3 nm CdTe, film 670 2.5-10"

4.4d-f 4.9 nm CdSe and 6.3 nm CdTe, 670 3.4+10"3
multilayer film

4.5 6.3 nm CdTe 460 8.3-10"

4.6 4.9 nm CdSe and 6.3 nm CdTe, 680 7.6-10"

multilayer film
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C.3 Determination of the Density of Excitations from Transient
Absorption Data

Linear absorption is given by the Lambert-Beer law:

1(E)=1,(E)-10"®
— IO(E) .lo—a(E)-n-Illnlo (44)
= IO(E)'eia(E)‘N

where | and |o are the transmitted and incident light intensity, respectively, O'(E) is
the absorption cross section per QD, n is the QD density per unit volume, | the thickness
of the sample and N is the QD density per unit area. Analogously, the absorption change

in TA measurements can be expressed as

AA(E,t) =o*(E)-N*(T)/In10 (4.5)

where O‘*(E) is the cross section of a single excitation and N * (t) is the density of
excitations per unit area. At time zero (t = 0), the latter equals N *(0) = |0 : FA,
where |0 is the excitation fluence and FA is the fraction of absorbed pump light,
obtained by measuring the transmission through the QD film in an integrating sphere,
thereby correcting for reflection and scattering. This yields the cross section for a single

excitation

AA(E,t=0)-In10
N *(t = 0)

_ AA(E,t=0)-In10

- Io'FA

o*(E)=

(4.6)

In this work we display excitation density normalized transient absorption data as
AA(E, t)
l,-F

A

. This “absorption bleach per excitation” is directly related to the cross
0

section per excitation U*(E) via eq. (3). Electron transfer in films containing CdTe
donor and CdSe acceptor QDs can be inferred from an increasing absorption bleach at the
CdSe 1S;p1Se transition and can be quantified by first determining O * (E) for individual
CdSe and CdTe QD films.
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C.4 Electron Dynamics in CdTe QD Dispersions
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Figure 4.7 a) 2D TA image of 3.7 nm CdTe QDs in chloroform, as a function of probe
wavelength and time delay after excitation at 460 nm. The change in absorption, AA, is
shown in false colors, while the linear absorption is plotted as a black solid line versus the
right axis. The peaks of the lowest energy optical transitions are indicated with arrows. b)
Probe spectra at various time delays as indicated in the legend. c) Kinetics of the probe
spectra averaged over the 2S;.1S. (yellow continuous line) and 1Sy/21S. transition (red
continuous line), respectively. A tri-exponential fit to the data is shown as blue dotted
line. d) 2D TA image (false colors) and linear absorption spectrum (black solid line) of 6.3
nm CdTe QDs in chloroform after excitation at 670 nm. e) Probe spectra at various time
delays. The pump wavelength is indicated with a grey arrow. f) Kinetics of the probe
spectrum averaged at the 1S;/:1S. transition (black solid line), as well as a tri-exponential
fit (blue dotted line).

Figure 4.7a-c shows a broadband transient absorption measurement on CdTe QDs of 3.7
nm diameter in chloroform with TOP and oleic acid/oleate forming the ligands on the
surface of the QDs (see experimental section). The sample is excited with ~180 fs pump
pulses at a fluence of 3.5-10'3 photons per cm?, centered at 460 nm, with a FWHM of 8 nm
and at a repetition rate of 2500 Hz. Transient absorption spectra of the sample are
recorded with a broadband probe pulse of ~180 fs at a repetition rate of 5000 Hz, as a

function of time delay with respect to the pump pulse. This yields a 2D TA image as shown
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in Figure 4.7a. The image has been corrected for dispersion of the probe light as outlined
above. For all TA data in the remainder of this document similar excitation conditions are
ensured with fluences on the order of 103 photons per cm?. The exact fluence for each
data set is given in Table 4.2. To better resolve both fast and slow dynamics, the time axis
is displayed on a linear scale from -1 to 10 ps and on a logarithmic scale from 10 to 3000 ps.
Several positive and negative features are seen which can be assigned with the aid of the
linear absorption spectrum of the dispersion, depicted by a black line versus the right axis.
The wavelengths corresponding to the three lowest energy optical transitions are

indicated with arrows and assigned according to the sizing curve of Groeneveld et al.4

Figure 4.7b shows selected TA spectra at various pump-probe delays. The dominant
feature in the TA spectra is a negative signal (absorption bleach) around 605 nm, which
decays on a nanosecond time scale. It results from a bleach of the 1S;51Se band edge
transition, as a result of population of 1S3, holes and/or 1S. electrons. Likewise, the
second bleach feature around 560 nm can be assigned to the 2S5,1S. transition. The
kinetics of both the 1S3,1Se and 2S3/,1Se bleach are shown in Figure 4.7¢, obtained by
averaging the 2D TA image in Figure 4.7a from 555 to 567 nm and 576 to 635 nm,
respectively. Both features exhibit the same decay kinetics, which indicates that they
likely result from the same species: a hole, an electron or their pair (exciton). We note
that the decay of these signals is much faster than the expected radiative lifetime of 22.2
ns.5 This implies that the decay is due to non-radiative processes such as electron and/or

hole trapping.

Hole trapping cannot explain the data: the hole is expected to quickly relax to the 1S3,
state. Such a 1S3, hole does not bleach the 2S;),1S. transition. Hence, hole trapping would
result in different kinetics for the bleach of the 1S;),1Se and 2S55,1S. transitions. The decay
could hence be due to electron trapping, or non-radiative electron-hole recombination.
We attribute it to the former. In line with previous work from the Klimov® and
Kambhampati groups’, we assume that the 1S;,1Se bleach is predominantly due to
electrons. These authors state that the hole contribution is negligible, as a result of the
higher degeneracy of the 1S3, hole level compared to the 1S. electron level in cadmium
chalcogenides.? Therefore we will assume here that the kinetics of the 1S;,1Se bleach
represent the kinetics of 1Se electrons and that any fast decay of this signal is due to
electron (and not hole) trapping. At the end of this report, we present experimental

evidence for this assignment using electrochemical control of the Fermi level.
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The decay of both the 1S;;1Se angl 2S;,,1Se bleach is well described by a tri-exponential
function of the form AA(t) = zci 'eXp(—t / Ti), where 1=1,2,3 and C, and T,
are the amplitudes and lifetimes of the exponential components. We choose 2'3= 22.2
ns, the radiative lifetime in CdTe QDs of this size,> and leave all other parameters free. In
addition to the radiative decay, at least two components (7, =2.8 £ 0.1 psand 7, =46
+ 2 ps) are required for a good fit (see Table 1). This suggests that two additional decay

pathways must be present for the electron.

In addition to absorption bleach features, red shifts are observed of the 1P5;1Pe transition
(at 515 nm) and of the 1S3,,1S. transition (at 605 nm, overlapping with the bleach of the
same transition). Both are assigned to the Stark effect, in which a charge carrier in one
energy level induces a shift of transitions between other energy levels, sometimes
referred to as biexciton shifts.9" We note that due to these red shifts the bleach maxima
in Figure 4.7b are somewhat blue shifted from the maxima in the linear absorption

spectrum.

Figure 4.7d displays a 2D TA image of 6.3 nm CdTe QDs in chloroform with ligands
comprised of TOP and oleic acid/oleate after photo-excitation with a pump pulse of
3.4-10'3 photons per cm?, centered at 670 nm. TA spectra at selected time delays in Figure
4.7e show that, while bleaches and spectral shifts of higher-energy transitions overlap
due to reduced size-confinement, the 1S;),1Se transition is clearly bleached and dominates
the spectrum. However, this bleach persists significantly longer than for the 3.7 nm QDs
(see Figure 4.7f): a tri-exponential fit to the data yields lifetimes of 7, =192+34ps, 7, =
942 + 301 ps and 7, = 38.8 ns. Again, 75 was fixed at the radiative lifetime reported by
de Mello Donegd and Koole.> The first two components 7, and 7, exceed the ones of
the smaller QDs by one to two orders of magnitude, in line with the increased PL
quantum yield of this sample. A recent study revealed that aging of CdTe QDs reduces
their 1S321Se bleach lifetime significantly.”? We remark here that the same effect is induced
also by the purification procedure after QD synthesis, increasing with the number of
washing steps (see Figure 4.8), consistent with a report by Morris-Cohen et al.3 who
observed a loss of ligands and a drop in PL quantum yield during purification. It has been
suggested that the result of such a loss of ligands and the origin of a reduced PL quantum
yield are traps on the surface. Following work of the Weiss5 and Owen' "7 groups, the
observed spread in both lifetimes for the studied QD dispersions likely depends on ligand
coverage. The QD dispersions investigated here appear to feature two types of electron

traps, as suggested by the two additional components 7; and 7, needed to fit the
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decay of the 1S51Se bleach. The assignment of these lifetimes to specific surface sites is
of great interest, but is beyond the scope of this work. We will discuss the nature of these

traps in a forthcoming publication.

C.5 Effect of Washing After QD Synthesis

Repeated washing with a mixture of BUOH and MeOH in the purification procedure after
QD synthesis leads to lower PL yields and an accelerated decay of the 1S;;1Se bleach in

CdTe QDs (see Figure 4.8).
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Figure 4.8 Effect of Loss of Ligands: Normalized bleach AA/<Nabs> for a dispersion of 3.9
nm CdTe QDs washed once (a) and three times (b), respectively, following excitation at
450 nm with 2.9-10% photons per cm2. <Nabs> is the average number of initial excitations
per QD. The linear absorption spectra are plotted versus the right axis. (c) kinetics of the

1S5/21S. bleach. The inset shows the first 5 ps of the decay.

C.6 Electron Cooling Versus Electron Trapping

Figure 4.9a compares the kinetics of the bleach per excitation AA/(Io:Fa) at the 1S31Se
transition for a film of 2DT capped 6.1 nm CdTe QDs after “hot” excitation (480 nm pump
with 2.5-10' photons per cm?) and “cold” excitation (670 nm pump with 3.4 -10'3 photons
per cm?). As seen by the smaller magnitude of the bleach for hot excitation, we can infer
that the yield of 1Se electrons amounts to only 37 % of that of cold excitation. This can be
rationalized in a simple model (see Fig. S2¢) containing the excitation rate and decay rates
from the 1P. and 1Se level: at time zero, the 1P, level is populated within the laser pulse
duration by absorption of pump photons (kirf). From the 1P, level, electrons can either
get trapped with a rate Kirap,ipe Or cool down to the 1Se level with a rate keoor. In the 1Se
level, electrons are assumed to undergo a bi-exponential trapping process with rates

Ktrap,ise,1 and Kirap,ise,» @s inferred from the fit to Figure 3d. To keep the model simple, we
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exclude the subsequent radiative decay as its slow decay showed to have negligible

influence on the other rates. The yield of 1S, electrons is then given by

kCOO| (4 . 7)

+ lee,trap,Z + kl

ncool =

kcool + lee,trap,l

Pe,trap

To obtain klpe trap » We monitored the decay of the 1P3;;1P. bleach after hot excitation
(see Figure 4.9b). A single-exponential fit convolved with a Gaussian instrument response
function (IRF) yields a decay rate klPe,decay = 1.51 ps. According to the rate model in
Figure 4.9c, we then can express the trapping rate from the 1P. level as

klPe,trap = klPe,decay - kcool ’ yielding
k _ lee,trap,l + lee,trap,Z + klPe,decay + kcool 4 8
cool — 1 / 1 ( ' )
( Moot — )
Solving this equation with respect to keool gives us
kcool /N (klse,trap,l + lee,trap,Z + klPe,decay) (49)

Inserting 77, =0-37, lee,trap,l = (53 ps)', lee,trap,Z = (76 ps)' and klPe,decay = (15

ps)” results in a 1Se = 1Pe cooling rate k = (3.2 ps)*and a 1P, trapping rate k1

cool Pe,trap ~

(2.9 ps)*. We point out that the obtained cooling time is considerably larger than typical
cooling times in high-quality CdSe QDs (~ 200 fs), where electron cooling occurs via an
Auger-like energy transfer to the hole.”® However, in films of hexanedithiol capped QDs a
relaxation time of 1.7 ps has been found' and in pyridine capped QDs a cooling process as
long as 200 ps?°. This has been explained by the presence of an ultrafast hole
trapping/transfer process which competes with electron cooling via Auger-like energy
transfer to the hole. Ultrafast hole trapping might also be the reason for prolonged
electron cooling in our CdTe QD film. In this respect it is interesting to compare the
obtained cooling time to the 1.5 ps delay between the maxima of the 1P5;1Pe and 1S;p1Se
bleach (see Figure 4.9b). The latter is equal to the 1Se 2 1P cooling time in case no decay
from the 1S¢ level is present, but is only a lower limit in case of decay from the 1S, level,
consistent with our obtained 1Se = 1Pe cooling time. However, direct measurement using
e.g. two-photon photoemission (2PPE)" or stimulated Raman spectroscopy* would be
necessary to further quantify the cooling time. In this work, we only want to use the

rough agreement between the proposed model with the observed rates in TA
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measurements to verify that we witness fast trapping from the 1S. level in CdTe QD films

and possibly also trapping from the 1P level in case of hot excitation.
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Figure 4.9 Cooling and Trapping. TA kinetics displaying the bleach per excitation
AA/(Io-Fa) for a film of 6.3 nm CdTe QDs capped with 2DT ligands. (a) kinetics of the
1S5/21Se bleach after 480 nm excitation with 2.5:10% photons per cm? (“hot”, red line) and
670 nm excitation with 3.4 103 photons per cm? (“cold”, blue line), respectively. (b)
kinetics of the 1P3/:1P. bleach (green line) and 1S5/21Se bleach (red line), respectively, after
excitation at 480 nm with 2.5-10% photons per cm?. (c) schematic of the proposed model

describing the fate of an electron after “hot” excitation into the 1P. level (see main text).

C.7  Photoinduced Absorption “Shelf” Signal

For dispersions and films with short life-time of the 1S3,1S. bleach, a broad photoinduced
absorption (PA) “shelf” feature below the bandgap can be observed (see Figures 2b and
3d). For the film of 6.3 nm CdTe QDs capped with 2DA ligands measured in the main text
(see Figure 3a), Figure 4.10 displays the kinetics of both the PA “shelf” feature (red line)
and the 1S;),1Se bleach (blue line).
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Figure 4.10 Kinetics of the photoinduced absorption “shelf” signal at 850 nm (red line)
and the 1S;/.1S. bleach (blue line) for the TA measurement shown in Figure 3a in the main

text. The sample is a film of 6.3 nm CdTe QDs capped with 2DA ligands.
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C.8  Estimation of Band Alignment of CdTe and CdSe QDs

For the CdTe-CdSe films studied, we estimate the alignment of the quantum confined
levels based on the reported electron affinities, i.e. -3.58 eV and -4.0 eV vs vacuum for
CdTe and CdSe, respectively,? with an added term containing only the quantum
confinement. The latter is inferred from the reported size dependence of the 1S3,1S. and
1P3,1Pe transition# 5 23 which is assumed to be distributed to electron and hole levels
according to their effective masses (0.1 and 0.8, respectively, for CdTe, and 0.11 and 1.14,
respectively, for CdSe). Figure 4.11 shows the calculated alignment of the 1P, 1Se, 1S3/, and
1P level in the studied CdTe-CdSe films. In this simple model, the offset of the CdTe and
CdSe 1S levels (~ 0.42 eV) is larger than the difference between 1P and 1S. level in CdSe
(0.17 eV). Hence, it is conceivable that electron transfer from CdTe to CdSe QDs can occur
both via the 1P. and 1S. level in CdSe. However, we note that the above simple model
does not catch the complexity of the energetic landscape in real QD films which may
experience significant contributions from the ligand and the dielectric environment.
Thus, further studies are needed to accurately determine the energy level alignment and

test the above hypothesis that the CdSe 1P level is involved in electron transfer.
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Figure 4.1 Estimated energies of the 1P, 1Se, 1S5/ and 1P level in the CdTe and CdSe
QDs employed in the CdTe-CdSe QD films studied. The offsets of these levels are

denoted by arrows.
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® THE DENSITY OF TRAP
STATES AND AUGER MEDIATED
ELECTRON  TRAPPING IN CDTE
QUANTUM-DOT SOLIDS

5.1. INTRODUCTION

Charge trapping at defect sites is common in colloidal Quantum-Dot (QD) films and a
major loss mechanism in optoelectronic devices in general as trapping often leads to
recombination and the loss of charge carriers. In devices made of crystalline bulk
materials the most common defects are impurities or defects of the crystal structure such
as vacancies or interstitial atoms. However, in multi- and nano-crystalline materials,
surface defects play a dominant role. In CdTe solar cells, for example, grain boundaries
were identified as the major defect site. Strategies to decrease the associated losses
includ grain growth' (i.e. diminish the number of grain boundaries) and electronic
passivation with CdCl, or MgCl,.2 In devices employing QDs, surface defects are even
more important as the surface area is very high. Therefore, a large body of empirical work
reported recipes for electronic passivation, using inorganic shells or ligand exchange.3
Until now, only a few (largely theoretical) studies propose an explanation of the physical

and chemical processes responsible for trapping.47 The exact nature of the involved
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surface traps remains poorly understood. On the experimental side, measurements of the
density of states (DOS) within the band gap are rare and limited to PbS QDs,®* and on
the theoretical side, the calculation of the surface for realistic QD sizes with realistic
ligands remains a challenge.> " A deeper understanding of charge trapping is necessary to

advance the science and application of QDs.

In this study, we assess the density of trap states (DOTS) throughout the band gap in
films of CdTe QDs using a novel combination of electrochemical control of the Fermi level
and ultrafast transient absorption (TA) and time-resolved PL spectroscopy. Recently, we
have shown that electron trapping in QD films can be slowed down down by three orders
of magnitude by electrochemically filling trap states. Here, we present a detailed
energy-dependence of the trapping rate and derive from it the number of available traps.
This allows us to map the DOTS throughout the band gap. We find a DOTS that is well
described by a Gaussian centered ~0.42 eV above the valence band edge. Density
Functional Theory (DFT) calculations relate the experimentally determined DOTS to the
configuration of Te atoms at the surface, allowing for a complete picture of surface
trapping. Surprisingly the subgap states near the valence band act as very efficient
electrons traps, while hole trapping is an order of magnitude slower. This discrepancy can

be explained by Auger mediated electron and hole trapping.

5.2. EXPERIMENTAL DETAILS

Materials

1,7-heptanediamine (98 %, Aldrich); methanol (anhydrous, 99.8 %, Sigma-Aldrich); butanol
(anhydrous, 99.8 %, Sigma-Aldrich); acetonitrile (anhydrous, 99.8%, Sigma-Aldrich); LiClO,
(battery grade, dry, 99.99%, Aldrich); Te (-18+60 mesh, 99.999 %, Alfa Aesar);
trioctylphosphine (97 %, Aldrich); 1-octadecene (technical grade, 90 %, Aldrich) and oleic

acid (technical grade, 90 %, Aldrich) were all used as received.
QD Synthesis

CdTe QDs with a diameter of 3.7 nm were synthesized following the procedure described
by Kloper et al.’3 At 310 °C in N, atmosphere, a TOP (trioctylphosphine) - Te precursor in

ODE (octadecene) is injected rapidly to a Cd-(oleate), precursor in ODE under vigorous
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stirring. Growth took place at 270 °C and was stopped after several minutes by injection
of cold toluene. The dispersion was purified by adding anhydrous MeOH and anhydrous
BuOH as nonsolvents at a volume ratio of 1:1:2 (reaction solution:MeOH:BuOH) to
precipitate the QDs in a centrifuge at 3500 rpm during 7 min. Subsequently, the
precipitate was redispersed in chloroform and the whole purification procedure was

repeated once.
Film Processing and Ligand Exchange

Films with 7DA ligands are grown on ITO substrates in a layer-by-layer (LbL) dip coating
procedure using a mechanical dipcoater (DC Multi-8, Nima Technology) in a N, purged
glove box: the substrates were first immersed for 30 s in a concentrated (~ 105 M) QD
dispersion, subsequently immersed for 30 s in a magnetically stirred 0.1 M solution of the
7DA ligand in MeOH, and finally dipped twice for 10s in stirred MeOH to rinse excess
ligands. Using this procedure, the original insulating ligands are replaced by the shorter
bidentate ligands. The above procedure was repeated 10-20 times to yield films roughly
10-20 QD monolayers thick. A small region on the edge of the ITO substrate remained

uncoated to provide electrical contact in electrochemical measurements.
Linear Absorption Spectra

Linear absorption spectra were recorded in a Perkin Elmer A 900 absorption
spectrometer equipped with an integrating sphere to correct for scattering and
reflection. Figure 5.1a shows linear absorption spectra of CdTe QDs of 3.7 nm diameter,
either as a dispersion in hexane with oleic acid (OA) ligands (black line) or deposited as a
film, with ligands exchanged to 1,7-heptanediamine (7DA, red line). Both spectra were
normalized to one at the 1S;;,1S. peak and offset for clarity. In the film, quantum
confinement is preserved, as the 1S;,1Se peak remains a pronounced feature of the

absorption spectrum.
Broadband Transient Absorption Measurements

Broadband transient absorption (TA) measurements were performed in the low fluence
limit (< 0.1 excitations per QD, where the TA kinetics were independent on pump fluence)
on a film with an optical density of about 0.25 at the pump wavelength to provide
uniform excitation densities. The sample was excited in the electrochemical cell with ~
180 fs pump pulses from an OPA (Light Conversion ORPHEUS) pumped by an amplified fs
laser (Light Conversion PHAROS SP), at a repetition rate of 2500 Hz. Absorption spectra in
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the visible (450 - 900 nm) were recorded with an Ultrafast Systems HELIOS spectrometer
at a repetition rate of 5000 Hz using broadband probe pulses from a sapphire crystal
pumped by the 1030 nm fundamental of the laser. A variable delay of — 10 to 3000 ps
between probe and pump pulses was introduced to yield difference absorption spectra,
as a function of pump - probe delay and probe energy. Due to dispersion in optical
components between the white light generating crystal and the photodetector, the
“time zero”, i.e. the point of time where pump and probe show maximum temporal
overlap, depends on the probe wavelength. Dispersion corrected 2D TA data with
identical time zero for all wavelengths were obtained by subtracting a third-order
polynomial fit to the “coherent artifact”4 5 (see Appendix C.1 for details of the method),
obtained on a blank ITO electrode in the same electrochemical cell, from the raw data.

About 10 000 difference absorption spectra were obtained per pump - probe delay.
Streak Camera Measurements

Time- and wavelength-resolved photoluminescence (PL) measurements were performed
using a streak camera (Hamamatsu C5680). The sample was excited with ~ 150 fs laser
pulses from a Ti:sapphire laser (Chameleon Ultra by Coherent, Inc.), centered at 400 nm,
at a repetition rate of 4 MHz. The pump beam was focused and had a diameter of about
40 pym at the position of the sample, leading to an excitation fluence of about 4-101
photons per cm? per pulse. PL of the sample was collected in reflection geometry with a
parabolic mirror, dumping the direct (specular) reflection via a hole in the center of the
mirror. The collected PL was focused by a lens with 200 mm focal length and fed into a
spectrograph (Princeton Instruments Acton SP2300) through an entrance slit with a
width of 100 ym. The PL was then measured by the streak camera in the slow sweep

mode, over a time window of about 2 ns.
Electrochemical Control of the Fermi Level

The Fermi level of our QD films on ITO was controlled by a CHI832B bipotentiostat (CH
Instruments, Inc.), while immersed in an airtight quartz electrochemical cell with an Ag
wire pseudoreference electrode and a Pt sheet counter electrode (see inset in Figure 5.1).
The Ag wire pseudoreference electrode (- 4.75 V vs. vacuum) was calibrated against the
ferrocene/ferrocinium couple.”® In a N, purged glove box, the cell is loaded with a QD film,
filled with 0.1 M LiClO, in anhydrous acetonitrile and sealed with an O-ring to assure air-
free conditions. All chemicals were used as received. The electrochemical cell is placed

such that TA measurements are possible, with both pump and probe beams passing
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through the front window, the QD films and the back window of the cell. Figure 5.1b
sketches the experimental procedure. The Fermi level of the QD films is controlled by the

applied voltage between the film and the pseudo-reference electrode.

The porous nature of the QD films causes electrolyte ions to permeate the whole film.”7:18
In contrast to electrochemical experiments on 2D samples, 3D porous QD films are fully
depleted allowing for homogeneous charging throughout the film. The potential drops
between QD film and the reference electrode, in the electrolyte solution, resulting in a
Fermi level in the QD film that is constant and equal to the Fermi level in the ITO

electrode.

We use the convention that a decreasing voltage corresponds to a shift of the Fermi level
towards vacuum. For all applied potentials reported in the main text, care was taken that
the absorption of the unexcited sample did not change with respect to open circuit
potential. This ensures that no charges were injected into quantum-confined levels, as

they would lead to a bleach of the 1S;/;1Se absorption.'7: 19 18

i
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Figure 5.1 (a) Linear absorption spectrum, normalized at the 1S;/.1S. peak, for CdTe QDs
with original ligands in hexane (black line) and as a film with 7DA ligands (red line). For
clarity, spectra are offset vertically. (b) Schematic of the experiment: the Fermi level of
the sample is controlled by the applied voltage in an electrochemical cell, while
spectroscopic information is collected either by a streak camera or a transient absorption

setup.
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5.3. TRANSIENT ABSORPTION REVEALS ELECTRON DYNAMICS

Figure 5.1a shows linear absorption spectra of CdTe QDs of 3.7 nm diameter, either as a
dispersion in hexane with oleic acid (OA) ligands (black line) or deposited as a film, with
ligands exchanged to 1,7-heptanediamine (7DA, red line). A film on an indium doped tin
oxide (ITO) substrate has been obtained using a Layer-by-Layer (LbL) dip-coating
procedure as explained in the methods section. Both spectra were normalized to one at
the 1S5,,1Se peak and offset for clarity. In the film, quantum confinement is preserved as

the 1S3,1Se peak remains a pronounced feature of the absorption spectrum.

Figure 5.1b sketches the experimental procedure. The QD film on ITO substrate is
immersed in an electrochemical cell (see Methods). The Fermi level of the QD films is
controlled by the applied voltage between the film and the pseudo-reference electrode (-
4.75 eV vs. vacuum). The porous nature of the QD films causes electrolyte ions to
permeate the whole film.”7> *® This allows for homogeneous charging and, hence, a
constant shift of the Fermi level with respect to conduction and valence band,
throughout the film. The electrochemical cell is placed in a fs TA or a streak camera setup
to perform ultrafast optical measurements. TA measurements are performed to
determine the electron trapping rates and PL measurements to determine the hole
trapping rates. This is motivated by the fact that for our CdTe QD films, TA is mainly
sensitive to the 1Se electron,™ 2022 whereas PL is equally sensitive to both 1S, electron and

1S3, hole.

Figures 2a-c show 2D TA images for a film of 7DA capped CdTe QDs, which display the
change in absorption AA as a function of probe wavelength and time delay between the
probe pulse and a pump pulse at 400 nm with a fluence of 2.0 x 10'3 photons per cm? per
pulse. Figure 5.2a shows the response at open circuit potential (-0.02 V vs. the Ag quasi-
reference electrode), where the dominant feature is an absorption bleach (AA<0) of the
1S3/21Se transition at 610 nm. This corresponds to an electron occupying the 1S, state
and/or a hole occupying the 1S, state. For cadmium chalcogenide QDs, it has been shown
that the 1S3,1Se bleach is dominated by electrons.' 2022 |t has been proposed that this is
due to the fact that the DOS near the valence band edge is much higher than the DOS
near the conduction band edge. As a result a single electron results in a much larger
bleach than a single hole. Therefore we assume that the hole contribution can be

neglected and the observed TA signal only originates from 1Se electrons.
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Apart from the 1S3,1Se bleach, a broad photoinduced absorption (PA) “shelf” feature?-2s
within the band gap is observed as well as red shifts of all optical transitions in the
spectrum.?*23 These features have all been observed and explained before. We focus on
the 1S3,1Se bleach feature, as its time evolution represents the decay of electrons from
the 1Se level. As shown in Figures 2a and 2e, this decay is on the order of tens of
picoseconds and therefore much shorter than the radiative lifetime of 22.2 ns in
solution.?® Hence, the decay must be non-radiative in nature. Following the

argumentation in our previous work,™ we assign it to electron trapping.

When the potential is decreased to -0.3 V, i.e. the Fermi level is raised towards vacuum by
0.3 eV, the bleach becomes more pronounced and its lifetime longer, see Figure 5.2b. The
trend continues when the potential is further decreased to -1.0 V (Figure 5.2¢). A full
dependence on the potential is given in Figures 2d and 2e, which display the TA spectra
(averaged between 10 ps and 3 ns) and the kinetics (averaged between 590 and 700 nm),

respectively.
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Figure 5.2 TA images after 400 nm excitation for a film of 7DA treated CdTe QDs with a
diameter of 3.7 nm at (a) open circuit = -0.02 V, (b) -0.3 V and (c) -1.0 V vs. Ag wire, after
excitation at 400 nm with a fluence of 2.0 x 103 photons per cm? per pulse. (d) Spectra
averaged from 10 ps to 3 ns (e) kinetics at the 1S;/.1S. transition, averaged from 590 to 700

nm (f) 1S5/21S. bleach at 100 ps, for all applied potentials.
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Figure 5.2e shows that, upon filling the electron traps (i.e. when the potential is
decreased), both the electron lifetime and the maximum bleach increase. The former
indicates slower trapping on a pico- to nanosecond time scale, the latter points towards
less sub-picosecond trapping, as such fast trapping is in competition with electron cooling

to the 1S. state and reduces the maximum transient occupation of the 1Se level.

Figure 5.2f summarizes the effect by displaying the bleach 100 ps after excitation for all
applied voltages: the bleach increases monotonously when the potential is decreased,
down to -1.3 V. This is due to electrochemical filling of traps. When the traps are filled with
electrons, electron trapping is reduced, resulting in longer electron lifetimes. The largest
increase occurs between 0 and -0.5 V. Hence, in this potential range a large density of
trap states must exist. Below -1.3 V, the signal reduces. Auger recombination between
charges electrochemically injected in the 1S level and the photogenerated exciton could
in principle explain the reduced bleach at negative potentials. For certain materials (e.g.
for PbS QD films) we do indeed observe this. However, the electrochemical injection of
electrons in the 1S¢ level should result in a steady state bleach of the 1S¢1Ss3); transition and
such a bleach does not occur here. Therefore Auger recombination is discarded. In stead
we suggest that the decrease in the observed transient absorption bleach is due to the at
low reduction potential of Cd>* in CdTe and a concomitant irreversible reduction of the
CdTe QD film.?7

As we have argued previously,” the physical origin of the observed electron traps most
likely lies in insufficient surface passivation. We believe that the dip-coating procedure
used to grow these films leads to partial removal of ligands and incomplete recapping of
the freed surface states with new ligands (7DA in this case). Below we will show strong

evidence for this scenario.

To investigate the position of the large DOTS with respect to valence and conduction
band, we determined the energy of the 1S, level spectro-electrochemically via a steady-
state absorption bleach of the 1S;,1Se transition upon shifting the Fermi level downward
(see Figure 5.8). The 1S3, level lies at +0.25 V, i.e. at -5.0 eV vs. vacuum. The energy of the
1Se level (-1.75 V or -3.0 eV vs. vacuum) is estimated by adding the optical band gap (~2.0
eV). A direct spectro-electrochemical determination of this level was not possible due to
the low reduction potential of Cd?* in CdTe, leading to irreversible dissolution of the film
prior to electron injection into the 1S. level.?” Our own determination of the 1S. and 1S3,
levels is in line with previous assessments.?® We therefore conclude that the large DOTS is

located in the lower part of the band gap, close to the 1S5, level. It is worth a note that
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the Fermi level in dry CdTe QD films is close to the 1S5, level. This was determined by
comparing the electron dynamics in TA experiments on dry films with those of
electrochemically controlled films to thos in identical dry films. At ~0 V the electrons
dynamics are identical implying that the Fermi level in the dry film is 0 V vs. the Ag
pseudoreference electrode, i.e. 0.25 V above the 1S5, level. Thus, the dry film appears to
be unintentionally p-doped, its Fermi level is below the DOTS and empty traps are

available for electron trapping.

5.4. TIME-RESOLVED PHOTOLUMINESCENCE REVEALS HOLE
CONTRIBUTION

As the TA measurements do not reveal hole dynamics, we also performed time-resolved
PL measurements with a streak camera setup. PL is equally sensitive to the presence of
1S3, holes as it is to 1Se electrons, since both are required for emitting a photon. Hence,
both the hole and the electron decay are represented in the PL kinetics. Figures 3a-c
display time- and wavelength-resolved PL images at open circuit potential (-0.05 V), -0.3 V
and -1.0 V, respectively, after excitation at 400 nm with a fluence of 4.8 x 10" photons per

cm? per pulse.

The main feature in the PL images is emission at the 1S3,1Se transition, whose intensity
and lifetime increase when the Fermi level is moved towards vacuum. Figure 5.3d shows
spectra at several potentials, averaged over all time delays. For all potentials emission
from the band gap, around 620 nm, is dominant, with an intensity that increases with
decreasing potential. Below -1.3 V, as in the TA measurements, the signal decreases again
which might be explained by sample degradation.?” Figure 5.3e reproduces the trend of
the TA measurements: in the 1S3,1S. kinetics, averaged from 550 to 700 nm, both the PL
peak and lifetime increases with decreasing potential, down to -1.3 V. Figure 5.3f displays
the PL counts at 100 ps: while at this time delay almost no PL is detected at open circuit
potential (-0.05 V), the PL signal is increased by a factor 85 at -1.3 V. Overall, the PL
quantum yield increases by a factor 20, as inferred from integrating the PL image with

respect to time and wavelength.
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Figure 5.3 Streak camera PL images for a film of 7DA treated CdTe QDs with 3.7 nm
diameter at (a) open circuit = -0.02 V, (b) -0.3 V, and (c) -1.0 V vs. Ag wire pseudo
reference electrode, after excitation at 400 nm with a fluence of 4.8 x 10 photons per cm?
per pulse (d) spectra averaged over all time delays (e) kinetics at the 1S;/.1S. transition,

averaged from 550 to 700 nm (f) PL counts in (e), at 100 ps.

According to Shockley-Read-Hall recombination theory?9 charge capture at a trap at
energy E, occurs with a rate k,(E;,E;)=c, '[1— f(E —-E: )]pt for the electron and
with a rate k,(E;,Ez)=c,- f(E,—Eg)-p for the hole, with C, and ¢, the electron
and hole capture cross section, respectively, f(E, —Eg) the trap occupation according
to Fermi-Dirac statistics and p; the density of trap states. Within this picture, electron (
7, =1/k,) and hole (7, =1/K, ) lifetimes both change with Fermi level, but inversely.
The PL intensity is proportional to the product of electron and hole concentrations,
oy oc N, -0y ocexp(—(k, +k,)-t) =exp{-[c,+(c,—c,)-FE,~E.)]- o, -t} . If, for the
moment, we assume that cc and ¢, are independent on energy, it is found that for equal
capture cross sections (C, = C, ), the PL lifetime 7, =1/(k, +k, +Kq ) is independent
of potential, for C, > C, it increases with increasing Fermi level and for C, <, it
decreases with increasing Fermi level. The observed increase of PL intensity and lifetime
with increasing Fermi level lets us conclude that the capture cross section for electrons is

much higher than for holes and that the PL quenching is dominated by electron trapping.
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5.5. FITTING OF ELECTRON AND HOLE DYNAMICS

We now quantify the electron and hole trapping rates by fitting the TA and PL kinetics.
Both data sets are simulated with the model sketched in Figure 5.4d. Herein, a 1Se
electron can decay either via radiative recombination with a 1S3, hole with rate constant
krad or via trapping to one of Ne available electron traps with rate constant ke . The
ground state is recovered by recombination with a 1S;; hole with rate constant kreC .
Similarly, a 1S3, hole can decay via radiative recombination with a 1Se electron with rate
constant krad or via trapping to one of Nh available hole traps with rate constant kh ,
from where it may recombine with a 1S electron with rate constant kreC . The rate

constants and number of available traps are a function of the Fermi level.

The observed kinetics are clearly not single exponential. We attribute this to sample
inhomogeneity. Individual QDs will contain a variable number of unpassivated surface
sites that leads to trapping and, consequently, will have varying trapping rates. We model
this inhomogeneity by simulating the observed ensemble population by a sum of three
sub-populations, indicated with indices i1=1,2,3: one with fast trapping, one with
intermediate trapping and one with slow trapping. We do not imply that there are three
separate trapping rates. These three rates are simply used to model the distribution of

trapping rates in a mathematically simple way.

We fit TA and PL data after 2 ps, when charges have relaxed to the respective band
edges. Then, the charge occupation in the QD films can be described by the densities of
three species: QDs with a 1S. electron and a 1S5, hole ( Ny, ; ), QDs with a 1S electron and
a trapped hole ( Ny ; ), and QDs with a trapped electron and a 1S5, hole ( Ny, ; ), where the
index i denotes the sub-populations of QDs with fast, intermediate and slow traps,
respectively. The time evolution of the densities is obtained from the model sketched in

Figure 5.4d, yielding the following rate equations

dneh,i — —(k

dt e+ Kei Ky i) Ny (5.1)

dneO,i

T = +kh,i . neh,i - (ke,i + krec) ' neO,i (5.2)
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anh,i
dt

= +Ke i Mg i = (K i +Kege ) Nop (5.3)

As discussed above, the TA kinetics of the 1S;/,1Se bleach represent the 1S. electron decay,
while the PL kinetics represent both 1Se electron decay and 1S5, hole decay. Hence, the TA

signal is given by
3
AA) % YNy (8) + N (1) (5.4)
=1
and the PL signal by

o, (1) = inéh‘ 0) (5:5)

The TA decay contains fewer parameters as it does not distinguish between nep,; and neo,i
and is effectively independent of hole trapping. Hence, we start by modelling the TA data.
Figure 5.4a shows TA data (closed circles), normalized to the peak signal, and fits (solid
lines) from +0.3 V to -1.3 V. The fit results for the high (keyl(EF)), intermediate (
ke,z(EF)) and small (ke‘3(EF)) electron-trapping rate constants are shown in Figure
5.4c. As expected, electron trapping monotonously decreases when the Fermi level is

moved towards vacuum, to more negative potentials.

PL is determined by the same electron trapping processes as in TA, while additionally hole
trapping accelerates the decay. We therefore fix the electron trapping rate constants
ke,l(EF)! ke,z(EF) and ke‘3(EF), the recombination rate K. and the population

3 3 3
fractions neh,i/z‘“:1 Neri neo'i/z‘”:lheo,i and nOh,i/zizanh,i to the respective
values obtained from the TA fit, leaving the hole trapping rates K, (E), k. ,(E.) and

kh 3(EF) as the only free parameters. The fits to the normalized PL decays from -0.05 V

to -1.3 V are shown in Figure 5.4b. Hole trapping rate constants are on the order of 107 s7,
109 s and 108 s for the three subpopulations of QDs (Figure S3)) and are, in each case, an

order of magnitude lower than the electron trapping rate constants.

Most hole trapping occurs beyond the 1 ns timescale of the experiment. Further, both the
TA and the PL decay are dominated by electron trapping. This makes the fits less sensitive
to hole trapping than to electron trapping and precludes a quantitative assessment of the

Fermi level dependence of the hole trapping rate constant.
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Figure 5.4 Normalized TA (a) and PL kinetics (b) at selected potentials. The time axis is
linear up to 50 ps and logarithmic afterwards. Data points are depicted by markers, while
solid lines depict fits using the rate model sketched in (d) and expained in the main text.
All rate constants are allowed to depend on the Fermi level in the film which is given by
the applied voltage. Both TA and PL data were simulated assuming three populations
ke,z and k

respectively. The fit results for both data sets are shown in (c), with red, blue and green

within the films with independent electron trapping rate constants K

el’ €3’

circles depicting the electron trapping rates of the populations 1, 2 and 3, respectively.
The potential dependence of all three populations is fitted globally with an error function
and depicted by a red, blue, and green solid line, respectively. (e) Derivative of the fitted
error function (red solid line) and the estimated position of the 1S. level (blue shaded

region) and 1S;/. levels (yellow shaded region), respectively.

While the rate constants ke, vary by an order of magnitude, their potential dependence is
identical within the noise of the measurement (see Figure S4). This suggest that the
nature of the trapping process is the same in all cases, or at least that the trap energy is
very similar. This support our initial interpretation made above, that the three trapping

rates represent QDs with a different number of the same traps.
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An error function was fitted globally to the electron rate constants (using the reciprocal
standard deviation of the fitted rate constant as weight factor) and the resulting error
function is shown as the solid lines in Figure 5.4c. The rationale behind using an error
function is that its derivative, a Gaussian function, would likely describe the DOTS
accurately. This Gaussian is shown in Figure 5.4e. Its center is located at -0.18 V (-4.57 eV
vs. vacuum or 0.43 eV above the 1S5, level) and its FWHM is 0.42 V. The position of the 1Se
electron and 1S;; hole level is marked with a blue and yellow shaded region, respectively.
The width of the shaded regions indicates the estimated uncertainty in the exact position

of those levels.

5.6. DFT CALCULATIONS RELATE TRAPPING TO STRUCTURAL
PROPERTIES OF THE QD SURFACE

We now relate the observed DOTS to structural properties of the nanocrystal surface via
DFT calculations. The prevailing picture in the literature is that sufficient ligand coverage
is key for electronically passivating the otherwise defect-rich QD surface.?3 3034 This is in
line with PL quantum yield measurements for CdSe QDs from the group of Weiss33 and
with time-resolved PL and TA data of CdTe QDs from our own group.” These studies
show that an increasing number of purification steps in the post-synthesis treatment
decreases the PL quantum yield and accelerates charge trapping, attributed to a loss of
ligands. Owen’s group has shown that the dependence of PL quantum yield on ligand
coverage is super-linear, suggesting that a few missing ligands can be compensated by
surface reconstruction, while ligand removal above a certain threshold leads to surface
states within the band gap.3® We consider that the same applies to the CdTe QD films
studied here. Film formation includes extensive exposure to methanol and replacing
ligands (1,7-heptanediamine). Both could induce the removal of ligands from the CdTe

surface, probably in the form of Z-type Cd-(oleate),. 3% 3"

The reference QD model for our DFT calculations has been constructed by cleaving a zinc-
blende CdTe lattice from which we have extracted a non-stoichiometric QD cluster,
CdgoTes, of about 1.5 nm in size. This model displays a Cd:Te ratio of 1.29, a ligand
coverage of about 2.9 nm? and a pseudo-pyramidal shape (see Figure 5.5a). Charge

neutrality in the model system is maintained by adding 18 formate anions, HCOO, to
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emulate the native oleate ligands and to compensate for the excess Cd?* ions. This model
shows a significant geometrical reconstruction on the surface after addition of the
formate anions, however preserving the underlying zinc-blende shape. The DOS of this
system is also shown in Figure 5.5: the HOMO and LUMO are delocalized orbitals and no
states appear in the band gap. We note that Cd and Te are 4-coordinated in the center of
the cluster and 3-coordinated at the surface. This lower coordination apparently does not
lead to dangling bonds inside the band gap; the corresponding orbitals have energies

inside the conduction and valence bands.
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Figure 5.5 (a) Fully passivated Cd4Teu(HCOO)s QD and its DOS (pink = Cd, blue = Te,
red = O, brown = C, and white = H atoms); (b) CdTe QD and its DOS after removal of one
Cd(HCOO). and before surface reconstruction, and (c¢) CdTe QD and its DOS after
removal of one Cd(HCOO). and after surface reconstruction. All calculations have been
performed with DFT at the PBE/def2-SV(P) level of theory. The colors in the DOS panels
indicate contribution from the ligands (black), the Te atoms (red) and the Cd atoms
(blue). In panel (b) the contribution of the dangling 2-coordinated Te (green) and Cd

(orange) atoms has also been included.
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From the fully relaxed structure of CdsoTes(HCOO).s we subsequently remove one Cd
atom and two formate anions to simulate Z-type ligand removal. Afterwards, the system
is allowed to reconstruct and find its most stable structure. The DOS before and after
surface reconstruction is shown in Figure 5.5. The eye-catching feature is that, before
surface reconstruction (Figure 5.5b), the QD features two 2-coordinated dangling Te and
Cd atoms, which are described by two molecular orbitals (one occupied and the other
empty) close to the valence band edge and mostly localized on the 4p and 5s orbitals of
the Te and Cd atoms, respectively. This shows that 2-coordinated surface atoms do form
states in the band gap. Because the two 2-coordinated surface atoms are spatially close
to each other, after reconstruction, the occupied 4p orbital on Te donates its electrons to
the empty 5s orbital on Cd and forms a bond (see Figure 5.5¢). In this case, both Te and
Cd increase their coordination number and their orbitals delocalize inside the conduction

and valence band, removing the mid-gap states. The QD has self-healed.

As shown in Appendix D.4, self-healing via surface reconstruction is no longer possible
once several ligands have been removed. After removal of three Cd(HCOO),, the number
of trap states increases linearly with the number of removed Cd(HCOO),. The computed
structure reveals under-coordinated Te atoms as the origin of the traps, while Cd atoms
always remain sufficiently coordinated. As a result, no traps are found in the vicinity of
the conduction band, while a large DOTS is formed near the valence band. The position of
this DOTS is in agreement with the experimentally observed DOTS, suggesting that

insufficient ligand coverage and 2-coordinated Te atoms are responsible for charge

trapping.

In our calculations, the computed DOTS lies below the Fermi level and can therefore only
act as a source of hole traps. In the experiments however, we find that many of the
surface states are empty and act as electron traps (i.e. the QD films are unintentionally p-
type). To simulate this, we computed the electronic structure of an oxidized
Cds;Tes,(HCOO),,* model, featuring one di-coordinated Te atom. To avoid spurious effects
from the excess of cationic charge, we add a perchlorate anion as a spectator ligand,
which keeps the overall system neutral. The geometry and the computed DOS for this

system are shown in Figure 5.6.
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Figure 5.6 (a)-(b) Fully relaxed structures for the neutral and oxidized CdTe QD models,
respectively, and (c)-(d) their DOS. (e)-(f) Schematic molecular orbital diagrams that
show the interaction between a 3-coordinated Te atom, Te (A), and the adjacent under-
coordinated Te atom, Te(B), for the neutral and oxidized species. In the latter case a
weakly bonded dimer is formed. The antibonding orbital is only partially occupied and
can also act as an electron trap.

A first observation is that the oxidized QD (Figure 5.6b) presents a geometry similar to
the neutral QD, with only one significant difference: the 2-coordinated Te atom, denoted
as Te(B), is spatially closer to the 3-coordinated Te atom, Te(A). Oxidation shrinks the
Te(A)-Te(B) bond length from 4.00 A to 3.45 A. To understand this, we plot a scheme of
the molecular orbitals patterns for the neutral (Figure 5.6e) and oxidized (Figure 5.6f)
species. When the QD cluster is neutral (i.e. the Fermi level is near midgap), the 5p orbital
on Te is doubly occupied and remains mostly unbound. The loss of one electron implies
the oxidation of the 5p orbital on Te(B), which becomes a weak electron acceptor. This
orbital interacts with the closest electron donor in the neighborhood, i.e. the 5p on Te(A),
in a bonding/anti-bonding fashion. Note that the anti-bonding orbital is singly occupied,
which means that (1) the Te-Te bond is weak, (2) this orbital can act as both electron and

hole trap, and (3) the Fermi level is shifted towards the valence band.
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One can generalize this view for larger QD, for which the number of under-coordinated Te
atoms is high. A half-filled DOTS (as roughly the case in dry QD films in the experiments)
means that many of these Te atoms are oxidized and form weakly bound Te-Te dimers on
the QD surface each displaying a half-populated antibonding orbital that act both as
electron and hole trap. Electrochemical filling of these traps breaks the Te-Te bonds,
resulting in under-coordinated Te atoms at the QD surface, with 5p lone-pairs acting

mostly as hole traps.

5.7. AUGER MEDIATED ELECTRON TRAPPING AND DOTS

We now discuss in more detail how the electron and hole trapping rate constants depend
on the DOTS and the energy loss involved in the trapping process. We start by expressing

the electron trapping rate constants as:
Ki(E)=N-[ p(E)-A-f(E-E)c.(E)E ()

Herein, the index i denotes the population (i =1,2,3), N, the respective number of
traps per QD, p(E) is the (normalized) DoTs, f (E — EF) the Fermi-Dirac distribution
and C, (E) the capture rate constant of an electron by a trap at energy E. If we neglect
thermal broadening of the Fermi-Dirac distribution at room temperature, since kgT is

smaller than our experimental potential step size (100 meV), Equation 5.6 simplifies to
ElSE
K.i(Ee)=Ni- [ p(E)-c. (E)IE (5:7)

We restrict the upper integration bound to the 1S, electron level, assuming that trapping

only takes place at states within the band gap. For the hole, an equivalent reasoning
Er

holds, leading to k. ;(E;) =N, -IE p(E)-c, (E)JE, where Ch(E) is a hole specific
1S3/2

capture rate constant. Therefore, the DOTS p(E) can be retrieved from either electron

or hole trapping rates, via

1 dk(E)
N.c,(E)  dE,

p(Ep) = (5.8)
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or equivalently via p(E;) =(N;c, (EF))71 -dk,;(Eg)/dE, as shown in Appendix D.3.
As our electron trapping rates could be determined with greater accuracy, we choose the
derivation from electron trapping rates. In Equation 5.8, the index indicating the Fermi

level may be omitted, since we neglect thermal broadening.

A challenge lies in estimating the capture rate constant C, (E) , for which the nature of
the trapping process must be known. This is the topic of a lively discussion currently held
in the literature. In the debate, several mechanisms have been proposed, ranging from
resonant trapping# 35 to shallow trapping3® to deep trapping,3 '»35 37 to either a single3® or
multiple defect states,38 either described by Marcus theory, Marcus-Jortner theory,36 39 40
or by Auger induced trapping.4 35 To reveal which mechanisms is applicable to trapping in
our QD films, we choose to compare three scenarios: (1) the electron capture rate
constant is constant in energy, (2) electron capture can be explained as an electron
transfer process according to Marcus theory, and (3) electron capture is Auger-mediated,

as sketched in Figure 5.7a.

Scenario (1) implies that our measurement presents a direct determination of the DOTS,
as it would equal the (scaled) dk,(E.)/dE. shown in Figure 5.4e. Scenario (2) has
previously been invoked by Mooney et al. to explain surface trapping in CdS, CdSe and
CdSe/ZnS QDs.3% 4° In these studies, the authors proposed a semi-classical Marcus-Jortner
formalism with strong coupling of the surface state to the LO phonon (Huang-Rhys
parameter ~ 10), a reorganization energy of 15 meV and a trap depth of 50 meV. While the
experimental approach could not distinguish between electron and hole trapping, their
model successfully described the strong temperature dependence of the observed
surface PL. In our case, however, this model fails, as the depth of the electron trap is
much larger than the reorganization energy, on the order of 1.6 eV. As a result, both the
Marcus and the Marcus-Jortner model predict unphysically low electron trapping rates,
unable to reproduce the pico-second electron lifetimes observed in TA and PL. For hole
trapping the situation is different: the trap depth is much smaller (~0.4 eV) and the hole-
trapping rate is lower. In this case trapping may possibly be explained by the Marcus or

Marcus-Jortner model.

Auger mediated trapping is shown schematically in Figure 5.7a. This process involves the
trapping of the electron (hole) by scattering with the geminate hole (electron). The
energy difference in the trapping process is not dissipated to phonons, but is given to the
second charge carrier, which subsequently cools down to the band edge. Unlike the

Marcus model, the Auger process permits large energy losses for the electron in the
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trapping process. From the schematic in Figure 5.7a it is clear that one of the factors that
determines the rate of this Auger trapping process is the DOS at the energy of the final
hot charge carrier. Since hole trapping involves energy dissipation of ~0.4 eV this
corresponds to the electron being promoted to a state ~0.4 eV above the 1S. level, where
the DOS will be low. For electron trapping the hole is excited to a state ~1.6 eV below the
1S3> level, where the DOS will be much higher. In addition the DOS in the valence band is
much higher than the DOS in the conduction band. Both effects will lead to an Auger
trapping rate that is much higher for electrons than for holes. Thus, we propose that
Auger mediated trapping can explain the observed order of magnitude difference in

electron and hole trapping rates.

We quantify the rate of Auger mediated electron trapping using Fermi’s golden rule. For a
process where the electron goes from its initial state at energy ElSe to final state at
energy E'= Else —AE, by promoting a 1S3, hole to states deeper into the valence

band we obtain the following capture rate constant (see Appendix D.3):

2

2
5 |M| - P(Eys3,— AE) (5.9)

Ce,Auger (E I) =

where p(ElSS,Z— AE) is the density of valence band states at energy AE below the

1S3, level and M is the matrix element for this process.

The two factors determining the capture cross section are, thus, the matrix element and
the density of valence band states at energy AE below the 1S5, level. Inserting Equation
5.9 into Equation 5.7 yields the electron-trapping rate constant, which of course also

depends on the density of trap states.

Califano at al. have shown that matrix elements for Auger mediated trapping do not vary
much with energy.4 These authors considered hole trapping at relatively shallow trapping
sites and the corresponding Auger excitation of electrons to 1P. states. We propose that
a similar process occurs for very deep traps. In that case the higher DOS at the final

energy of the scattered charge carrier would make this process even faster.

If we assume, following Califano et al., that the matrix element in Equation 5.9 is constant
then the energy dependence of the capture rate constant only comes from
p(ElS3/2—AE). Auger-mediated electron trapping implies that about ~ 1.6 eV of
energy is transferred to the hole. At these energies, the DOS in the valence band

approached the bulk DOS and will be independent on nanocrystal size. This allows us to



The Density of Trap States and Auger Mediated Electron Trapping in CdTe Quantum-Dot Solids

145

use the DOS from the DFT calculation described above (for the cluster model
Cds;Tex(HCOO),,) to assess the energy dependence of Auger recombination. This DOS is
shown in Figure 5.7a together with a schematic of the Auger process. It is clear that at
the relevant energies in the valence band the DOS is high and relatively constant. Finally
this allows us, by combining Equation 5.9 with Equation 5.8 to derive the DOTS from the

measured electron trapping rate constants depicted in Figure 5.4e.

a electron | hole b Density of Trap States [a.u.]
trapping; trapping 0.0 0.4 0.8 12
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Figure 5.7 (a) Schematic of Auger mediated electron and hole trapping to a trap state at
the QD surface, at an energy close to the valence band edge. Electron trapping proceeds
faster due to a larger density of acceptor states for the scattered hole (deep in the valence
band) compared to a sparser density of acceptor states for the scattered electron (close to
the conduction band edge). The occupied and unoccupied molecular orbitals (grey and
red horizontal bars, respectively) and the density of states (light blue shaded area) were
obtained from DFT calculations for a Cd;;Te;(HCOO).. QD with insufficient ligand
coverage (see main text). The dark blue shaded area depicts the hole acceptor states for
the range of Fermi levels within our experimental probe window (double-headed arrow).
(b) Derivative of the electron trapping rate (red dashed line) and DOTS (green solid line)
according to Equation 5.8 and Equation 5.9.

Figure 5.7b shows the normalized DOTS (green solid line) so obtained from the derivative
of the fitted electron trapping rate (red dashed line, dke [dV ). The former closely
resembles the shape of the latter. This is due to the rather flat DOS in the valence band

(dark blue shaded region in Figure 5.7a) corresponding to the probed Fermi levels within
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the band gap (double-headed arrow). A Gaussian fit to the DOTS is centered at -4.58 eV
vs. vacuum (0.42 eV above the 1S5, level) and has a FWHM of 0.44 eV.

We conclude that a Marcus(-Jortner)-type trapping mechanism fails and an Auger
mediated trapping mechanism succeeds in explaining the observed fast electron trapping
to deep traps, close to the 1S3, level. On first sight, this is in contrast to the Marcus-
Jortner model with shallow traps proposed by Mooney et al.3% 4° However, we propose
that both results can be reconciled by assuming a similar trap density close to the valence
band, but different Fermi levels in the experiments: we suggest that the latter was near
mid-gap for Mooney et al. and that, consequently, the authors observed hole trapping to
shallow defects; in our case, the Fermi level was near the valence band, leading to

electron trapping, involving the same defect state.

5.8. CONCLUSIONS

We report the first experimental determination of the density of trap states (DOTS) of a
film of CdTe QDs, using a novel combination of electrochemistry and ultrafast
spectroscopy. The occupation of traps within the band gap is controlled via reversible
electrochemical doping and monitored via transient absorption and time-resolved
photoluminescence spectroscopy. When traps are empty, electron trapping proceeds on
a (sub)-picosecond time scale; when traps are filled electrochemically, this process takes
nanoseconds. We obtain the DOTS by fitting the decay of transient absorption and time-
resolved photoluminescence signals at various Fermi levels within the band gap. A DOTS
close to the valence band is found, 0.42 eV above the 1S5, level and with a FWHM of 0.44
eV. DFT calculations confirm a large DOTS close to the valence band and assign it to di-
coordinated Te atoms at the QD surface, as a result of a loss of ligands during film
processing. Time-resolved photoluminescence experiments reveal that hole trapping also
occurs, albeit at least one order of magnitude slower than electron trapping. The slower
hole trapping and the fast capture of electrons by traps close to the valence band can be
explained by an Auger mediated trapping mechanism. The combination of our unique
experimental determination of the DOTS with the theoretical modeling of the QD surface
reveals the nature of the charge trapping mechanism in QD films. The assignment of the
DOTS to the exact composition and geometry of the surface pinpoints the bottlenecks

for improving QD based devices.
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APPENDIXD

D.1 Spectro-electrochemical determination of the absolute energetic
position of the 1S3/, level
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Figure 5.8 Spectro-electrochemical determination of the absolute energetic position of the 1S/
level: (a) Difference absorption spectra for several potentials, with respect to open circuit
potential (~-0.05 V) (b) Difference absorption at the 1S5/:1S. transition (averaged from 585 nm to
640 nm), shown as red circles, in comparison with an error function fit, shown as red continuous

line. The dashed vertical line indicates the position of the 1S5/, level.

D.2 Fit of hole trapping rate constants

The hole trapping rate constants are obtained by fitting the normalized PL decay at the
1S3121Se transition with the rate model sketched in Figure 4c of the main text. The results
are shown in Figure 5.9, together with the electron trapping rates that were already
displayed in Figure 4d of the main text and obtained from fitting the normalized TA
bleach of the 1S3,1Se transition. Figure 5.10 shows a global fit to the (scaled) rate

constants.
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Figure 5.9 Electron trapping rate constants (closed circles) obtained from a fit of the TA
bleach and hole trapping rate constants (open circles) obtained from a fit of the PL signal.
Red, blue and green colors denote the first, second and third sub-population of QDs,
respectively, featuring fast, intermediate and slow trapping, respectively. The lowest hole
trapping rate constant kn; is not displayed as the corresponding lifetime exceeds the

observation window of our experimental setup (3 ns)
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Figure 5.10 Normalized electron trapping rate constants obtained from a fit of the TA
bleach (closed circles). The solid line is a global fit to the data. While the rate constants
ke1vary by an order of magnitude, their potential dependence is identical within the noise

of the measurement.
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D.3 Derivation of capture and trapping rate constants

In an Auger-mediated trapping process, initially the first electron is at energy Esse in the

conduction band, while the second electron is in the valence band, at energy E" , with
E"<E

183/2 The Auger scattering immobilizes the first electron at a trap within the band
gap at energy E’ , losing the energy AE'=E -E , while the second electron is
promoted to the Eisarz level, gaining the energy AE"=Ey,, —E . Energy
conservation demands AE'=AE",

The Auger trapping rate can be calculated according to Fermi’s Golden Rule
Cen 27 2 . "
ke,Auger (E E ) :_'K'lv I, |AH | f1’f2>| '5(E+ E183,2 - ElSe_ E )
h (5.10)

ii f,, f
where | ! 2> and | ! 2> are the combined initial and final state of the two scattered

electrons and AH is their Coulomb interaction. The delta function

5(E+Ey, —E—E")

ensures energy conservation.

To reproduce the experiment, we sum over all available trap states, resulting in

vem 2T T T g . o\ A
Ke,puger (E' E) T .[ I |M| '5(E+ Ey,, B E )dn dn

n'=0n"=0 (5'11)

where M is the matrix element as defined above and n' and N " are the states of first

and second electron. It is useful to switch to the energy representation (dn = p(E)E ),

in which ’O(E) is the density of states and the Fermi-Dirac distribution f(E-Ee)

f
describes which states | l> are available for electron trapping. This yields

_ PE)-(1-fE-E))

k (B E")—Z—”-j
R I IM[ - p(E"-5(E+E, ~E_-E")dE"dE"

: (5.12)
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We limited the integration to E'=Ex and E"=Eysaro , since we imposed the boundary

condition that the initial state of the first electron is the 1S, state and the final state of the
second electron is the 1S3, level.

The first two factors in the left integral sum over all available trap states. The remaining
terms are:

ElSZ!Z

2z . ; N
Ce‘Auger(E') 57’ J. |M |2 -p(E )'§(E+ EISM -E-E )dE
E=—0
2w .
:_'lM |2 -p(E+ E1sz,2 -E)
L (5-13)
This is the rate with which a trap at energy E' captures an electron. This leads to
ElSe
ke,Auger (E') = .[ p(EI) ! (1_f(E - EF )) : Ce,Auger (E ')dE '
(5.14)

being solely determined by integration over the density of trap states p(E ), the Fermi-
Dirac distribution and a capture rate per trap state at energy E'.

One can simplify this equation by assuming that thermal broadening is negligible, as it is
small (~ 50 meV) compared to our experimental step size in potential (~ 100 meV). This
yields

ElSe

ke,Auger (E) = J‘ p(E)'Ce,Auger(E )dE

EE (5.15)
So far we have assumed discrete states with infinite lifetimes. In reality homogeneous
(Lorentzian) broadening due to finite lifetimes will smear out the transitions.

8(E+E,, —Ei—E")

Homogeneous broadening can be accounted for by replacing
eV
2(EE) A [ ((Essgo ~ B +E=E"/T) +1]

is the lifetime. This yields the trapping rate

with a broadening term , equal to

hiT

where

EIS ElS 3/2
27 ¥

Kopuger ESEY === [ p(E) [ [M[-p(E")-x(E E")dE"dE"
£ =Fr = (5.16)
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and the Auger capture rate

2 E153/2
Coner (E1E) =0 [ M['- p(E) 2 (ELE")dE™
S (517)

As both thermal (~50 meV) and homogeneous broadening are small compared to the

employed potential step size (100 meV), their effect on the determined DOTS will be
small.

D.4 DFT calculations of effect of ligand density

To investigate the effect of ligand coverage on the DOTS, we calculate the full DOS of a
Cd,0Tes(HCOO).s QD, sequentially remove Cd(HCOO), ligands and perform a full surface

reconstruction after each removal. The result is shown in Figure 5.11.

We observe that after displacing two Cd(HCOO), ligands, the surface completely
reconstructs and leaves no mid-gap states. However, removal of the third ligand does not
lead to a complete reconstruction and one of the Te atoms remains di-coordinated (green
color in Figure 5.11 for Cds;Tey;(HCOO),). This leads to the formation, right above the
valence band, of a doubly-occupied molecular orbital mostly localized on the 5p orbital of
the di-coordinated Te atom, which can be considered as a deep (hole) trap state. After
each subsequent displacement of a Cd(HCOO), ligand, one additional Te atom remains
under-coordinated and forms mid-gap states. The DOTS therefore increases with the
number of Z-type ligands removed. In the most extreme case where almost all the ligands
have been ripped off, i.e. in Cd3,Te;(HCOO),, there are six under-coordinated Te atoms
that form a broad DOTS above the VB. The broadening can be ascribed to a significant
surface reconstruction that occurs on the QD interface. This occurs because the QDs
employed in our models are small in size and are expected to undergo significant
structural rearrangements. For larger QDs, on the other hand, we can predict much

smaller geometrical reconstructions and consequently much sharper DOTS above the VB.

Note that in all cases studied, Cd atoms are always saturated, either with three or four Te
atoms, and the corresponding molecular orbitals are always delocalized inside the
conduction band, instead of forming electron trap states. This suggests that during

surface reconstruction, under-coordinated Cd atoms, which would act as electron
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acceptors, are usually able to find electron donors in the surrounding that saturate them,
either directly from the QD surface in the form of 5p lone-pairs of adjacent Te atoms, or

from the environment, e.g. from ligands or solvent molecules.

CdaoTez1(HCOQ)+s CdsaTes1(HCOO)1s CdagTez1(HCOO)q4
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Figure 5.11 Plots of CdTe DOS after each removal of Cd(HCOO)2. The colors in the
DOSs indicate contribution from the ligands (black), the Te atoms (red) and the Cd
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atoms (blue). The contribution from the di-coordinated Te is shown in green. On the top-
right of each panel is shown the number of di-coordinated Te atoms that appear after

surface reconstruction.
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SUMMARY

Colloidal quantum dots (QDs) are semiconductor crystals with spatial extensions of a few
nanometers only, containing about 100 — 100 000 atoms. The small size gives rise to
fascinating opto-electronic properties such as a size-tunable bandgap. For example, the
apparent color of CdSe QDs, determined by absorption and emission of light, can be
changed conveniently throughout the entire visible spectrum (from red to blue) merely
by decreasing the size of the crystal. Combined with their high luminescence yields and
ease of surface functionalization, this opens up the possibility for a variety of applications

such as light-emitting diodes (LEDs), photodetectors, biomarkers, lasers, and solar cells.

This thesis assesses the potential of QDs for use in photovoltaics, as the light absorbing
material in a solar cell. Photovoltaics, the conversion of sunlight into electricity, is
considered a candidate technology for satisfying the ever-growing energy demand of the
world economy in a sustainable way. This expectation is based on the continuous energy
flux from the sun in form of sunlight, its availability in all parts of the world, and its
essentially green-house gas emission free conversion into electricity. However, to
increase the market share of solar cells, their cost-efficiency ratio needs to be decreased.
To make them affordable for a larger part of the world population, also their total cost
should be reduced, minimizing the loans necessary for purchasing a solar panel. Next to
organic and perovskite solar cells, solar cells made from QDs show promise to meet both
goals. The cost of QD solar cells is reduced due to their solution-processability at low
temperatures and the small amount of material needed to fully absorb all sunlight
impinging on the device. In addition, high power conversion efficiencies may be reached
by making use of carrier multiplication, band-gap optimization via the QD size, stacking of

QDs of different size in a multijunction, and hot-carrier extraction.

In this thesis, fundamental processes in QDs after light absorption are studied such as

charge transfer between QDs and charge trapping. We monitor these processes using
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ultrafast transient-absorption and time-resolved photoluminescence spectroscopy,
employing laser pulses of a duration of ~ 100 femtoseconds. Special attention is paid to
energy losses due to charge trapping. Both charge transfer and charge trapping depend
on the alignment of quantum confined states in the QD and localized trap states at the
QD surface. We determine the absolute energy of trap states and quantum confined

states via spectroelectrochemistry.

Chapters 2 and 3 determine absolute energy levels in films of CdSe and PbSe QDs via
electrochemical charge injection. The concomitant change in optical absorption of the
film allows quantification of the number of charges in quantum confined levels and
thereby their energy. First, Chapter 2 defines the conditions that need to be met for
electrochemical charge injection into films of QDs. It is found that the maximum number
of injected charges depends on the size of voids in the QD films (i.e., the space between
the quantum dots). This effect is attributed to size exclusion of countercharges from the
electrolyte solution. Further, the energy of the QD levels depends on subtle changes in
the QD film and the supporting electrolyte: the size of the cation and the length of the
ligands at the QD surface. These nontrivial effects can be explained by the proximity of
the cation to the QD surface and a concomitant lowering of the electrochemical
potential. Our findings help explain the wide range of reported values for QD energy
levels and redefine the limit of applicability of electrochemical measurements on QD
films. Finally, this chapter suggests that the dependence of the energy of QD levels on
ligand length and counterion size may be exploited in optimized designs of QD sensitized

solar cells.

Using the knowledge obtained in chapter 2, chapter 3 employs spectroelectrochemistry
to determine the band offset between CdSe and PbSe QDs. In general, the band offset
between two materials is defined as the free energy difference between their lowest
unoccupied energy levels and is of importance for charge transfer processes. In the case
of QDs, the band offset is the difference between their respective 1S. electron levels. This
offset is measured in situ, in a composite film containing both types of QDs. The 1S, level
in the PbSe QDs is found to reside 0.9 to 0.3 eV below the 1S. level of the CdSe QDs,
depending on the size of the PbSe QDs. The effect of the dielectric environment on the
band offset is minor, as inferred from the small (< 0.1 eV) difference between a bilayer
film (with separate PbSe and CdSe phases) and a film with alternating layers of PbSe and
CdSe (where each QD has a neighbour of opposite material). However, the respective 1Se

levels vary markedly, by 0.5 eV. We attribute these variations to differences in the surface
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chemistry between the QD films. These shifts highlight the importance of assessing the
band offset in situ for the sample of interest. Extrapolation of energy levels obtained for

pure films to respective energies in a heterostructure is inaccurate.

Chapter 4 discusses photoinduced charge transfer between CdTe and CdSe QDs in a QD
film. This is a fundamental process that needs to take place in solar cells, after absorption
of a photon and before charge transport to the electrodes where a photovoltage and
photocurrent may be extracted. For the composite QD films studied here, this process is
expected to be efficient, since CdTe and CdSe form a type-Il heterojunction, with both the
1Se electron and 1S3, hole level lying higher in CdTe than in CdSe. However, we find that
very efficient electron trapping in CdTe QDs obstructs electron transfer to CdSe QDs
under most conditions. Only the use of thiol ligands results in somewhat slower electron
trapping; in this case the competition between trapping and electron transfer results in a
small fraction of electrons being transferred to CdSe. However, we demonstrate that
electron trapping can be controlled and even avoided altogether by using the unique
combination of electrochemistry and transient absorption spectroscopy. When the Fermi
level is raised electrochemically, traps are filled with electrons and electron transfer from
CdTe to CdSe QDs occurs with unity efficiency. These results show the great importance
of knowing and controlling the Fermi level in QD films and open up the possibility of the

systematic investigation of the intrinsic electron transfer rates in donor acceptor films.

Chapter 5 takes a closer look at the detrimental trapping process in QD films. Extending
the experimental approach of chapter 4, a combination of electrochemical control of the
Fermi level with ultrafast transient absorption and time-resolved photoluminescence
spectroscopy is employed to determine the density of trap states in CdTe Quantum-Dot
solids. We find a high density of very efficient electron traps ~ 0.35 eV above the valence
band, distributed over ~ 0.3 eV. Electrochemical filling of these traps increases the
electron lifetime and the photoluminescence quantum yield by more than one order of
maghnitude, while hole trapping to these states is one order of magnitude slower. Both
observations can be explained by Auger mediated trapping. Density Functional Theory
calculations identify the traps as under-coordinated Te atoms at the Quantum Dot
surface. The combination of our unique experimental determination of the density of trap
states with the theoretical modelling of the Quantum Dot surface allows us to identify

the mechanism and exact chemical reaction at play during charge trapping in the QDs.
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Colloidale kwantum punten (Engels: quantum dots, afkorting: QDs) zijn halfgeleider
nanokristallen met ruimtelijke dimensies van maar een paar nanometer. Ze bevatten
ongeveer 100 tot 100 000 atomen per nanokristal. De kleine grootte zorgt voor
fascinerende opto-elektronische eigenschappen zoals een bandkloof (Engels: band gap)
die afhangt van de grootte. Bijvoorbeeld de kleur van CdSe QDs, die wordt bepaald door
absorptie en emissie van licht, kan eenvoudig worden aangepast door het hele zichtbare
spectrum heen (van rood naar blauw), simpelweg door de grootte van het kristal te
verkleinen. Gecombineerd met hun hoge Iuminescentie lichtopbrengst en de
gemakkelijke functionalisatie van het opperviak geeft dit mogelijkheden voor allerlei
toepassingen zoals licht-emitterende diodes (LEDs), fotodetectoren, biomarkers, lasers

en zonnecellen.

In dit proefschrift wordt de waarde van QDs als licht-absorberend fotovoltaisch materiaal
in een zonnecel geévalueerd. Fotovoltaische materialen, waarin zonlicht wordt omgezet
in elektriciteit, worden gezien als een kandidaat om aan de immer groeiende vraag naar
energie van de wereldeconomie te voldoen, op een duurzame manier. Deze verwachting
is gebaseerd op de continue energiestroom van de zon in de vorm van zonlicht, de
beschikbaarheid ervan in alle delen van de wereld en dat de conversie van zonlicht naar
elektriciteit in essentie vrij is van de emissie van broeikasgassen. Niettemin, om het
marktaandeel van zonnecellen te vergroten moet de verhouding tussen kosten en

efficiéntie omlaag.

Om zonnecellen voor een groter deel van de wereldbevolking betaalbaar te maken
moeten ook de totale kosten omlaag, wat de leningen zal minimaliseren die nodig zijn om
een paneel aan te schaffen. Behalve de organische en perovskiet zonnecellen hebben ook

QD zonnecellen de belofte om te voldoen aan beide eisen. De kosten van QD zonnecellen
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zijn lager vanwege hun verwerkbaarheid als oplossing en bij lage temperatuur en de
kleine hoeveelheid materiaal die nodig is om alle zonlicht te absorberen die op de
zonnecel valt. Ook kan een hoge conversie-efficiéntie worden behaald door gebruik te
maken van ladingsvermenigvuldiging, optimalisatie van de bandkloof, stapelen van QDs

van verschillende grootte in een multi-junctie, en extractie van hete ladingen.

In dit proefschrift worden de fundamentele processen in QDs bestudeerd die
plaatsvinden na lichtabsorptie, zoals ladingsoverdracht en het ‘gevangen’ worden van
ladingen (Engels: trapping). We volgen deze processen met ultrasnelle tijds-opgeloste
absorptie en fotoluminescentie spectroscopie, gebruikmakend van laser pulsen met een
tijdsduur van ~100 femtoseconde. Speciale aandacht is er voor energieverliezen door
trapping. Zowel ladingsoverdracht als trapping hangen af van de precieze verhouding van
de kwantum-opgesloten toestanden in de QD en de gelokaliseerde traptoestanden op
het oppervlak van de QD. We meten de absolute energie van traptoestanden en

kwantum-opgesloten toestanden via spectroelektrochemie.

In hoofdstuk 2 en 3 worden de absolute energieniveaus in dunne lagen van CdSe en PbSe
QDs bepaald via elektrochemische injectie van ladingen. De bijbehorende verandering van
optische absorptie maakt het mogelijk om het aantal ladingen in kwantum-opgesloten
niveaus te kwantificeren, en daarmee ook hun energie. Hoofdstuk 2 bepaalt ten eerste de
condities waaraan elektrochemische ladingsinjectie in dunne lagen van QDs moet
voldoen. We vinden dat het maximale aantal van geinjecteerde ladingen afhangt van de
leegtes tussen de QDs in de laag, dus de hoeveelheid ruimte tussen de dots. Dit effect
wordt toegeschreven aan uitsluiting op basis van grootte van tegenladingen uit de
elektrolyt oplossing. Er wordt verder gevonden dat de energie van de QD niveaus
afhangen van subtiele veranderingen in de QD laag en de elektrolyt: de grootte van het
kation en de lengte van de liganden op het QD oppervlak. Deze niet-triviale effecten
kunnen worden uitgelegd door de nabijheid van het kation bij het QD oppervlak en de
bijpehorende verlaging van de elektrochemische potentiaal. Onze bevindingen helpen
om de grote variatie van gerapporteerde waarden voor de QD energieniveaus te
verklaren en herdefiniéren de grenzen aan het toepassen van elektrochemische metingen
aan QD lagen. Tot slot suggereert het hoofdstuk dat de afhankelijkheid van de QD
energieniveaus van de ligandlengte en de grootte van het tegen-ion kan worden gebruikt

om het ontwerp te optimaliseren van QD gesensibiliseerde zonnecellen.
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In hoofdstuk 3 wordt, gebruikmakend van de kennis opgedaan in hoofdstuk 2,
spectroelektrochemie gebruikt om het energiebandverschil (Engels: band offset) te
bepalen tussen CdSe en PbSe QDs. Het energiebandverschil wordt in het algemeen
gedefinieerd als het verschil in vrije energie tussen hun laagste niet-bezette energie
niveaus en is belangrijk voor ladingsoverdrachtprocessen. In het geval van QDs is het
energiebandverschil het verschil tussen hun 1S, elektron niveaus. Dit verschil wordt in situ
gemeten in een composiet laag van beide typen QDs. Het 1S niveau in de PbSe QDs
bevindt zich 0.9 tot 0.3 eV onder het 1S. niveau van de CdSe QDs, afhankelijk van de
grootte van de PbSe QDs. Het effect van de diélektrische omgeving is klein, wat volgt uit
het kleine (< 0.1 eV) verschil tussen een bilaag (met gescheiden PbSe en CdSe fasen) en
een laag met alternerende lagen van PbSe en CdSe (waarin iedere QD een buur heeft van
het tegengestelde materiaal). Echter, hun 1S niveaus verschillen behoorlijk, met 0.5 eV.
We schrijven deze variaties toe aan het verschillen in oppervlaktechemie tussen de QD
lagen. Deze verschuivingen benadrukken de noodzaak om het energiebandverschil in situ
te bepalen voor het betreffende sample. Extrapolatie van energieniveaus bepaald voor

pure lagen naar energieniveaus in heterostructuren in onnauwkeurig.

In hoofdstuk 4 wordt ladingsoverdracht bestudeerd dat plaatsvindt tussen CdTe en CdSe
QDs in een dunne laag, nadat licht in geabsorbeerd. De ladingsoverdracht is een
fundamenteel proces dat nodig is in een zonnecel, na fotonabsorptie en voor
ladingstransport naar de elektroden waar een fotovoltage en fotostroom kan worden
onttrokken. Voor de samengestelde QD lagen die hier worden bestudeerd wordt er
verwacht dat dit proces efficiént is, omdat CdTe en CdSe een type-ll heterojunctie
vormen waarbij zowel het 1Se elektron als het 1S5, gat niveau hoger liggen in CdTe dan in
CdSe. We vinden echter dat zeer efficiént trappen van ladingen in CdTe ervoor zorgt dat
er geen ladingstransport plaatsvindt naar CdSe in bijna alle gevallen. Alleen het gebruik
van thiol-liganden resulteert in iets langzamere elektron trapping; in dit geval resulteert
de competitie tussen trapping en elektronoverdracht in een kleine fractie elektronen die
wel overspringt naar CdSe. We demonstreren hier echter dat elektron trapping beinvloed
en zelfs compleet voorkomen kan worden door gebruik te maken van de unieke
combinatie van elektrochemie en tijds-opgeloste absorptie spectroscopie. Als het Fermi-
niveau elektrochemisch wordt verhoogd, zullen traps gevuld worden met elektronen en
kan ladingsoverdracht tussen CdTe en CdSe met 100% efficiéntie plaatsvinden. Deze
resultaten laten zien dat het zeer belangrijk is het Fermi-niveau in QD lagen te kennen en
te controleren en het opent de mogelijkheid om de intrinsiecke snelheid van

elektronoverdracht in donor-acceptor lagen systematisch te onderzoeken.
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In hoofdstuk 5 wordt het nadelige trapping proces in QD lagen nader onderzocht.
Voortbouwend op de experimentele aanpak van hoofdstuk 4 wordt een combinatie van
elektrochemische controle van het Fermi-niveau samen met ultrasnelle tijds-opgeloste
absorptie en luminescentie spectroscopie gebruikt om de dichtheid van trap toestanden
in CdTe QD lagen te bepalen. We vinden een hoge dichtheid van zeer efficiénte elektron
traps ~ 0.35 eV boven de valentieband, verdeeld over ~ 0.3 eV. Elektrochemisch opvullen
van deze traps verhoogt de elektron levensduur en de fotoluminescentie
kwantumopbrengst met meer dan een ordegrootte, terwijl gat trapping naar deze
toestanden een ordegrootte langzamer is. Beide observaties kunnen verklaard worden
door trapping met behulp van een Auger process (Engels: Auger mediated trapping).
Density Functional Theory (DFT) berekeningen laten zien dat de traps onder-
gecodrdineerde Te atomen op het QD oppervlak zijn. De combinatie van onze unieke
experimentele bepaling van de dichtheid van trap toestanden, samen met het theoretisch
modelleren van het QD oppervlak, maakt het mogelijk om het mechanisme en de

precieze chemische reactie van het trappen van ladingen in de QD te identificeren.

Vertaald door Michiel Aerts
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