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ABSTRACT: Colloidal quantum dots (QDs) allow great flexibility in the design of
optoelectronic devices, thanks to their size-dependent optical and electronic properties and
the possibility to fabricate thin films with solution-based processing. In particular, in QD-
based heterojunctions, the band gap of both components can be controlled by varying the size
of the QDs. However, control over the band alignment between the two materials is required
to tune the dynamics of carrier transfer across a heterostructure. We demonstrate that ligand
exchange strategies can be used to control the band alignment of PbSe and CdSe QDs in a 8 X

mixed QD solid, shifting it from a type-I to a type-II alignment. The change in alignment is

observed in both spectroelectrochemical and transient absorption measurements, leading to a

change in the energy of the conduction band edges in the two materials and in the direction of X ¥ Type-li

electron transfer upon photoexcitation. Our work demonstrates the possibility to tune the

band offset of QD heterostructures via control of the chemical species passivating the QD surface, allowing full control over the
energetics of the heterostructure without requiring changes in the QD composition.

B INTRODUCTION inward-pointing surface dipoles increase the electron affinity,
i.e, the energy difference between the vacuum level and the
conduction band (CB), while outward-pointing surface dipoles
decrease it.”> The possibility to shift the energy structure of
QDs via control of the ligand-induced surface dipoles, depicted
schematically in Figure la, can be used to control the band
offset in a junction without affecting the QD band gap, as
conduction- and valence-band edges are shifted by the same
amount. Chuang et al.*® and Santra et al.*” showed the effect of

Semiconductor heterojunctions provide control over the
distribution and the motion of charge carriers and thus are
at the core of many optoelectronic devices. Semiconductor
quantum dots (QDs) offer great flexibility in designing
heterojunctions. The band gap of QDs can be readily tuned
via a change in the QD size, without requiring changes in
material composition.'* Colloidal solutions of QDs can be
cast into thin films via solution-based processing, leading to ” ’ ) ¢ ) R
densely packed films of QDs.”~* During film fabrication, the the hgand-.mduce'd shift on worhng devices, by fabricating a
long, insulating ligands capping the surface of as-synthesized homo]unctlf)n ?Vlth two different ligand treatments on PbS
QDs can be exchanged for shorter, more conductive QDs, resulting in an increase of the photovoltaic performance
ligands,*~"® allowing a high degree of electronic coupling ofa Q_]?-based solar cell:

between QDs while maintaining the quantum-confined nature In this work, we use ligand exchange treatments to control

of QD states. These properties make QD solids excellent the band alignment of QD heterojunctions. We fabricated films
10,20—22 composed of alternating layers of PbSe and CdSe QDs via

layer-by-layer dip-coating. The film structure is shown
schematically in Figure 1b. While this layer-by-layer geometry

. . 16—19 .

candidates for use in solar cells, transistors,
23,24 25-28 29-31

LEDs,”™" lasers, and photodetectors.

to bulk semiconductor heterojunctions, junctions formed

In contrast

between different QDs do not require epitaxial connections, is not optimal for charge extraction in devices requiring
which allows the fabrication of QD films composed of transverse transport (such as solar cells), it allows for a facile
different, non-lattice-matched QD components, without and controlled formation of the heterostructure. Assembling
building up strain in the system. the QDs in a bulk heterojunction or binary superlattice would

Beside the tunability of QD band gaps, numerous studies enable efficient charge transport while maintaining the validity
have demonstrated that the ligands on the QD surface
significantly affect the position of the QD band edges with Received: October 8, 2019
respect to the vacuum level.'¥*>**37% Thjs effect arises from Revised: ~ November 18, 2019
changes in the surface dipoles induced by the different ligands: Published: November 19, 2019
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Figure 1. Schematics of QD heterojunction films. (a) Band edges of a semiconductor QD can be shifted by the presence of passivating ligands with
different dipole moments."*>** (b) Structure of a PbSe—CdSe heterojunction QD film, fabricated by dip-coating alternating layers of PbSe and
CdSe QDs, and ligand-exchanging the original ligands of the as-synthesized QDs for shorter linker molecules. The inset shows the heterojunction
formed by CdSe and PbSe QDs treated with ethanedithiol (EDT), characterized by a type-I band alignment.**** (c) Energy shift induced by the
benzenethiol (BT, top left) and tetrabutylammonium chloride (TBAC], top right) ligand treatment on the conduction- and valence-band-edge
positions in an EDT-capped QD, as reported by Brown et al.,** together with the possible type-II heterojunction resulting from BT treatment of

PbSe QDs and TBACI treatment of CdSe QDs.

of the results.*’ ™ During the fabrication step, the oleate

ligands, capping the as-synthesized QDs, are exchanged for
shorter ligands. In earlier work performed in our group, we
characterized the band alignment of PbSe—CdSe hetero-
junction films capped with ethanedithiolate (EDT) ligands. We
found a type-I alignment between the two materials, in which
the band edges of the smaller band-gap component (PbSe) are
located within the band gap of the larger band-gap component
(CdSe), as represented in Figure 1b.”"*°

Although a type-I alignment is beneficial for optoelectronic
applications involving radiative electron—hole recombination,
such as LEDs or lasers, for many devices other band alignment
configurations are preferred. Type-II heterojunctions lead to a
separation of photoexcited electrons and holes, decreasing
their recombination rate and thus increasing their lifetime.
Such a configuration is preferred for light detection and
photovoltaic applications. Alternatively, it could be beneficial
to have a so-called quasi-type-II band alignment, where the CB
levels of both materials are resonant. This would be ideal in the
context of optimizing carrier multiplication, where, upon
photon absorption in the CdSe QDs, impact ionization of the
hole can lead to the generation of multiple electron—hole pairs,
as has been shown for CdSe/PbSe core—shell QDs** and Janus
particles.*> In general, it is clear that the ability to control the
relative alignment of the energy levels increases the possibilities
to form functional QD heterojunctions.

We demonstrate that the type-I band alignment between
CdSe and PbSe QDs can be altered into a type-II alignment
(see Figure 1c) by the functionalization of the two QD
components with appropriate ligands. Considering the changes
in electron affinity reported by Brown et al,*” we treated the
PbSe QDs with benzenethiol (BT) ligands, leading to lower
electron affinities than the EDT treatment. The CdSe QDs
were treated with tetrabutylammonium chloride (TBACI),
leading to higher electron affinities than the EDT treatment.
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We performed spectroelectrochemical measurements on
heterojunction QD films, confirming a type-I alignment for
EDT-capped heterojunctions, which is altered into a type-II
band alignment following a BT-TBACI treatment. Transient
absorption (TA) measurements confirm that this type-II
offset leads to charge separation and longer charge carrier
lifetimes, while revealing the presence of a high density of
interfacial trap states. Our results demonstrate the possibility to
engineer the band alignment of QD heterojunctions via control
of the passivating ligands on the QD surface, enabling full
control over the energetics of the heterojunction. At the same
time, a high degree of electron trapping at interfacial states is
observed, which hinders the usage of PbSe—CdSe QD
heterojunctions. Further improvement in the understanding
and passivation of the heterojunction surface is needed to
bridge the gap with device-grade heterojunctions.

B METHODS
CdSe QD Synthesis. The CdSe QDs were synthesized

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

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

DOI: 10.1021/acs.jpcc.9b09470
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The Se growth solution was obtained by dissolving 0.25 g of
Se powder in 1.55 g of trioctylphosphine (TOP, tech grade
90%) in a nitrogen-filled glovebox.

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

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

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

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

Film Fabrication. The heterojunction QD films were
fabricated by layer-by-layer deposition. For every QD layer, the
substrate [quartz or indium tin oxide (ITO)] was dipped in a
QD solution for 30 s, then was raised out of the solution, left to
dry for 30 s, and subsequently immersed for 30 s in a solution
of the new ligands dissolved in a polar solvent. After 30 s of
drying, the substrate was immersed in the pure polar solvent,
to wash away unbound residues of the new ligands, and finally
left to dry for 30 s before starting again the same cycle for the
other QD material. The QD solutions were prepared with a
QD concentration in hexane of 0.2 mM, determined from
linear absorption measurements and from the values of the
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extinction coefficient provided in the literature.***’ For the
EDT-capped films, the ligand exchange solution was a 10 mM
solution of EDT in acetonitrile, and in the final washing step,
the substrate was immersed in acetonitrile. For the TBACI
layers, the ligand exchange solution consisted of a 30 mM
solution of TBACI in methanol, and in the final washing step,
the substrate was immersed in methanol. For the BT layers, the
ligand exchange solution consisted of a 50 mM solution of BT
in methanol, and in the final washing step, the substrate was
immersed in methanol. The TBACI-BT-capped films were
obtained by depositing 12 alternating layers of each material,
resulting in a total film thickness of 80 + 30 nm. The EDT-
capped films were obtained by depositing four alternating
layers of each material, resulting in a total film thickness of 37
+ 4 nm.

Transient Absorption. The fundamental laser beam is
generated by a Yb:KGW oscillator (Light Conversion, Pharos
SP), producing a 1028 nm wavelength beam with 180 fs pulse
width and § kHz repetition rate. The fundamental laser beam
is sent to a beam-splitter, separating the beam into a low-
intensity and a high-intensity component. The high-intensity
component (pump beam) is sent through an optical parametric
amplifier (OPA, Light Conversion, Orpheus), allowing to tune
the wavelength of the beam between 312 and 1330 nm. The
pump beam is then sent through a mechanical chopper
rotating at 2.5 kHz, blocking one out of two laser pulses. After
transmission through the chopper, the pump beam is sent to
the sample, photoexciting it. The low-intensity beam (probe
beam) is converted into a broad-band continuum (500—1600
nm) by transmission through a sapphire crystal and then
focused on the sample, where it overlaps spatially with the
pump beam. After transmission through the sample, the probe
beam is collected by a detector (Ultrafast Systems, Helios),
measuring the spectrum of the probe pulse transmitted by the
sample in the presence of a pump pulse (I,,) and the probe
pulse transmitted when the pump beam was blocked (I ¢). The
differential absorbance is calculated via AA = —In(I,,/I,¢). The
chirp of the probe spectrum, produced by the different group
velocities of different probe wavelengths, is corrected via a
polynomial fit to the coherent artifact response.50 The QD
films were loaded into an air-tight sample holder inside a
nitrogen-filled glovebox.

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

DOI: 10.1021/acs.jpcc.9b09470
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Figure 2. Spectroelectrochemical determination of band alignment in EDT and TBACI/BT heterojunction films. (a, b) Differential absorbance
spectra of the (a) EDT-treated and (b) TBACI/BT films for different applied potentials. Dotted lines indicate fits of the data around the band-gap
energies of the two QD components. For the (a) EDT-treated film, the PbSe bleach appears at higher potential vs vacuum than the CdSe bleach,
while the order of appearance is reversed in the (b) TBACI/BT film. (c, d) Amplitude of the bleach component extracted from a fit to the data (see
the Supporting Information), plotted as a function of the applied potential. Dotted lines show error function fits to the experimental data (see Table
1). (e, f) Schemes representing the band alignment of the QD heterojunctions, highlighting that PbSe is the first QD material to bleach in the (e)

type-I film, while CdSe QD bleach first in the (f) type-II film.

B RESULTS AND DISCUSSION

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

Spectroelectrochemical Determination of Band
Alignment. To determine the relative position of the
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conduction bands in the PbSe and CdSe QDs, we performed
spectroelectrochemical measurements on the heterojunction
QD films assembled on a conductive ITO substrate. In these
measurements, the sample is immersed in an electrolyte
solution (0.1 M lithium perchlorate in acetonitrile) and a
potential is applied between the substrate and a Ag wire
quasireference electrode, while the absorbance of the sample is
recorded. The potential of the quasireference electrode was
calibrated with the ferrocene/ferrocenium redox couple (see
the Supporting Information, Figure S1). All potentials are
reported with respect to vacuum.

When the Fermi level of the system is raised above the CB
edge of one of the QD components, charges are injected into
the CB of the QDs, leading to a reduction of the band-edge
absorption, an effect called absorption bleach.”’ ™ The
measurement of the development of the absorption bleach of
the two QD components as a function of the applied potential
allows the band alignment in the heterojunction to be to
reconstructed: if the PbSe bleach develops at more positive
potentials than the CdSe bleach, the PbSe band edges lie
within the CdSe band gap and the system is in a type-I

DOI: 10.1021/acs.jpcc.9b09470
J. Phys. Chem. C 2019, 123, 29599—29608
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alignment; vice versa, if the CdSe bleach develops first, the
system is in a type-II alignment.34

Figure 2 shows the results of spectroelectrochemical
measurements performed on an EDT-treated sample and on
a TBACI-BT-treated sample. Figure 2a shows the differential
absorbance of the EDT-treated film for different applied
potentials. As the potential is decreased, a negative bleach
feature appears at the PbSe band-gap wavelength (1030 nm),
followed at lower potential by a bleach feature at the CdSe
band gap (603 nm). In contrast, for the TBACI-BT sample
(Figure 2b), the first absorption bleach is observed at the CdSe
QD band gap, while a PbSe absorption bleach becomes
apparent at lower potential.

Beside the presence of the band-edge bleaches, the
measurement shows a broad induced absorption background,
which is often observed in similar measurements on QD
films®**” and is likely related to increased scattering and
reflection due to the reduction of surface cations.”” To
disentangle the potential dependence of the bleach features
from the increase in the background, we performed a fit of the
signal in a spectral range around each bleach feature,
employing a Gaussian shape for the bleach and describing
the slowly varying background with a straight line (dotted lines
in Figure 2a,b). Figure 2¢,d shows the amplitude of the two
bleach features as a function of the potential in the EDT
(Figure 2c) and in the TBACI-BT sample (Figure 2d), clearly
demonstrating that the PbSe bleach appears at higher potential
in the EDT sample, while the CdSe bleach appears at higher
potential in the TBACI-BT sample.

Figure 2e,f displays the energy alignment inferred from the
spectroelectrochemical results. In the EDT film, the PbSe CB
edge lies at lower energy (higher potential) than the CdSe CB
edge. Since the PbSe band gap is smaller than the CdSe band
gap, the PbSe CB edges fall within the CdSe band gap, as
shown in Figure 2e. Vice versa, the fact that in the TBACI-BT
film the CdSe bleach appears at lower energy (higher
potential) than the PbSe bleach implies a type-Il band
alignment, as shown in Figure 2f. These results demonstrate
that the band alignment in CdSe—PbSe QD heterojunction
films can be switched between type-I and type-II via ligand
treatments.

As shown in Figure 2d, the CdSe bleach amplitude in the
TBACI-BT film shows a second increase in the bleach
amplitude below 3.7 V, occurring in the same potential
range where the PbSe bleach develops. The second bleach
increase could be caused by pockets of CdSe QDs isolated
from the rest of the CdSe QDs network by surrounding PbSe
QDs. When electrons are present only in the CdSe CB,
electron injection in the isolated CdSe QD is slow and does
not occur efficiently within the time scale of our experiment.
When the Fermi level is raised above the PbSe CB, electrons
can be injected into the PbSe QDs, increasing the conductivity
of the entire film and allowing facile injection of electrons into
the isolated CdSe QDs.

The potential dependence of the bleach amplitudes is well
described by an error function (dotted black lines in Figure
2¢,d), describing progressive filling of a Gaussian density of
states centered at the CB energy (see the Supporting
Information). Fitting the potential dependence of the bleach
leads to a quantitative determination of the CB energy for the
two ligand treatments, listed in Table 1.

The CB energies extracted from the fit show that the band
offset, AE = Ecg (CdSe) — Ecy (PbSe), changes sign between

Table 1. Conduction Band (CB) Energies for PbSe and
CdSe QDs in the EDT and TBACI-BT Films, Determined
via an Error Function Fit to the Bleach Amplitude, Shown
in Figure 2c,d

PbSe CB (eV) CdSe CB (eV) AE (eV)
EDT film —4.2 -39 0.3
TBACI-BT film -3.6 -39 —-0.3

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

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

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

Figure 3a shows the results of a TA measurement of the
TBACI-BT-treated type-II film, excited at 700 nm to obtain
selective photoexcitation of the PbSe QD component, with an
absorbed photon fluence of 1.96 X 10" photons/cm® per
pulse. At early times after photoexcitation, the signal shows a
bleach at the CdSe band gap (blue in the color map),
indicating the presence of electrons at the CdSe CB edge. This
bleach feature decays rapidly and is replaced by a negative—
positive antisymmetric signal, resembling the first derivative of
the first absorption peak (the red trace in Figure 3d). The
derivative-like feature is associated with an electrostatic shift of
the QD absorption®”®" and can be linked to the presence of
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Figure 3. Transient absorption (TA) measurements of electron dynamics in CdSe—PbSe QD heterojunction films upon selective PbSe excitation.
(a) TA color map of the TBACI/BT film, excited at 700 nm with an absorbed fluence of 1.96 X 10" * photons/cm? per pulse. The CdSe band-edge
signal is characterized by a bleach feature that decays rapidly and is replaced by a derivative-like feature. (b) TA color map of the TBACI/BT film,
excited at 700 nm with an absorbed fluence of 8.58 X 10'* photons/cm? per pulse. A long-lived bleach is present at the CdSe band edge. (c) TA
color map of the EDT film, excited at 700 nm with an absorbed fluence of 4.24 X 10'* photons/cm? per pulse. The CdSe bleach is short-lived. (d)
Absorbed fluence-normalized TA signal of the TBACI/BT film excited at 700 nm with different photon fluences, obtained at a delay time of 200 ps.
With increasing photon fluence, the signal evolves from a derivative-like feature to a Gaussian bleach. (e) Absorbed fluence-normalized TA signal of
the EDT film excited at 700 nm with different photon fluences, obtained at a delay time of 200 ps. The shape of the signal at the CdSe band gap is
weakly influenced by the absorbed fluence. (f) Time dependence of the energy-integrated band gap signal (see the Supporting Information) of the
EDT sample (red) and TBACI-BT sample (blue), for low (dotted-line) and high (continuous line) fluence. As the fluence increases, the bleach
lifetime in the TBACL-BT film increases dramatically, while in the EDT sample, it is hardly affected. (g—i) Schemes representing electron transfer
processes occurring in the (g, h) type-II film and in the (i) type-I film. For the type-II film, at low fluence, electrons are rapidly trapped at interfacial
states (g), and higher fluence is needed to saturate the trap states and allow long-lived electron occupation of the CdSe CB edge (h). In the (i)
type-I film, the electron dynamics is described by hot-electron transfer to the CdSe QDs, followed by back-transfer to the PbSe QDs.**

charge carriers close to the CdSe QDs but not directly heterojunction films. In that case, electrochemical trap filling
populating the CdSe CB edge. We associate the rapid decay of was required to observe efficient electron transfer from CdTe
the bleach in the type-II system with the presence of a high to CdSe QDs.”

density of electronic trap states. The presence of sub-ns In analogy with the approach used for the CdSe-CdTe QD
trapping was also shown in our previous TA study on type-I heterojunction films, in this work, we sought to fill the traps by
CdSe—PbSe QD heterojunction films.”> Very fast electron increasing the excitation fluence. We find that the fast decay

trapping was also observed in CdSe-CdTe type-II QD dynamics of the CdSe band-edge bleach changes significantly
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Figure 4. Transient absorption (TA) measurements of electron dynamics upon direct CdSe excitation. (a) TA color maps of a TBACI/BT
heterojunction film (left), a CdSe-only film treated with TBACI (middle), and an EDT heterojunction film (right) excited at 570 nm, above the
onset of CdSe absorption. The minimum of each color scale is set to the lowest differential absorbance value. The TBACI/BT film shows the
longest bleach lifetime, while the bleach of the EDT film is the shortest-lived. (b) Normalized bleach amplitude for the TA measurements displayed
in (a), quantitatively showing the difference in bleach decay between the films. (c) Proposed model for the dynamics of bleach decay upon direct
CdSe excitation. The increased bleach lifetime in the TBACI/BT film is attributed to spatial separation between electrons and holes across the type-
II heterojunction. In the type-I EDT-treated film, instead, electron transfer contributes to the depopulation of the CdSe band edges, increasing the

rate of bleach decay.

as a function of excitation fluence. A TA measurement at a
high absorbed photon fluence of 8.58 X 10'* photons/cm?* per
pulse is shown in Figure 3b. In this case, the CdSe band-edge
response is characterized by a long-lived bleach feature,
eventually decaying with a half-life of 400 ps, comparable
with the band-edge bleach lifetime of a CdSe-only film (see
also Figure 4a,b and the Supporting Information).

Figure 3c shows the differential absorbance of an EDT-
treated type-I film obtained with measurement conditions
similar to those in Figure 3b (700 nm excitation with an
absorbed photon fluence of 4.24 X 10'* photons/cm® per
pulse). As previously reported for EDT-treated PbSe—CdSe
QD films, excitation below the CdSe QD absorption onset
results in a short-lived CdSe QD bleach, originating from hot-
electron transfer from the PbSe QDs to the CdSe QDs,
followed by back-transfer to the PbSe QDs.”> While the CdSe
QD absorption bleach in the type-II film decays with a half-life
of 400 ps (Figure 3b), the CdSe QD bleach in this type-I film
decays with a short half-lifetime of 3.8 ps. This short decay
time is attributed to fast electron back-transfer in the type-I
heterojunction, confirming the difference in band alignment
between the two films.

Figure 3d shows the fluence-normalized TA spectra of the
TBACI-BT sample obtained 200 ps after photoexcitation at the
CdSe QD band gap for varying absorbed photon fluences.
While at low fluence the signal is dominated by the derivative-
like feature, due to the trapping of photoexcited carriers, as the
fluence increases, the signal becomes dominated by a band-
edge bleach, indicating the presence of electrons at the CdSe
CB edge. In contrast to the type-II TBACI-BT sample, the
type-I EDT sample shows little variation of the fluence-
normalized band-edge TA signal with fluence, as shown in
Figure 3e.

Figure 3f shows the time dependence of the bleach signal for
the TBACI-BT sample (blue lines) and EDT sample (red
lines), measured in the low fluence (dotted lines) and high
fluence (continuous lines) regimes. The TA signal, here
labeled AA*, is integrated over a spectral range centered at the
CdSe QD band gap (581—652 nm), to remove the
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contribution of the antisymmetric positive—negative shift
feature from the time dependence of the bleach. The increase
in absorbed photon fluence causes only a minor variation in
the bleach lifetime for the EDT sample, while the dynamics of
the bleach in the TBACI-BT film changes dramatically, going
from a bleach decay half-life of 2.7 to 400 ps.

Our interpretation of the TA measurements on the type-II
TBACI-BT sample is summarized by the schemes in Figure
3gh. Figure 3g shows the dynamics of the photoexcited
electron in the low-fluence regime, in which carrier trapping
and electron transfer both occur on a picosecond time scale,
leading to a short-lived CdSe QD bleach and the development
of a pronounced derivative-like feature at later times. However,
in the high-fluence regime (Figure 3h), the increased number
of trapped electrons can saturate the density of trap states,
allowing additionally photogenerated electrons to escape the
trapping process and remain at the CdSe band edge. The
power dependence of the bleach lifetime distinguishes the
type-Il TBACI-BT sample from the type-I EDT sample (Figure
3i). In the latter case, the bleach dynamics is dominated by the
back-transfer of hot electrons from CdSe QDs to PbSe QDs,
which does not depend on the excitation fluence.

Since the fast trapping process is not observed in a PbSe-
only or CdSe-only QD film (see the Supporting Information,
Figures S4 and SS), we tentatively assign these trap states to
interfacial states, occurring at the PbSe—CdSe heterojunction
interface. The presence of localized states at the interface
between Pb chalcogenides and Cd chalcogenides has been
predicted by density functional theory (DFT) simulations of
PbS—CdS Janus particles®® and of PbSe QDs embedded in a
CdSe matrix,” suggesting that epitaxial contact between PbSe
and CdSe nanostructures leads to the formation of localization
centers. However, we performed DFT calculations of PbSe—
CdSe QD-dimers capped with thiolate ligands on the PbSe QD
and Cl” ligands on the CdSe QD (see the Supporting
Information, Figure S6), displaying a clean band gap, i.e., free
of localized interfacial states. This suggests that CdSe—PbSe
QD heterointerfaces do not necessarily lead to the formation
of localized interfacial states and that the presence of fast
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electron trapping in the heterojunction films might be
associated with insufficient ligand passivation.

To further demonstrate the effect of the band offset on the
lifetime of photogenerated electrons, we excited mixed CdSe—
PbSe and CdSe-only QD films above the CdSe QD band gap,
at 570 nm. Figure 4a compares the resulting TA response of
the TBACI/BT heterojunction film (Figure 4a, left) with the
response of a CdSe-only film (Figure 4a, center) and of an
EDT-treated heterojunction film (Figure 4a, right). In each
color map, the blue edge of the color scale is set to the
minimum AA value. Figure 4b shows the time dependence of
the normalized bleach, highlighting the differences between the
three films. It is evident that the bleach lifetime is longest in
the TBACI/BT type-II heterojunction film, shortest in the
EDT type-I heterojunction film, and intermediate in the CdSe-
only film.

The differences in the bleach decay can be attributed to
differences in the carrier recombination rate induced by charge
transfer, as depicted in Figure 4c. For the type-II film (left
panel), an electron—hole pair, generated on CdSe QD in
contact with a PbSe QD, is separated, as the hole transfers to
the PbSe QDs. Charge separation decreases the rate of
recombination and increases the electron lifetime with respect
to the CdSe-only film. On the contrary, in the type-I film,
charge transfer between adjacent CdSe and PbSe QDs
depopulates the band edges of the CdSe QDs, thus increasing
the rate of band-edge bleach decay. These TA measurements,
with excitation both above and below the CdSe QD band gap,
confirm the type-I alignment of the EDT-treated QD
heterojunction film and the type-II alignment of the TBACI-
BT-treated film, in line with the results of the spectroelec-
trochemical measurements.

Bl CONCLUSIONS

Using spectroelectrochemistry and ultrafast transient absorp-
tion spectroscopy, we have shown that the band alignment in
CdSe/PbSe QD heterojunction films can be tuned from type-I,
when the entire film is treated with ethanedithiol, to type-II
alignment, when the PbSe QDs are treated with benzenethiol
and the CdSe QDs with TBACIL Spectroelectrochemical
measurements on TBACI-BT-treated and on EDT-treated
films show a clear inversion in the order of the PbSe and CdSe
CB edge levels. Transient absorption measurements performed
with a high photon fluence on the TBACI-BT-treated film
show the presence of a long-lived CdSe QD bleach developing
upon selective PbSe QD excitation, indicative of electron
transfer from the PbSe QD to the CdSe QD conduction band
edge. Furthermore, direct CdSe QD photoexcitation in the
TBACI/BT film results in a longer band-edge bleach lifetime
compared to a CdSe-only QD film, characteristic of reduced
recombination of spatially separated electrons and holes. Our
results demonstrate the possibility to control the energy
alignment of QD heterojunctions via ligand exchange,
providing an additional handle to control the energetics of
QD-based devices. On the other hand, low-fluence TA
measurements reveal the presence of a high density of trap
states. This highlights the importance of a greater under-
standing of the electronic passivation of QD heterojunctions to
exploit their potential for optoelectronic applications.
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