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Introduction

Interface-resolved photovoltage generation
dynamics and band structure evolution in a PbS
quantum dot solar cellf

Tamara Sloboda,? Birgit Kammlander, (2 #° Elin Berggren, {2 ° Stefania Riva, {2 ®
Erika Giangrisostomi,® Ruslan Ovsyannikov,® Hakan Rensmo,”® Andreas Lindblad
and Ute B. Cappel (2 x2bd

b

For directed development of solar cells using nanomaterials such as quantum dots, there is a need to
understand the device function in detail. Understanding where photovoltage is generated in a device and
where energy losses occur is a key aspect of this, and development of methods which can provide this
information is needed. We have previously shown that time-resolved photoelectron spectroscopy of core
levels can be used to follow the photovoltage dynamics at a specific interface of a lead sulfide quantum
dot solar cell. Here, we use the method’s selectivity and sample design to investigate the photovoltage
generation in different parts of this solar cell and determine how the different layers (including the absor-
ber layer thickness) contribute to charge separation. We show that all layers contribute to photovoltage
generation and that a gold contact deposited on the quantum dots is necessary for full photovoltage
generation and slow charge recombination. By combining the information obtained, we are able to
experimentally follow the time evolution of the solar cell band structure during the charge separation
process. Furthermore, we can identify which specific layers need to be optimized for an overall improve-
ment of quantum dot cells. In the future, this methodology can be applied to other types of devices to
provide insights into photovoltage generation mechanisms.

structure. In a typical device structure, an n-type PbS layer with
a few hundred nanometer thickness is sandwiched between a

Quantum dots (QDs) are of interest for a range of opto-
electronic applications largely because their electronic pro-
perties can be tuned by their size. For solar cells, their
bandgap and consequently their sunlight absorption charac-
teristics can be tuned to be optimal in single or multijunction
device structures.'™ Furthermore, they can be fabricated by
solution-based methods from abundant materials, which
offers the possibility of cost-efficient manufacturing. Many of
the most efficient quantum dot solar cells to date use lead
sulfide as the main absorbing material in a layered device
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conductive oxide substrate coated with an electron transport
layer (ETL) and a hole transport layer (HTL) topped by an evap-
orated metal contact (typically gold).*”® In the n-type layer, the
PbS QDs are surrounded by halide ligands®™* or a perovskite
shell,>'*'* and device efficiencies have been optimized
through adjusting the ligand composition as well as ligand
exchange methods.”'>'>'® As charge transport in the
quantum dots layers is expected to occur through a hopping
mechanism,"””° optimizing the ligands can lead to an
improvement in charge carrier transport. The ETL is typically
an n-type wide-bandgap metal oxide such as ZnO,**' or mag-
nesium-doped ZnO (MZ0).>>** The HTL layer is often a
thinner layer (about 50 nm) of PbS quantum dots, where the
surface is terminated by with 1,2-ethanedithiol (EDT) ligands,
which make the layer p-type.*>®1"2*

Despite much recent progress through optimization of the
device architecture, power conversion efficiencies of QD solar
cells are still far below the theoretical limit. This has been
attributed to recombination losses due to defects and poor
charge transport, energy level mismatch of quantum dot layers
and contacts and imbalanced charge extraction at contacts.’

This journal is © The Royal Society of Chemistry 2024
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Therefore, there is a need for more detailed investigations of
device working mechanisms and, specifically, of the impact
that each of the different layers has on the overall performance
to aid achieving more efficient devices in the future. In particu-
lar, it is important to know how each layer contributes to the
buildup of the photovoltage, how electric fields are distributed
and where losses occur. These properties will be impacted by
the timescales of charge transport, charge separation and
recombination within the different layers of the device
structure.

Charge recombination in PbS QD solar cells is often investi-
gated through photovoltage decay measurements on complete
devices. However, the timescales accessible in these measure-
ments are often not short enough to investigate the kinetics of
photovoltage generation and are also not selective to specific
layers within a device structure. Time-resolved photoelectron
spectroscopy (TRPES) with valence-to-conduction band exci-
tations in the pump step can be used for detailed photovoltage
kinetic characterization through measurements of core levels
in the probe step. In photoelectron spectroscopy, only one
external contact to the sample is needed for grounding to the
spectrometer and if this contact is made through the sample
substrate, the photovoltage between the sample surface and
the substrate can be determined from core level shifts. The
methodology is based on the premise that internal charge dis-
tributions and electrical fields induce the same shift to the
frontier electronic structure as to the core levels. In this way,
selected parts of the solar cell can be investigated by designing
samples, which include or exclude specific layers from the
device structure. Efficient measurements with picosecond time
resolution can be achieved by combining a pulsed pump laser
with a high repetition, pulsed X-ray source (such as provided
by a synchrotron).
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For bulk semiconductors, the photovoltage measured in
TRPES is often associated with a surface photovoltage due to
band bending towards the surface.”>?® However, we have
shown that TRPES can also be used to determine the photovol-
tage generated between different layers in parts of a solar cell
device.?” By using a pump laser with a relatively low repetition
frequency (10 kHz) at a synchrotron beamline (PM4 at Bessy
11*%), we were able to study the photovoltage dynamics on time-
scales from pico- to microseconds in a single experiment. We
demonstrated this method by investigating the dynamics of
photovoltage generation and decay at the interface between
PbS quantum dots with mixed PbL,/PbBr, ligands (referred to
as PbS-PbX,) and a MZO electron transport layer.”” In the
study presented here, we used TRPES to investigate the photo-
voltage generation in different parts of a PbS quantum dot
solar cell with a PbS-PbX, absorber layer and an HTL consist-
ing of PbS quantum dots with EDT ligands (PbS-EDT) by study-
ing samples of different architectures (Fig. 1, top). This
enabled us to compare photovoltage generation dynamics at
different interfaces, identify loss mechanisms and suggest a
charge generation mechanism for the complete solar cell.

Results and discussion

PbS quantum dots were synthesized as described in the
methods section. The size of the synthesized quantum dots
was determined from the exciton peak at 1.29 eV in the UV-
visible absorption measurements to be about 3.15 nm
(Fig. S11).*° Solar cell type samples were prepared (see
Experimental details). Fig. 1 shows the structures of these
samples together with diagrams of band alignment and electri-
cal field distributions in equilibrium as typically reported in
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(Top) Architecture of samples and main elements of a TRPES experiment: X-ray and laser pulses impinging on, and electrons emitted from

the sample surface. (Bottom) Band structure illustrations of the different samples based on literature data**! with the Fermi level (E¢) in the dark indi-
cated by the grey dashed line, the valence band edge (Ey) indicated as the bottom of the field boxes and the conduction band edge (E¢) as the top.
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literature for such solar cell architectures.”’’ We have pre-
viously demonstrated a power conversion efficiency of 10.7%
and an open-circuit voltage of 0.66 V under 1 sun illumina-
tion."* Three of the sample architectures (p-side, cell - no Au,
and cell - Au) were prepared and measured for this study and
compared to the results of the sample reported previously””
referred to as the n-side sample here. The sample surfaces were
characterized through core level PES (Fig. S21). We found the
typical Pb 4f and S 2p signals of PbS quantum dots, as well as
I 4d and Br 3d signals from the ligand shell. Some samples
showed small additional sulphur features at binding energies
higher than the main doublet, which indicate some oxidation
of the surface. Where the top PbS layer has EDT ligands, some-
what higher surface oxidation was observed, in agreement with
previous studies.'” For the “complete” cell, where the top layer
consisted of a 5 nm thick gold layer, Pb 4f and S 2p peaks were
still visible, but broadened and containing new contributions.
This indicates that some chemical reactions occurred upon
interface formation between PbS-EDT and Au.

For the p-side samples and n-side samples of two different
PbS-PbX, thicknesses, we used core level positions to deter-
mine relative band edge positions in the dark based on a rigid
band model, where core level shifts correspond to changes in
the valence band position relative to the Fermi level. At a
higher binding energy, the valence band edge is further away
from the Fermi level (a more n-type state). From extended ana-
lysis of the data for the n-side samples presented in our pre-
vious study,”” the binding energy of the Pb 5ds,, core level was
at 19.4 eV for a 250 nm thick layer and at 19.5 eV for a 50 nm
thick layer on an ITO/MZO substrate (Fig. S31). This suggests
that the thinner film has a slightly more n-type surface than
the thicker film, in agreement with downward band bending
towards the MZO substrate (Fig. 1). In the present study, we
chose the Pb 4f core level for investigation (see Experimental
details). For the p-side sample, the Pb 4f,,, core level contri-
bution assigned to PbS was found at a binding energy of 137.9
eV for the 250 nm thick sample and of 137.6 eV for the 50 nm
thick sample (Fig. S31). This agrees with upward band
bending towards the EDT layer, as indicated in Fig. 1. In full
cells, we therefore expect the band bending distribution across
the junctions between the MZO/PbS-PX, layers and between
the PbS-PX,/PbS-EDT layers to follow the diagrams in Fig. 1.
Overall, the core level positions at 250 nm thickness agree with
an n-type character of the surface of a thick PbS-PbX, layer on
both substrates as observed in other studies.****

TRPES was carried by recording core level spectra with
different delay times between a 515 nm pulsed pump laser and
the X-ray probe (termed delay scans, see Experimental
methods). Binding energy positions were determined through
curve fitting and plotted as a function of delay times (termed
kinetic traces, Fig. S4-S7t). Delay scans of the p-side samples
showed core level shifts to higher binding energies upon laser
illumination (Fig. S4-S6t) with a significantly larger magni-
tude for the 250 thick sample than for the 50 nm thick
sample. For the n-side samples, it was previously observed that
the Pb 5d core level shifts to higher binding energy upon laser
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illumination (Fig. S71).>” This confirms that light-induced
charge movement is in the opposite direction relative to the
surface for the two sample designs: in the n-side samples elec-
trons move into the n-type MZO substrate, while in the p-side
sample holes move away from the surface and into the under-
lying layers. As the measurements at different delay times
contain data at approximately the same long delay times (800
ns to 96 ps, see Experimental details), the sample stability
during measurements could be confirmed by overlapping
kinetic traces recorded in consecutive measurements (Fig. S4,
S5 and S71).%”

To be able to gain information about absolute band edge
shifts during illumination, we calculated averaged binding
energies (B.E.) as a function of delay time (see details in
Experimental methods) for the p-type (Fig. 2a) and n-type
(Fig. 2b) samples (additional data at a lower laser pulse energy
in Fig. S8t). Average binding energy positions in the dark are
also included as horizontal solid lines for each delay scan. An
offset is observed between the binding energy in the dark and
the binding energies at long delay times for all delay scans,
indicating that the systems do not return fully to the equili-
brated dark state in the 96 ps timespan between two consecu-
tive laser pulses. However, the measurement still captures
important parts of the photovoltage generation and decay.
From the energy difference between the binding energies
under laser illumination and the binding energy in the dark,
time-resolved photovoltages (V(¢)) can be calculated according
to:

—% (B‘E~light(t) — B~E~dark)~ (1)

V(t) =

The maximum values for the photovoltage, as well as the
time at which this maximum occurs, are given in Table 1. The
timescales of photovoltage generation showed a clear depen-
dence on the PbS layer thickness for the n-side samples, as
observed by the change in time at which the maximum photo-
voltage occurs (Table 1). For the p-side samples, changes in
timescales were not observed; instead, the magnitude of the
photovoltage depends strongly on the film thickness (Fig. 2).
Furthermore, the generation of the photovoltage is faster for
the thick PbS-PbX, film on the p-type substrate than for the
thick PbS-PbX, film on the n-type substrate. This suggests that
the charge transport and extraction of holes into the substrate
is faster than that of electrons.

Under the assumption that the substrate remains in equili-
brium with the spectrometer, the maximum photovoltage
corresponds to the maximum change in the band edge posi-
tion. Other studies of PbS quantum dot films with halide
ligands have shown core level shifts to higher binding energy
under laser illumination.’*?* These shifts were significantly
lower in magnitude (<50 meV) than the photovoltages
observed here and were interpreted as a decrease in upwards
band bending towards the surface upon illumination. Our
study clearly shows that the substrate determines the sign of
the photovoltage and that the absorber layer thickness influ-
ences the band edge positions. We therefore conclude that

This journal is © The Royal Society of Chemistry 2024
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Fig. 2 Kinetic traces of p-side and n-side samples and corresponding band diagrams. (a and b) Kinetic traces of averaged binding energies of p-side
samples (ITO/Au/PbS-EDT/PbS-PbX;) (a) and n-side samples (ITO/MZO/PbS-PbX5) (b). Peak positions determined without laser included as horizon-
tal lines. The laser intensity was 14.9 nJ per pulse for the p-side sample and 15.4 nJ per pulse for the n-side sample. (c and d) Schematic band dia-
grams of p-side (c) and n-side (d) samples at two different thicknesses in the dark (grey) and under illumination at maximum change in binding
energy (blue, p-side; red, n-side) indicating the changes in valence band edge position for the p-side and the changes in conduction band position
for the n-side. The yellow circles indicate the data points from which the band edge positions in the diagrams were drawn. Filled lines are used for
the 250 nm samples and dashed lines for the 50 nm samples.

Table 1 Parameters determined from TRPES for the different samples

Band diagrams for the n-side and p-side samples in the
dark and under illumination at the point of maximum charge

Sample d*(nm) Pulse energy (0])  Vmaxrot” (V)  tmax(ns) separation drawn based on these conclusions are shown in
N-side 250 154 0.7 697 Flg. 2. While .thes'e diagrams .are par.tly thematlc, .the follow-
N-side 50 15.4 —0.27 184 ing can be highlighted: a thinner film in the p-side sample
P-side 250 14.9 0.49 9.2 leads to the generation of a much smaller photovoltage, which
P-side 50 14.9 0.23 19 . .

Cell -no Au_ 250 149 Z0.36 20 has to be the res.ult of les.s efficient charg.e separation and a
Cell - Au 250 14.9 —0.67 10-100 smaller change in potential across the film. On the other

“Thickness of PbS-PbX, layer. > Maximum voltage determined from
the binding energy difference to the equilibrated sample in dark.
‘Time at which maximum binding energy difference/maximum
voltage is observed. ¢ Values from ref. 27.

interfaces between different layers are the main cause of band
bending and our energy diagrams are therefore drawn without
additional surface band bending effects.

This journal is © The Royal Society of Chemistry 2024

hand, the n-side sample shows efficient charge separation also
for a thin film as indicated by a similar maximum photovol-
tages for both film thicknesses. As the thinner film shows less
overall band bending (as indicated by the higher binding
energy position in the dark), charge separation in the thinner
film will lead to a much flatter energy landscape (as shown in
Fig. 2d). In the thicker film, charge separation may not com-
plete due to slower charge separation dynamics, as discussed
above.

Nanoscale, 2024, 16, 21002-21010 | 21005
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Delay scans of the full cell sample configurations were also
carried out. In absence of gold (cell - no Au), the Pb 4f core
level was monitored (Fig. S9f). In presence of a 5 nm thick
gold layer (cell - Au), delay scans were recorded for Au 4f and
Pb 4f (Fig. S10 and S117). The delay scans show the same
binding energy shift for Pb 4f and Au 4f, but due to the better
signal-to-noise ratio, the delay scan of Au 4f is shown in Fig. 3
below. Measurements of the cell - Au sample in the dark and
comparison to a gold reference indicate that the photovoltage
generated by the X-rays themselves in the sample is negligible
(<0.03 eV, Fig. S121). Measurements without laser can there-
fore be considered as indicative of the energy alignment in the
dark at equilibrium.

Fig. 3 shows the photovoltage determined from the delay
scans as a function of pump-probe delay time of the cell - Au
and cell - no Au samples compared to the n-side and p-side
samples with a common PbS-PbX, thickness of 250 nm. The
maximum photovoltage and the delay time at which the
maximum photovoltage are observed (determined from multiex-
ponential fitting to the kinetic traces) are given in Table 1. Both
the cell - Au and the cell - no Au samples show binding energy
shifts in the same direction as the n-side sample, in agreement
with charge accumulation and photovoltage changes due electron
movement to the substrate and hole movement towards the
surface. Schematic diagrams for the band movement under illu-
mination at maximum photovoltage based on our TRPES
measurements are included in Fig. 3. These diagrams indicate
that, at the maximum photovoltage, the bands are much flatter in
presence of a gold contact than without a gold contact.

The cell - Au sample shows the highest photovoltage with
values comparable to open-circuit voltages of complete devices

View Article Online
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using the same materials."’ Furthermore, the photovoltage
remaining at long delay times is significantly higher than for
the other samples, indicating slower charge recombination
kinetics. The cell - no Au sample shows a significantly lower
photovoltage than the cell - Au combined with a faster photo-
voltage decay. This suggests that the Au layer is necessary for
the generation of a long-lived photovoltage. This is in contrast
to observations for a perovskite solar cell, where the addition
of a thin gold contact did not increase the photovoltage
observed in photoelectron spectroscopy with white light
illumination.>*

The photovoltage generated in the p-side sample is higher
than for the cell - no Au sample. Both samples are missing
one layer with respect to the cell - Au sample: the p-side lacks
the MZO layer and the cell - no Au lacks the gold layer.
Removing either of these layers therefore leads to reduction in
the photovoltage with a larger reduction observed upon
removal of the gold layer. Charge separation to contact layers
at both sides of the PbS p-n junction is clearly necessary for
the generation of a long-lived photovoltage. Based on these
observations, we infer the following about the charge separ-
ation processes in the complete PbS quantum dot solar cell
(shown schematically in Fig. 4): after light absorption, charge
separation to the PbS-EDT and gold layers is faster than to the
MZO layer, based on the observation of a faster voltage rise for
the p-side and the cell - no Au samples compared to the n-side
sample. Charge recombination at the interface with PbS-EDT
occurs on the same timescale as charge separation of electrons
to MZO: this is indicated in the region between 1 and 100 ns
in the kinetic traces, where the photovoltage of the p-side and
cell - no Au samples decays, while that of the n-side sample

T Vmax
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Fig. 3 Kinetic traces of photovoltage determined from the difference in peak position with and without laser for the different samples with 250 nm
thick PbS-PbX; layers: p-side, n-side, cell — Au, and cell — no Au. The laser intensity was 14.9 nJ per pulse, except for the n-side sample, where it
was 15.4 nJ per pulse. The schematic diagrams show the change in band alignment between the dark state (grey) and the state with maximum
photovoltage for the 4 different samples (p-side, blue; n-side, red; Cell — Au, yellow; Cell — no Au, purple).
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Fig. 4 Schematic band structures of a full solar cell sample at different
times, with electron (blue filled circles) and hole (red empty circles) den-
sities indicated. (1) Band structure just before arrival of the pump laser
pulse, with some electrons and holes left from the previous excitation.
(2) Band structure just after arrival of the pump laser pulse, as electron
and hole pairs have been generated. (3) Band structure at 1-10 ns, as
most holes have been transferred to the hole selective contact and to
gold, while many electrons are still in the main absorber layer. (4) Band
structure at approximately 100 ns: some recombination between elec-
tron and hole pairs has occurred; most of the remaining electrons and
holes are now separated to their selective contacts. After this delay time,
recombination dominates over further charge separation and the photo-
voltage decreases.

rises (Fig. 3). Therefore, complete charge separation of elec-
trons to MZO will compete with recombination with holes
across the PbS-EDT layer. Charges separated to MZO on one
side and Au on the other side can be long-lived, as observed
through the slow decay of the photovoltage in the cell - Au
sample. Previous studies have discussed the necessity of
balanced charge extraction in PbS quantum dot solar cells®??
and suggested that hole extraction efficiencies at an n-type
PbS/PbS-EDT interface are limiting the device performance.’
Here, we specifically find that both charge separation and
recombination are faster at the PbS-PbX,/PbS-EDT interface
than that at the MZO/PbS-PbX, interface. This therefore
suggests that the charge separation efficiency at the former
interface is limited by fast recombination. Indeed, in the study
by Ding et al., the charge extraction imbalance was addressed
by modifying the interface between the n-type PbS and
PbS-EDT layers with a graphene oxide layer, which was shown
to reduce recombination at this interface.’

Conclusions

Photovoltage generation across different interfaces in a lead
sulfide quantum dot solar cell was investigated using time-
resolved photoelectron spectroscopy. By varying the sample
design, we were able to investigate how the photovoltage
depends on the different layers in the solar cell structure
including the impact of a MZO electron transport layer and a
gold contact on top of p-type PbS-EDT layer. Both MZO and Au
were shown to be necessary for generating a high photovoltage,

This journal is © The Royal Society of Chemistry 2024
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with particularly the Au layer enhancing the generation of a
long-lived photovoltage. Our results suggest that photogene-
rated holes move to the gold layer or to the interface between
the gold and the PbS-EDT layers, which significantly slows
down charge recombination.

This mechanism with its quantification has an important
consequence for the design of quantum dot solar cells: as the
p-n junction between the two quantum dot layers alone is not
sufficient to generate a long-lived photovoltage, the choice of
contact materials plays an important role. The fast recombina-
tion at the PbS-EDT interface indicates that there are still
photovoltage losses in the present solar cell design and further
improvement in the quantum dot solar cell can likely still be
achieved through an optimization of the functionality of the
p-n junction. Recent improvements in quantum dot solar cells
have been achieved by optimizing or replacing this layer.®%2*
Furthermore, the gold contact would likely have to be replaced
to reduce the cost of devices. In this replacement, it is impor-
tant to consider this layer as part of the p-type contact of the
solar cell, as it is not only needed for electrical contacting of
the device but also for charge separation of holes.

Time-resolved photoelectron spectroscopy has been pre-
viously used to study surface band bending in materials of
relevance for solar cells.**3*3¢*! Fyurthermore, it was shown
previously that the photovoltage in a GaAs solar cell could be
measured by this technique.*? However, our study is the first
one, where the method is used to systematically investigate the
photovoltage generation dynamics across different parts of a
solar cell structure. Application of the method in this way
requires careful consideration of sample design to achieve
selectivity to specific interfaces. As demonstrated above, when
this is done, TRPES can become a powerful tool to understand
the functioning of different interfaces in a solar cell device
stack, as it enabled the investigation of the photovoltage gene-
ration over a long range of timescales (picoseconds to micro-
seconds) in both complete and incomplete device structures.
In the future, the method could be applied to investigate
charge separation kinetics across interfaces in different types
of solar cells, as well as the function of specific layers in device
structures giving insight in the impact of individual layers on
the device physics.

Experimental methods
Synthesis of QD materials

The chemicals for the synthesis of the materials were all pur-
chased from Sigma-Aldrich, except Pbl, and PbBr, that were
purchased from TCI. PbS QDs with oleic acid ligands were syn-
thesized as previously reported with a few adjustments, as
detailed below.””*!

The PbS QDs were synthesized from PbO (99.99%, 0.933 g)
and oleic acid (OA, tech. grade 90%, 4.053 g) in 1-octadecene
(ODE, tech. grade 90%, 25 ml). The reagents were added to a
three-neck round bottom flask and heated at 110-120 °C
under mild vacuum for until PbO dissolved. In parallel, the
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hexamethyldisilathiane ((TMS),S, synthetic grade,0.356 g) solu-
tion in ODE (10 ml) was prepared in an argon-filled glovebox
and the vial was closed with a septum. Next, the argon was care-
fully removed from the vial using a needle connected to a
vacuum pump, after which solution was heated at 90 °C for
roughly 2 h. After all reagents were dissolved in the round bottom
flask (after approximately 2-3 h), the temperature of the solution
was lowered to 90 °C and the hot (TMS),S was rapidly injected.
The reaction was stopped 2-3 minutes after the injection by
removing the heat source (oil bath), and the newly synthesized
PbS-OA particles were slowly cooled down to room temperature.
The quantum dots were purified in two washing steps by selective
precipitation using acetone and toluene, and finally dried under
vacuum. Lastly, the PbS-OA were re-dispersed in n-octane to the
concentration of 50 mg ml~'. The diameter of the synthesized
quantum dots was determined from the exciton peak at 1.29 eV
in the UV-visible absorption measurements to be about 3.15 nm
(see ESI, Fig. 511).*°

Sample fabrication

All thin films were deposited on indium doped tin oxide (ITO)
coated glass (1.1 mm ITO, ~12 Q sq~ '), which was consecu-
tively cleaned with diluted RBS-25 concentrate, acetone, and
ethanol in an ultrasonic bath and dried with air flow. The ITO
glass was also treated with UV-ozone for 20 min directly before
deposition of the first layer. On top of the ITO, the following
samples were prepared (see Fig. 1):

« P-side sample: ITO /Au/PbS-EDT/PbS-PbX, (50 nm or
250 nm)

+ Cell - no Au: ITO/MZO/PbS-PbX, (250 nm)/PbS-EDT

+ Cell - Au: ITO/MZO/PbS-PbX, (250 nm)/PbS-EDT/Au.

MZO particles in solution were prepared by a previously
reported procedure.”® Briefly, an ethanol solution containing
0.5 M zinc acetate dihydrate and 0.055 M magnesium nitrate
hexahydrate was heated to 80 °C. 0.66 mL of ethanolamine
were added to 20 mL of the solution, which was then heated
for further 3 hours. MZO thin films were prepared by spin-
coating the solution after filtering at 3000 rpm for 30 s, fol-
lowed by annealing at 200 °C and 300 °C for 30 min each.
Gold layers were deposited using an Edwards Metal evaporator
(model Auto 306), while the thickness was monitored using a
QCM monitor installed in the evaporator chamber. The
PbS-EDT layer was deposited by solid-state ligand exchange,
that consists of spin-coating a 50 mg ml~" PbS-OA solution fol-
lowed by deposition and spin-coating of 0.02 vol% solution of
EDT in acetonitrile."* Two layers were deposited to give a film
thickness of 40-50 nm. The n-type ink PbS (5:1 Pbl,: PbBr,)
was prepared by liquid-phase ligand exchange and deposited
as described before to form the PbS-PbX, layer.>” For a film
thickness of 250 nm, an ink concentration of 200 mg ml™" in a
9:1 mixture of butylamine and dimethylformamide was used,
and for a film thickness of 50 nm a concentration of 50 mg
ml™" in the same solvent mixture. Layer thicknesses were
determined with a profilometer (Veeco Dektak 150).

Following preparation in ambient atmosphere, the samples
were stored and transported in darkness under inert atmo-
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sphere until the measurements. For the PES experiment, each
sample was mounted on a sample plate in ambient atmo-
sphere using carbon or copper tape and grounded by applying
a small amount of silver paint over the sample edge, connect-
ing the ITO substrate with the sample plate. Following this,
sample plates were transferred to ultrahigh vacuum for PES
measurements.

PES and TRPES measurements

The photoelectron spectroscopy (PES) measurements as well
as time-resolved PES measurements were carried out at the
LowDosePES end-station at the PM4 beamline at the BESSY 1II
electron storage ring operated by the Helmholtz-Zentrum
Berlin fiir Materialien und Energie.”® The synchrotron was
operated in single bunch (n-side and p-side samples) and few
bunch (cell - no Au and cell - Au) modes with ring currents of
15 mA and 30 mA and resulting in X-ray repetition frequencies
of 1.25 MHz and 5 MHz, respectively. The photon energy was
selected with a monochromator with a 360 1 mm™" grating.
The pressure in the analysis chamber was approximately 10~°
mbar. The electrons were detected by an angular-resolved
time-of-flight spectrometer (ARTOF) with an acceptance cone
of +15° for high photoelectron transmission. The energy scale
was calibrated by setting the Fermi edge and Au 4f,), level
recorded on a gold foil to 0.0 eV and 84.0 eV binding energy,
respectively.

A Tangerine model from the company Amplitude Systémes
was used as the pump laser in TRPES at its second harmonic
(515 nm) with a pulse length of about 350 fs and a repetition
frequency of 10.4 kHz, i.e. a time delay of 96 ps between two
consecutive laser pulses. Spatial alignment of the X-rays and
the laser spots on the sample was checked by recording
images of the laser and X-ray spots on a luminescent powder
with a microscope camera. The laser spot was an ellipse due to
the 45° angle incidence, and its size was estimated by
2D-Gaussian fitting of the intensity profiles of the microscope
images. The standard deviation of the vertical axis was
0.12 mm and of horizontal axis 0.15 mm. Therefore, 68% of
the laser power was incident in an area of about 0.059 mm?.
The laser power was adjusted to 0.155 mW (and 0.060 mW,
shown in ESIt) using neutral density filters. This corresponds
to pulse energies of 14.9 nJ (and 5.74 nJ) and to fluences of
17.0 pJ em 2 (and 6.57 pJ cm™?). The temporal overlap between
the laser and X-ray pulses was determined by measuring the
arrival times of the X-ray and laser photons using the ArTOF
and the laser delay was electronically adjusted with respect to
the X-rays throughout the experiments.

Pump-probe delay scan measurements of the quantum dot
samples with the laser were always carried out on fresh sample
spots. The X-ray photon energy was chosen to optimize the
signal intensities through high X-ray absorption cross section
(see Fig. S131) and to avoid overlap with other spectral fea-
tures. In case of the Au 4f core level, a photon energy of 363 eV
was used to avoid overlap between the Au 4f core level and a
carbon Auger signal. To carry out pump probe measurements
on the quantum dots, the Pb 4f core level was chosen instead

This journal is © The Royal Society of Chemistry 2024
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of the Pb 5d core level in the present study, as any overlap with
valence levels can be avoided in this region, which might
occur with different sample designs. A fixed energy region was
analysed, with the spectrometer set to measure a specific core
level. This enabled detection of small changes in binding
energy positions and short measurement times. Different
delay points were measured by varying the relative arrival time
between the laser and the X-ray pulses, from 0.1 ns to several
hundred ns, with a logarithmic spacing in consecutive
measurements.?” Furthermore, the same core level was also
recorded before and after laser illumination to determine the
core level position in the dark. The raw data collected by the
ARTOF spectrometer were converted into PES spectra using
the Igor ARTOF loader and analysis package available at the
end-station. For measurements with the laser, the data were
resolved to obtain individual spectra from all X-ray pulses
which arrive within the 96 ps between 2 consecutive laser
pulses (i.e. 120 spectra for single bunch mode and 480 spectra
for few bunch mode). The spectra were then fitted in Matlab
using Gaussian functions to approximate the peak shapes and
to obtain peak positions. For each spectrum, a corresponding
delay time between the laser pulse and the analyzed X-ray
pulse was calculated. Kinetic traces of the absolute binding
energies obtained versus delay times are shown in Fig. S4, S7,
S9 and S10.f The binding energies obtained at long delay
times were subtracted from the kinetic traces to obtain the
changes in binding energy (AB.E.) for each delay point
(Fig. S5, S9 and S10%). For averaged kinetic traces, the peak
positions for delay times below 800 ns (200 ns for few bunch
mode) were used directly, whereas the peak positions at delay
times greater than 800 ns (200 ns for few bunch mode) were
determined by averaging over the peak positions obtained
from measurements of different delay points. The standard
deviations of measurements at different delay points for long
delay times were used to give an error estimate for delay times
shorter than 800 ns. For averaged delay values, the errors in
the mean were determined from the standard deviation. In
figures of averaged kinetic traces, error bars are included for
errors greater than 5 meV. To determine averaged kinetic
traces with absolute binding energies, the average binding
energy at long delay times was added to the averaged changes
in binding energy. The binding energy determined in the dark
was subtracted from the binding energy in kinetic traces to
obtain the photovoltage as a function of time.
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