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Introduction

The impact of chemical composition of halide
surface ligands on the electronic structure and
stability of lead sulfide quantum dot materialst
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There is a high fundamental interest in the surface and bulk chemistry of quantum dot (QD) solids, as
they have proven to be very promising materials in optoelectronic devices. The choice of surface ligands
for quantum dots in solid devices determines many of the film properties, as the ligands influence for
example the doping density, chemical stability and charge transport. Lead halide ligands have developed
as the main ligand of choice for lead sulfide quantum dots, as they have been shown to passivate
quantum dot surfaces and enhance the chemical stability. In this study, we successfully varied the ligand
composition on the surface of PbS quantum dot films from pure lead iodide to pure lead bromide and
investigated its influence on the chemical and electronic structure of the QD solids using hard X-ray
photoelectron spectroscopy (HAXPES). Furthermore, we developed a surface treatment to prevent the
surface oxidation of a bulk PbS reference sample. Through measurements of this sample and of lead
halide reference samples, we were able to assign the contributions of different chemical bonding to the
Pb 4f core level and of different atomic orbitals to the valence band spectral shape of the QD materials.
Overall, we found that the valence band edge position was very similar for all different iodide:bromide
ratios and that all investigated compositions were able to protect the quantum dot surfaces within solid
films from oxidation. However, the ligand composition significantly influences the sample stability under
X-rays. The iodide rich QD solids showed the highest stability with very little to no chemical changes
over several hours of X-ray exposure, while the bromide rich QD solids changed already within the first
hour of exposure.

sensors, biosensors and detectors.* From a chemical composi-
tion perspective, quantum dots can be elemental materials

In recent years, quantum dots (QDs) have been extensively
studied due to their favorable properties, such as the strong
quantum confinement effect, that allows size-dependent band-
gap tuning, and cost-effective liquid-phase manufacturing.'™
As semiconductor nanocrystals, quantum dots are very attractive
as materials in thin-film optoelectronic devices in various
applications, such as solar cell devices, LEDs, imaging, transistors,
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(e.g Si, Ge, etc.), -V nanocrystals (InP, InAs), IV-VI materials
(PbS, PbSe, PbTe) and II-VI materials mostly based on Zn, Cd and
Hg."* Among these, lead based chalcogenides (especially PbS and
PbSe) are perhaps one of the most studied for use in solar cells.
As bulk materials at room temperature, these two compounds
have narrow bandgaps (0.37 and 0.27 eV for PbS and PbSe,
respectively)."”> However, due to the large Bohr exciton radius
(~20 nm for PbS and ~34 nm for PbSe),’ the quantum size
effects are observable already at larger crystal sizes (typically
1-20 nm),"***"” which allows for engineering of the bandgap over
a broad spectral range. The bandgap engineering can be useful in
multi-junction solar cell devices, which have a potential to achieve
power conversion efficiencies that go beyond current commercial
solar cells."®'® Currently, among the single junction PbS QD solar
cells, the highest power conversion efficiencies (above 13%) are
achieved using a thin film of PbS QDs with I and Br~ surface
ligands as the main absorbing material. These quantum dots have
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a bandgap of 1.3 eV, achieved by a particle size of approximately
3-4 nm in diameter.'**° Due to the large surface-to-volume ratio,
the properties of the quantum dots are highly dependent on their
surface characteristics®® and therefore the choice of ligands for the
QDs in a solar cell device is of great importance.

Before choosing ligands to be used in a device, the PbS QDs
prepared in a typical hot-injection reaction® are capped with
long carbon-chain ligands (e.g. oleic acid, OA). While the
function of the long and bulky OA ligands is to keep the QDs
stable and separated in solution, in a thin film device these
ligands need to be exchanged for shorter ones to allow charge
carriers to hop from one dot to another and in this way create a
current. Multiple studies show that differences in surface
passivation, carrier behavior and defects in QD materials are
due to the ligand choice and this can significantly affect the
performance of the devices.?**° In the study of Brown et al.,
ultraviolet photoelectron spectroscopy and density functional
theory calculations were used to show that the ligands can
significantly influence the position of the Fermi level in relation
to valence and conduction bands.?” Moreover, the ligand choice
also influences the stability of the solid film as well as the
formation of trap states, as shown in the time-resolved photo-
luminescence study of Papagiorgis et al.>® Even small surface
modifications can drastically enhance the efficiency of absorp-
tion as shown in the study of Giansante et al. where they were
able to enhance the absorption by 300%.>° Eventually, the
search for most optimal ligands moved the research towards
inorganic halide ligands. For instance, Bederak et al. have
shown that PbS QDs capped with fluoride or chloride anions
show a p-type character, which can offer an alternative p-type
layer in a quantum dot solar cell device, while bromide and
iodide caped ones have an n-type character.>® In another study
by Fan et al. it was shown that the chloride and bromide ligands
passivate the surface better compared to iodide ligands,
which have shown better charge mobility and charge transport.*!
Therefore, a mixed halide surface passivation has great potential in
achieving the best QD solar cell performances. Different strategies
have been tested to determine the best method for the best surface
coverage and higher stability and quality of the material. Zhang
et al. investigated in situ halide passivation, obtaining devices with
6.5% efficiency,”” while a few years later Ding et al. designed a
post-passivation solid state ligand exchange method in which they
reached device efficiencies above 12%.>® However, many of these
studies use a mixture of chloride, bromide and iodide without a
clear explanation of why they chose a certain ratio of these halides.
To the best of our knowledge, there are no detailed studies of the
effect of systematically varied halide ratios in the PbS capping
ligands on the chemical and electronic structure of lead sulfide
quantum dots.

The aim of the present study was to investigate the impact
of the halide-ligand surface composition on the electronic
structure and X-ray stability of the PbS QD by gradually varying
the bromide and iodide content on its surface. For this we used
hard X-ray photoelectron spectroscopy (HAXPES) as our main
tool, which enabled us to investigate the detailed chemical and
electronic structure profile of these materials both qualitatively
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and quantitatively. By choosing two incident photon energies
(3000 and 6100 eV), we were able to acquire chemical informa-
tion from different depths of the sample which will be referred
to as the surface and bulk. Furthermore, we used reference
compounds to address uncertainties in assigning the chemical
states in the Pb core levels. For this, we developed a surface
treatment for the synthesis of a PbS reference thin film, which
prevents surface oxidation in a similar manner to the halide
ligands of quantum dots. In addition to this, the stability of the
quantum dots under continuous X-ray illumination was inves-
tigated and showed that ligands with a high bromide content
are susceptible to degradation by X-rays.

Experimental section

All solvents and reagents in the synthesis of the materials
except PbI, and PbBr, were purchased from Sigma-Aldrich.
PbI, and PbBr, were ordered from TCI. MgZnO was synthesized
according to a previously reported method*® while the PbS
colloidal QDs were synthesized with a few small modifications
compared to the reported PbS synthesis method.**

Synthetic procedures

PbS QD synthesis was started by adding lead oxide (PbO,
99.99%, 0.933 g), oleic acid (OA, tech. grade 90%, 4.053 g),
and 1-octadecene (ODE, tech. grade 90%, 25 ml) to a three-neck
round bottom flask creating the reaction mixture. The mixture
was first degassed in mild vacuum conditions for 1 h and then
heated to 100-110 °C, until all of the PbO was dissolved, and
the mixture became a transparent solution. At this moment,
nitrogen flow was introduced instead of vacuum and the
solution was stirred for approximately 2 h. Simultaneously,
the hexamethyldisilathiane ((TMS),S, synthetic grade, 0.356 g)
solution in ODE (10 ml) was prepared in a glovebox. When
taken out of the glovebox, the argon in the vial was carefully
removed, creating a mild vacuum condition inside the vial,
which was then moved into the oven and warmed up to 80 °C
for 2 h. After 2 h of stirring, the temperature of the solution was
lowered to 90 °C and the hot (TMS),S solution was quickly
injected, giving rise to an instantaneous reaction. The heating
source was removed 2-3 minutes after the injection, letting the
PbS-OA particles slowly cool down to room temperature. The
newly formed PbS-OA quantum dots were washed in two steps
with acetone and toluene, dried under vacuum and finally
dispersed in octane to a concentration of 50 mg ml~'. The
particles synthesized in this way had a diameter of about 3 nm
with an optical energy gap of 1.3 eV.

The PbS reference (PbS ref) was prepared according to a
previously published method®® with an additional surface
treatment. First, a precursor solution containing lead acetate
and thiourea dissolved in glacial acetic acid is deposited on
indium-doped tin oxide (ITO) by spin-coating at 2000 rpm for
30 seconds, followed by thermolysis at ~200 °C in ambient
conditions, resulting in about a 200 nm thick film of lead sulfide.
The PbS film was further treated with a methanol solution of
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tetrabutylammonium iodide (TBAI, 10 mg ml™ ") directly after
thermolysis (by spin-coating at 2000 rpm for 30 seconds), and
washed with methanol to remove the excess TBAI molecules.

HAXPES sample fabrication

The substrate used for sample fabrication was indium-doped
tin oxide-coated glass (ITO, ordered from STIGAB Stig Odlund
AB), which was sequentially cleaned with diluted RBS™-25
concentrate, acetone, and ethanol respectively in an ultrasonic
bath and dried with air flow. Additionally, the clean ITO was
treated with UV-ozone for 20 min directly before deposition of
MgZnO nanoparticles. The MgZnO nanoparticles were filtered
through a 0.2 pm filter and spin-coated on ITO-substrates
at 3000 rpm for 30 s, followed by annealing at 200 °C for
30 min and 300 °C for another 30 min. The PbS QD films were
prepared according to a previously reported method with small
modifications.?” The concentrated PbS QD solution in octane
was diluted to 10 mg ml™" before being mixed with ligand
solution in a 1:1 volume ratio. The ligand solution contained a
0.12 M halide salt mixture (e.g. 0.6 M PbI, and 0.6 M PbBr, for
the sample with a 1:1 iodine to bromine ratio) and 0.04 M
ammonium acetate in dimethylformamide (DMF). As soon as
the solutions were in contact, they were mixed vigorously for
5 min using a vortex mixer (at room temperature). During this
process the PbS QDs moved from the octane to the DMF phase
after which the ligand exchange was complete. The octane-OA
phase was removed with a pipette and the QD-containing
solution was washed twice with octane to remove the OA
residues. As the last step, toluene was added to precipitate
the QDs, after which they were centrifuged and dried under
vacuum for approximately 1h and dispersed in a butylamine:
DMF (9:1, vol) mixture so that the final concentration is
200 mg ml~". This solution is referred to as PbS QD ink. The
ink was spin coated at 1800 rpm for 30 s on top of the MgZnO
layer and immediately annealed at 70 °C for about 10 min. This
procedure gives 250 + 10 nm thick samples. At this point, the
samples for PES were stored in darkness in a desiccator/
glovebox for up to one week before measurement.

The Pbl, and PbBr, reference samples were deposited on top
of MgZnO spin-coated on ITO substrates by spin-coating 0.7 M
solutions, at a speed of 3000 rpm and annealing at 110 °C.

Material characterization

UV-VIS-NIR absorption and photoluminescence measurements
were carried out with an Avantes AvaSpec-UV/Vis/NIR dual
channel spectrometer. An Avantes AvaLight HAL-S-Mini 10 W
tungsten halogen lamp was used as the excitation source for
absorption spectroscopy and for calibration of photolumines-
cence measurements. An Avantes AvaLight-HPLED-530 LED
source with a wavelength of 530 nm was used as the excitation
source for photoluminescence.

Measurements of the thickness of the PbS thin films were
made by means of a profilometer (Veeco Dektak 150).

XRD measurements were run on a PANalytical XPert PRO
diffractometer using Cu Ko radiation in a 20 range between 15
and 65° at room temperature.
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HAXPES measurements

HAXPES was carried out at the HIKE end station, KMC-1
beamline at the BESSY II synchrotron facility (Helmholtz
Zentrum Berlin, Germany).*® The HIKE end-station provides
photon energies from 2000 eV up to 12000 eV. In this experi-
ment, a photon energy of 3000 eV was chosen by selecting the
first order light from a Si(111) double crystal monochromator
(Oxford Danfysik), whereas 6100 eV was chosen by using Si
(311). The analysis chamber was under ultra-high vacuum
conditions (1 x 10~® mbar) and a Scienta R-4000 hemispherical
analyzer was used to measure the kinetic energies of the
emitted electrons. The measurements were energy calibrated
by measuring the Au 4f;, level of a gold foil mounted on the
manipulator and setting its position to 84.0 eV binding energy,
and then further recalibrated internally (discussed below).
Measurements were always carried out on fresh sample spots
and core level measurements were repeated in a loop to
monitor the effects of X-ray irradiation on the spectra.

Data analysis and curve fitting

All spectra were fitted in Matlab, with a number of pseudo-Voigt
functions®” representing the number of peaks present in each
spectrum and with an appropriate background function (e.g. a
slope in fitting of Pb 4f, I 4d and Br 3d, a quadratic function in
fitting of S 2p and S 1s, a Shitley background?®® in fitting of S 2p
and S 1s and a Herrera-Gomez background®® in fitting of Pb 4f
and Pb 5d). For the fit of the Pb 4f spectra, two spin-orbit
doublets were used, representing on one hand Pb-S and Pb-I
and on the other Pb-O and Pb-Br. For S 2p, I 4d and Br 3d, one
spin-orbit doublet was used for fitting. The relative intensity
and separation of all doublets were fixed to those of the main
doublet. The intensity ratio between the Pb 4f;,, and Pb 4f;),,
I 4d5), and I 4d;),, and Br 3ds), and Br 3d;, peaks was within
the range of 0.6-0.8, and for Pb 4f the separation between the
Pb 4f,, and Pb 4f 5, was fixed to 4.8 £ 0.1 eV. The intensity
ratio between S 2p;, and S 2py, was fixed to 0.5, and the
distance in binding energy to 1.18 eV. C 1s and O 1s spectra
were fitted with multiple singlets. The Gaussian width was at
0.9 £ 0.1 eV for the Pb 4f, Pb 5d and S 1s peaks, 0.8 £ 0.1 eV for
halide peaks, 0.7 £ 0.1 eV for S 2p, and 1.6 &+ 0.1 eV for S 2s,
while the Lorentzian contribution was at 0.1 &+ 0.05 eV for the
Pb 4f, Pb 5d and S 2p peaks, 0.4 £ 0.01 eV for the S 2s peak and
0.2 &+ 0.1 eV for the halide peaks. The relative changes in peak
positions and intensities could be determined from the fitted
parameters. For quantification of the HAXPES data, intensities
for each core level were divided by their ionization cross-section.*®

Results and discussion
Sample characterization

Seven PbS QD samples with different surface ligand compositions
were investigated. The ligands consisted of lead halides PbI, and
PbBr,, where the composition of the surface treatment mixture
varied from pure lead iodide to pure lead bromide. The precise
molar ratios used in the ligand-exchange were 1:0,5:1,2:1,1:1,
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1:2, 1:5 and 0:1 Pbl, to PbBr, and in this manuscript the
samples with mixed halide ratios will be referred to in
“PbS (x:y)” format and the samples with the pure PbX, (X = I, Br)
as ligands will be referred to as PbS-PbX, samples. Additionally,
reference samples of PbS (non-quantized, referred to as PbS ref), Pbl,
(referred to as Pbl, ref) and PbBr, (referred to as PbBr, ref) thin films
were investigated.

The PbS reference sample showed a significant amount of
surface oxidation in the HAXPES spectra, which is observed
through a shoulder in the Pb 4f doublet, additional S 1s peaks
(assigned to oxidized sulfur) and larger oxygen (O 1s) and
carbon (C 1s) peaks (Fig. S1-S3, ESIf). As surface oxidation
affects the results of photoelectron spectroscopy and would
hinder a clear comparison to the quantum dot samples, we
designed a surface treatment inspired by solid-state ligand
exchange of quantum dots*"**> that prevented the surface
oxidation of the reference film. Namely, the PbS film was treated
with a solution of tetrabutylammonium iodide (TBAI) in methanol.
The sample prepared in this way showed significantly less surface
oxidation in the photoelectron spectra measured with 3000 eV
photon energy. Only one clear component of Pb 4f (Fig. S2A,
labelled “PbS ref + TBAI”, ESIt) was found and no oxidized S
species in the S 1s spectra in Fig. S2B (ESIT). The oxygen (O 1s)
and carbon (C 1s) contributions (Fig. S3, ESIt) were also
smaller. The formation of the crystalline non-quantized lead
sulfide in the sample with the TBAI treatment was confirmed by
XRD analysis (Fig. 1A) showing diffraction peaks at the same
angles as the diffraction pattern of a single crystal of PbS
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(planes (111), (200), (220), and (311) in Fig. 1A, black line).*’
The TBAI-treated PbS sample was then used as the reference for
HAXPES of the PbS quantum dots and is hereafter referred to as
PbS ref. Additionally, XRD analysis was performed on a sample
of PbS quantum dots with OA ligands deposited on a glass
substrate (Fig. 1A, blue line). The same peaks were observed as
for the PbS ref confirming the rock salt crystal structure for the
quantum dots too. From the positions and full width half
maximum (FWHM) of the strongest peaks (e.g. planes (111),
(200) and (220)) it is possible to calculate the average crystal
grain size in the sample using the Scherrer equation.** From
the fit of the PbS-OA diffraction pattern (Fig. 1B and Table 1),
the crystal size was calculated to be 2.8 nm. A more common
method for size determination of PbS quantum dots is from the
positions of the exciton peak in the absorption spectrum, or in
the fluorescence spectrum, which for the QDs in this study were
at about 955 nm and 1050 nm, respectively (Fig. S4A, ESIT). The
exciton peak in the absorption spectrum, when fitted with a
Gaussian distribution, has a center energy (corresponding to
the bandgap, E,) of 1.29 eV with a standard deviation of 0.05 eV.
According to the sizing equation developed by Moreels et al.:*

1

E, =041 +—u—
e=0 +0.0252d2+0.283d

(1)

this corresponds to a particle diameter, d, of 3.13 nm. If we
were to consider that each value of the energy axis represents a
dot of different size, then we would expect that 68% of the
particles of the measured sample have diameters between

A XRD PbS B XRD fit PbS
| [—PbS, o5 carg ——PbS ref —PbS-OA PbS-OA
&, ——Gaussian fit|]
5
S,
2
B
{ o=
()
§ L—LJ\%___&
=l L |5 3
= S 2 l g & g
L - ) .
25 30 35 40 45 50 55 60 20 25 30 35 40 45

Position (26)

Fig. 1

Position (20)

(A)XRD pattern of the PbS ref thin film (PbS ref, red line) and PbS—OA QD thin film (blue line) compared to the XRD pattern of the PbS single crystal

(black line) obtained from Materials Data on PbS by Materials Project.*® (B)Gaussian fit of the strongest peaks (111), (200) and (220) of the PbS—OA QD

XRD pattern. The XRD measurement was done using a Cu Ko X-ray source.

Table 1 Fitting parameters of the XRD data presented in Fig. 1

Direction Position XRDcyq (26) Position PbS ref (26) Position PbS-OA (26) FWHM PbS ref (26) FWHM PbS-0A (26)
(111) 25.7 25.9 25.9 0.6 3.8
(200) 29.7 30.0 30.1 0.5 2.9
(220) 42.5 43.0 43.0 0.9 2.9
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2.99 nm and 3.28 nm. However, as the width of the absorption
peak depends not only on the QD size distribution, but also has
an intrinsic value, coming from the vibrations of the material,
we could expect that the real percentage of the QDs with the
diameter within the mentioned range is even higher. The
halide capped PbS dispersed in amylamine showed exciton
peaks in the absorption spectra at similar positions (959 nm
for Pbl,-capped PbS QD and 951 nm for PbBr,-capped dots,
Fig. S4middle and right, ESIt), suggesting that the PbS QDs
crystal size does not change significantly by the ligand exchange.
PES overview spectra of the quantum dot samples measured
at 3000 eV and 6100 eV photon energy (Fig. S5 and S6, ESIt)
show core levels as expected from the chemical content (Pb and
S core levels from PbS and Br and I core levels from the ligands).
In addition to this, the overview spectra show the presence of
C 1s and O 1s peaks. This is typical in all PES measurements of
ex situ prepared samples, and does not significantly affect the
measurements when using high photon energies.*' High resolu-
tion core level spectra recorded with a photon energy of 3000 eV
for the PbS QD (1:1) sample compared to the reference samples
are shown in Fig. 2. The spectra of the reference samples were
internally energy calibrated to the anion core levels of the
quantum dot samples (to Br 3d, I 4d and S 2p), shown in
Fig. 2B-D. Using this calibration, the possible variations in

——PbS (1:1) F’blzref —PbBrzref ——PbS refl

Normalized to intensity maximum

146 144 142 140 138 136
Binding Energy [eV]

B C ,\ D

71 69 67 54 52 50 48 164 162 160

Binding Energy [eV]

Fig. 2 Pb 4f spectra of the PbS (1:1) sample compared to halide refer-
ence samples and the PbS reference sample (A) at 3000 eV photon energy,
normalized to the intensity maximum of Pb 4f;, showing the different
positions of the Pb4f peak in different samples. The spectra B, C, and D are
normalized to the intensity of Br 3d, | 4d and S 2p, respectively and spectra
from the samples shown here have an internal energy calibration to the
core levels of the quantum dots, e.g. positions of Br 3d (68.9 eV) (B), | 4d
(49.6 eV) (C) and S2p (161.3 eV) (D).
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Fermi level position, caused by different doping levels of the
materials are avoided. Furthermore, a small amount of charging
under X-ray irradiation was observed for the lead halide samples
and some of the quantum dot samples, which makes calibration
against an external reference unreliable for these samples.

Using this internal calibration, the spectra of the anion core
levels clearly overlap for the quantum dot samples and reference
samples (Fig. 2B-D), while the Pb 4f spectra show clear differ-
ences (Fig. 2A). The lead halide samples show two doublets,
where the main one (Pb 4f,/, at 138.8 eV for Pbl,, at 139.0 eV for
PbBr,, Fig. S7, ESIf) is assigned to the lead halide bonds.
Another lead species is observed at a lower binding energy and
can be assigned to metallic Pb*® (Pb 4f,, at 137.1 eV, Fig. 2 and
Fig. S7, ESIY), which can form during X-ray irradiation of lead
halides.”” Such a signal is not observed in the lead sulfide
samples during short X-ray illumination times. The PbS ref
shows a single Pb 4f doublet with a Pb 4f;, peak at 138.1 eV.
The PbS quantum dot sample shows a wider Pb 4f doublet with
its main intensity at a higher binding energy than for the PbS ref
sample and at a lower binding energy than for the lead halide
reference samples. The increased width of the peak agrees with
the contribution of different chemical environments of Pb atoms
to the signal. The reference samples suggest that the bonds
should be ordered going from low to high binding energy in
the following way: Pb-S, Pb-I and Pb-Br. It should be noted
however, that the binding energies in the reference samples are
not expected to reflect the exact binding energies in the quantum
dot samples, as:

1. The halide anions should be bonded to the surface of the
lead sulfide which means that those lead atoms which are
bonded to a halide would also have a sulfur atom in their
vicinity. They would therefore not appear at the same binding
energy as Pb atoms in the lead halide references.

2. Quantum confinement effects cause a difference in the
relative binding energies of sulfur and lead core levels between
quantum dots and the non-quantized PbS reference (Fig. 2A
and Table S1, ESI¥).

Additionally, the Pb 4f spectra of the quantum dots can also
contain a contribution of Pb—O bonds, if the surface of PbS has
oxidized in air.*® The position of Pb-O bonds could vary
depending on the type of lead oxide formed. In the case of
the surface non-treated PbS ref sample mentioned above, two
additional Pb-O peaks were observed, one shifted by 0.7 eV and
one shifted by 1.4 eV to higher binding energies compared to
the peak from Pb-S. There could therefore be more than four
different contributions to the Pb 4f core level of the quantum
dot samples. However, due to the small binding energy differ-
ences between them (see Table S1, ESIY), it is extremely difficult
to create and control a fit model that gives meaningful results
in this way. Instead, we created a fit model, where the number
of lead species is reduced to two, representing two groups of
lead types (see Fig. 3). The first (main) peak is assigned to the
combination of the main Pb-S contribution and the Pb-I
contribution. The second lead peak is fixed to a position of
0.6 eV higher than the first peak and may contain Pb-Br bonds,
different Pb-O bonds and possibly a small amount of Pb-I
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bonds. In a study by Lobo et al. of oleic acid and trioctyl-
phosphine-capped PbS quantum dots, they similarly assign the
main (lower binding energy) peak to Pb atoms in the bulk
and the second peak to surface Pb atoms, assigned to Pb-O
bonds.*® In our study, the relative intensity of the second peak
increases (Fig. S8, ESIt), as the bromide content increases. This
confirms that the peak can be attributed mostly to Pb-Br
bonds, observed at a higher binding energy than the Pb-I
and Pb-S bonds (Fig. 2 and 3) with possible contribution from
Pb-O bonds.

High-resolution core level spectra of S 2p, Pb 4f, Br 3d and
I 4d of the PbS QD samples at 3000 eV incident photon energy
are shown in Fig. 4. All spectra were fitted with spin-orbit
doublets, calibrated internally to the position of the S 2p core-
level in the 1:1 sample and normalized to the total amount of
S 2p. The S 2p spectra of all QD samples show similar shapes
with only one type of sulfur observed assigned to the lead
sulfide bonds, as observed in other studies.*** The shape of
the Pb 4f spectra varies with halide content as discussed above.
However, the positions of the lead core levels relative to
the sulfur core levels are similar for all quantum dot samples
(Table S1, ESIt). The Br 3d and I 4d spectra in Fig. 4C and
Fig. 4D show a clear increase in bromide concentration and
decrease in iodide concentration going from the PbS-PbI,
QD sample to the PbS-PbBr, QD sample. The same trends

are observed when using 6100 eV incident photon energy
(Fig. S9, ESIf) and the binding energy positions of the core
levels measured at this energy also show very similar positions
to the ones measured at 3000 eV (Tables S1 and S2, ESIT) which
implies that the measurements with the two photon energies
give comparable results.

Relative concentrations of the different elements were esti-
mated from the fitted intensities using photoionization cross
sections. The experimental halide ratios in the QD samples are
in good agreement with the ratios expected from synthesis, as
shown in Fig. 5A. In addition to this, Fig. 5 shows the ratios of
total halogen (B) and total sulfur (C) to total lead for all the QD
samples at the two photon energies. Due to the low ionization
cross-section (Fig. $10, ESIt) and thus low signal-to-noise ratio
that would make a quantification comparison with the Br 3d
core level less reliable, Br 3p was used instead of the Br 3d core
level at 6100 eV. Moreover, in the case of sulfur, there are three
options for comparison - S 2p, S 2s and S 1s. One could argue
that the S 1s core level is the most convenient one to compare to
as it has the highest ionization cross section (Fig. $10, ESIT).
However, due to the increased surface sensitivity at this photon
energy (see the calculated probing depth values for different
core levels®® in Table S3, ESIT), the S 1s is not considered a
good choice for quantification at the photon energy of 3000 eV.
When it comes to the S 2p core level, Laajalehto et al. show in
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Fig. 4 HAXPES spectra of the PbS QD samples. (A) S 2p (B) Pb 4f (C) Br 3d and (D) | 4d regions, normalized to the total S 2p intensity and internally

calibrated to S 2ps, at 161.3 eV (determined for the PbS (1:1) QD sample).
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their study of galena that determination of the S 2p area can be
less precise and thus more uncertain due to the vicinity of the
strong Pb 4f background.*® Hence, we have decided to use the
S 2s core level in the quantification analysis despite the fact
that this peak has a much greater FWHM (approx. 1.7 eV),
compared to the other sulfur core levels. This could add some
uncertainty in the fitting of different sulfur types, but it is not
expected to have any significant effect in comparing the total
amount of sulfur that is used in such calculations. In addition
to this, one should keep in mind that the difference in
molecular orbital angular momentum (s, d and f), differences
in kinetic energies, and uncertainties in the cross-section all
affect the final quantification results to some extent. The
relative S/Pb ratios in the QD samples studied here are lower
compared to our previous study (0.4 compared to 0.6)*" and the
quantification of the PbS ref sample showed a S 2s to Pb 4f ratio
of 0.7, which suggests that the ratios found here are lower than
the true atomic ratio in the compound and therefore our study
focusses on trends rather than the absolute values.

The ratio of (I 4d + Br 3d)/Pb 4f at 3000 eV shows slightly
higher values in Br-rich samples (lowest 0.53; highest 0.72),
while the ratio of the (I 4d + Br 3p)/Pb 4f at 6100 eV varies
between 0.45 and 0.60, and slightly higher values are observed
in the I-rich samples (Fig. 5B). As about 50% of the signal stems
from the first quantum dot layer for measurements with 3000 eV
photon energy compared to 30% with 6000 eV (Table S3, ESIT),
this could suggest that there is an increased number of
halides closer to the sample surface in bromide-rich samples.
This matches the findings in a study of QD film stability®* and
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our previous study of electron dynamics in PbS QD thin films,>
where we observed iodide loss at the sample surface over time.
It also raises a question of the possibility of halide migration in
quantum dot films, which has been observed by photoelectron
spectroscopy in lead halide perovskite materials.> However, as
the sulfur to lead ratio (Fig. 5C) is relatively constant at both
photon energies, when going from PbS-PbI, to PbS-PbBr,, one
could conclude that the halide ligand variation does not to
change the relative amount of sulfur in the quantum dots nor
affects the structural properties of the quantum dots. The
absolute differences in the ratios at 3000 and 6100 eV can be
assigned to the effects discussed above.

Shape and position of the valence band

Another essential quality of the semiconductor materials are
the positions of the valence and conduction band edges as well
as the orbital composition of the bands. To determine the exact
positions and contributions in the valence band of the quan-
tum dot materials, we recorded the valence band spectra at
3000 eV for the reference and QD samples (Fig. 6). As discussed
above, we use an internal calibration for our PE spectra and the
valence band spectra shown in Fig. 6 are calibrated to the Pb 5d
core level at the position as given in Table S1 (ESIt). When
comparing the valence band (VB) spectra of the PbS QD (1:1)
sample to those of the reference samples (Fig. 6A), we observe
clear differences in the VB feature shape as well as in the
position of the valence band maximum (VBM). The VBM is
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Fig. 6 (A) Valence band spectra of PbS (1:1), PbS ref and halide refer-
ences. (B) Valence band spectra of the QD samples. The S 3p, Pb 6s, Br 4p
and | 5p state contributions are highlighted with blue, grey, green and
yellow areas, respectively. The spectra in the figure are calibrated to Pb
5ds,, = 19.5; 19.3; 19.9 and 20.2 eV for QD samples, PbS ref, Pbl, ref and
PbBr; ref, respectively, and normalized to the intensity of the main valence
band feature within the range 0-7 eV.
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observed at the lowest binding energy for the PbS ref, followed
by PbS (1:1), Pbl, and finally PbBr,. From the literature we
expect that the main density of the PbS contribution to the
valence band should come from the S 3p orbitals closest to the
valence band edge and Pb 6s states between 8 and 12 eV,”>”°
while in lead halides the main density comes from the Br 4p
and I 5p states (between 2 and 5 eV).””>°

All these contributions should be observed in the valence
spectra of the quantum dots and the regions where they are
expected to occur are highlighted in Fig. 6. The shape of the VB
feature of the QD samples is different from both PbS and halide
references (Fig. 6A), and the intensity maximum shifts from
about 3 eV to 4 eV as the ligand content in the QDs changes
from iodide rich to bromide rich (Fig. 6B). From the reference
spectra, the S 3p states should be observed closest to the
valence band edge followed by I 5p and Br 4p states and from
this we observe that the halide ligands indeed contribute little
to the states closest to the valence band edge in the PbS QDs,
while the biggest influence on the VBM comes from the S 3p
orbital, as previously suggested.?” As a result of this, we observe
a clear change in the energy at which the valence band is most
intense, but not in the position of the valence band maximum
(Fig. 6B). Therefore, the position of the valence band edge
relative to the Pb 5d level appears relatively unaffected by the
composition of the halide ligands.

When comparing the quantum dot samples to the PbS
reference, we observe a clear difference in the energy of the
valence band maximum. This means that the energy difference
between the S 2p core level and the VBM is lower for the
quantum dot sample than for the PbS reference. The quantum
confinement, therefore, changes the energy of the valence band
edge for the quantum dot sample relative to the PbS reference.
The energy of the valence band maximum (Eygy) can be
determined by linear or logarithmical extrapolation of the
leading edge to where photoemission intensity from the
valence band decreases into the background noise. The posi-
tion of the conduction band (CB) can then indirectly be
calculated as the energy difference between the optical bandgap
and VB position (Egs, — Evpm)- Linear and logarithmical extra-
polation often give different values, as is also the case in our
study (see Table S4, ESIT). For PbS, it has been shown that the
linear extrapolation method often gives unrealistic values.®
Due to changes in the density of states coming from the
quantum confinement, the difference in values obtained from
linear extrapolation and to realistic valence band maxima
decreases with increasing quantum confinement. As we are
comparing quantum dots of the same size, the same offset
should apply, and we can use both linear and logarithmic
extrapolation to give upper and lower bounds of the valence
band maximum. For the PbS reference sample, the linear extra-
polation is likely to lead to a larger percentage overestimation
of the binding energy of the VBM (Table S4, ESIt). Indeed, the
value of 0.57 eV found is larger than the bandgap of non-
quantized PbS (0.37 eV) and it is therefore unrealistic. On the
other hand, a value of 0.20 eV is found with logarithmic extra-
polation, which might be a more realistic value. When comparing
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values estimated by the logarithmic and linear extrapolation
method (see Fig. 7 and Fig. S11, Table S4, ESIt), the logarithmic
method gives Eygpy values, which are approximately 0.45 eV lower
than those determined by linear extrapolation. However, the
values for all QD samples are quite similar (within 0.15 €V of
each other). For the quantum dot samples, binding energy shifts
of up to 0.1 eV were observed during measurements. The zero
binding energy position in Fig. 7 is therefore likely to be within
0.1 eV of the Fermi level in the dark. All quantum dot samples
therefore show n-type character, as has been observed previously
for iodide- and bromide-capped quantum dots,>”**" although
bromide-capped PbS have also shown a p-type character after
being exposed to air for several hours in the study bt Ning et al.*?
The valence band maximum for the quantum dots with (5:1) and
(1:1) ligand composition is at a somewhat higher binding energy
than for the other QD samples, suggesting that these potentially
are more n-type than the other samples. However, as the energy
differences are only within the 0.1 eV range, the previous must be
taken with great caution.

Surface oxidation of quantum dot samples

The surface oxidation of PbS QD materials can be investigated
with measurements of the S 1s spectra at different photon
energies. At 3000 eV incident photon energy, electrons emitted
from the S 1s core level have a kinetic energy of approxi-
mately 530 eV, giving a mean free path of 1.3 nm for the
photoelectrons.”® This means that the measured electrons
come from the surface of the film (over 90% of the signal comes
from the top quantum dot layer, Table S3, ESIT). At 6100 eV, the
kinetic energy of S 1s electrons is approximately 3600 eV and
approximately 42% of the signal comes from the top quantum
dot layer (Table S3, ESIT). Therefore, the sample surface is probed
significantly more with 3000 eV than with 6100 eV for this
core level. The S 1s spectra of the QD samples at 3000 eV
(Fig. 8A and B) show more than one type of sulfur, while the
S 2p spectra at the same energy (Fig. 4A) and the S 1s spectra
at 6100 eV (Fig. 8C and D) show only one type of sulfur. The
additional sulfur species observed in the S 1s spectra at 3000 eV
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therefore stem from the sample surface. The singlet at the lowest
binding energy (2468.9 eV) is assigned to sulfur bonded to lead in
PbS, followed with the singlets of sulfur species bonded to H and C,
and at the highest binding energy the sulfur bonded to oxygen,**
which suggests that the surface of the samples is oxidized to some
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extent. No trend in the amount of surface oxidation in relation to
ligand composition was observed (Fig. S12, ESIt), which suggests
that the ligand composition does not significantly affect the
amount of surface oxidation. Furthermore, no oxidation of the
quantum dots is observed toward the bulk of the samples.
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Fig. 9 Stability measurements of samples PbS—Pbl,, PbS (1:1) and PbS—PbBr,. Panels on the left show the spectral evolution of the Pb 4f;/, (A column),
S 1s (B column), | 4d and Br 3d (C column) core levels, whereas the panels on the right (D column) show the evolution of the metallic Pb (Pb 4f), Pb—-S
sulfur peak (S 1s) and halogen (Br 3d and | 4d) core level intensities over time, in relation to the total intensities of Pb 4f. The X/Pb stands for the ratio of the
core level intensity (S 1s, | 4d or Br 3d) to the total intensity of lead (Pb 4f). The X/Pb change is normalized to the “time zero" ratio (ratio at the beginning of
the measurement). The stability measurement took 7-10 h depending on the sample. All spectra are internally energy calibrated (see Fig. 2).
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Stability under X-rays

As previously discussed, lead halides can degrade under X-ray
radiation®” and this raises a question regarding the X-ray
stability of lead halides as surface ligands in PbS quantum
dots. Therefore, we investigated how chemical composition on
the surface of QD samples changes under longer exposure to
X-rays. The spectral evolution of the Pb 4f, I 4d, Br 3d and S 1s
core levels during several hours of continuous X-ray illumina-
tion at 3000 eV of PbS-Pbl,, PbS-PbBr, and PbS (1:1) QDs is
shown in Fig. 9. The measurements were run as a repeating
sequence, where the measuring time for each iteration was
approximately 30 min. While there are no major changes in the
recorded core levels of the PbS-Pbl, and PbS (1: 1) samples, the
formation of metallic Pb at a lower binding energy is visible for
the PbS-PbBr, QD sample after just a few hours of measure-
ment, as well as the decrease of the Br 3d intensity relative to
the Pb 4f intensity in the PbS-PbBr, QD sample. Similar
behavior of PbBr, was observed in the study of lead halide
crystals by Verwey,*> where the mechanism of degradation
of lead halides under visible light was described. The study
showed that with absorption of light and formation of excitons,
the generated holes will move closer to the surface and react
with anions in which case halide gas is evolved. The electrons
will remain trapped by Pb>" ions forming in this way areas of
metallic Pb according to the reaction:

PbBr, — Pb® + Br,(g) (2)

We also observed this reaction for our reference PbBr, sample,
which degraded faster than the quantum dot sample (Fig. S13,
ESIt). In PES experiments, Br, will escape into vacuum,”” and
for the quantum dots with pure bromide on the surface this
means that there is a loss of ligands under X-ray illumination.
On the contrary, the I 4d to Pb 4f ratio in the QD samples rich in
iodine at the surface remains constant over time and only a
much smaller amount of metallic lead is formed (Fig. 9). In the
study of the photo-degradation of halide crystals,®® it was found
that the photolysis of the PbI, crystals occurred only above
180 °C. This suggests a higher activation barrier for the photo-
degradation of lead iodide than of lead bromide, which could
lead to enhanced stability of the iodide ligands under X-ray
illumination compared to bromide ligands. However, the exact
mechanism of X-ray degradation and the reason for the difference
between iodide and bromide should be further investigated.
When it comes to the S 1s intensity relative to Pb 4f, an increase
is observed over time for all quantum dot samples, especially
during the first few hours of X-ray illumination. It is possible that
this is partially happening due to a decrease in surface contami-
nation, which we observe as a decrease in the O 1s signal intensity
(Fig. S14, EST%).

Conclusions

In this study, we successfully synthesized PbS quantum dots
with surface ligands in which the composition varied from
pure lead iodide to pure lead bromide and investigated their
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chemical and electronic structure with hard X-ray photo-
electron spectroscopy (HAXPES). Quantification of the ligand
composition using HAXPES data closely matches the one
employed in the synthesis, confirming that we can precisely
control the ligand composition of the quantum dot surface.
Measurements of reference samples were used to distinguish
the contributions of the lead sulfide and ligands to the Pb 4f
core level and valence band spectra. In the Pb 4f signal, we
observed contributions from lead bonded to sulfur in the QD
nanocrystals (Pb-S) and contributions from the surface of the
QD nanocrystal (Pb-1, Pb-Br, Pb-0). Using the reference films,
we were able to assign these contributions from lowest to
highest binding energy in the following sequence: Pb-S, Pb-1I,
Pb-Br and Pb-O. The reference films also enabled us to assign
the contributions of the S 3p, Pb 6s, Br 4p and I 5p states to the
position and shape of the valence band in the PbS quantum
dots. While the halide content of the ligands determines the
overall shape of the valence band spectrum, it has a minimal
impact on the position of the valence band edge and the
quantum dot materials are n-type for all iodide/bromide ratios.
While a small amount of surface oxidation was observed
through a surface sensitive measurement of the S 1s core level
for all QD samples, no oxidation was observed in more bulk
sensitive measurements. The bulk of the QD films therefore
remains unchanged and of high purity, and both iodide and
bromide ligands are able to effectively prevent oxidation of the
quantum dot surfaces within a quantum dot solid. We also
showed that surface treatment with iodide was able to prevent
the surface oxidation of a reference lead sulfide film.

While our results show that the ligand composition did not
impact the initial surface oxidation, the sample stability when
exposed to X-rays is strongly influenced by the choice of halide.
Iodide rich QD samples were the most stable, showing almost
no chemical changes over several hours of X-ray exposure,
while the bromide rich QD samples already showed changes
in the first hour. Future studies should determine whether
similar trends can be observed for illumination with photons of
different energies.
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