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Lead sulfide colloidal quantum dots (PbS CQDs) show great poten-
tial in next-generation photovoltaics. However, their high specific
surface area and complex surface crystallography lead to a high
surface trap density, which normally requires more than one type
of capping ion or ligand to achieve effective surface passivation. In
this study, we performed in situ mixed halogen passivation (MHP)
during the direct synthesis of semiconducting PbS CQD inks by
using different lead halogens. The different halogens can bind with
the surface of the CQD throughout the nucleation/growth
process, resulting in optimal surface configuration. As a result, the
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MHP CQD exhibited superior surface passivation compared to the
conventionally iodine-capped CQDs. Finally, we achieved a sub-
stantial improvement in efficiency from 10.64% to 12.58% after the
MHP treatment. Our work demonstrates the advantages of explor-
ing efficient passivation in the directly synthesized CQD inks.

1. Introduction

PbS colloidal quantum dots (CQDs) have attracted substantial
attention for use in photovoltaic devices due to their long-term
stability,"”> broad absorption spectra®” and enticing multi-
exciton generation.”” They have been classified as one of the
three primary solution-processed photovoltaic materials, along
with organic semiconductors and metal halide perovskites.®’
The nanoscale size of CQD materials results in a high surface
area/volume ratio, leading to numerous surface dangling
bonds and trap states. The management of these surface traps
is critical to the achievement of high photovoltaic performance
and has been the primary research focus in the field of CQD
solar cells."”*® In the early stage, bidentate thiol molecules
(ethanedithiol, benzenedithiol, and 3-mercaptopropionic acid)
were widely employed to passivate PbS CQDs due to the strong
binding affinity between thiol and surface Pb.'®2° To further
increase the coupling between the CQDs, inorganic halogen
ions (especially iodide) have been explored as efficient ligands
that exhibit excellent passivation on the surface of PbS
CQDs."*'7%® Additionally, the sole ligand typically cannot fully
passivate the entire surface of PbS CQDs due to steric hin-
drance. Therefore, additional ions (such as Br-, Cl-, SCN-) or
molecules (such as thiols) have been introduced to enhance
surface passivation.?”*?

Until now, PbS CQD passivation has been implemented
through a process known as ligand exchange. In the process,
the short ions or ligands were employed to substitute the orig-
inal long-chain ligands (e.g:, oleate), which is the essential step
for ensuring sufficient charge transport in the CQD film for
optoelectronic devices.***® Ideally, all the Pb-oleate bonds
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should be broken and then the surface Pb should form new
bonds with incoming short ions or ligands. However, due to
the steric hindrance of incoming ligands and inconsistent
ligand exchanges, it is challenging for the incoming ions or
short ligands to bind with all the uncoordinated sites gener-
ated after the break-up of the Pb-oleate bonds, inevitably
resulting in the formation of trap states.’”*® This issue is even
more prominent when using multiple components in the
ligand exchange toward synergistic passivation, as the reactiv-
ity and steric hindrance of each passivator is hard to be well
coordinated.**

Recently, we have investigated a novel strategy for the direct
synthesis of semiconducting PbS CQD inks.***° This method
completely circumvents the problematic ligand exchange
process and the resulting PbS CQDs are directly passivated
with iodide. This strategy provides a new platform to effectively
design multiple passivations during the CQD synthesis and
straightforwardly deliver outstanding passivation to the final
optoelectronic application. Taking advantage of the advanced
direct-synthesis CQD ink protocol, in this study, we developed
an in situ mixed halogen passivation (MHP) strategy by intro-
ducing different lead halogens as precursors during CQD ink
synthesis. As halogens are involved in the entire CQD nuclea-
tion/growth processes and dynamically interact with the CQD
surface, they attach to the surface with the most favorable
thermodynamic configuration. The resulting MHP CQDs
exhibit improved surface halogen coverage, advanced surface
passivation, and fewer trap states than the sole iodide-capped
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CQDs (Fig. 1a). Finally, the photovoltaic device based on MHP
CQD inks achieves a power conversion efficiency (PCE) of
12.58%, which is significantly higher than that of the control
device (10.64%) based on sole iodide-capped CQD inks.

2. Experimental
2.1 Direct synthesis of PbS CQD inks

The control PbS CQD inks were synthesized by fully dissolving
6 mmol of Pbl, and 1 mmol of DPhTA in 9 mL of DMF under a
nitrogen atmosphere. Subsequently, 1 mL of BA was rapidly
injected into the precursor solution under a 0 °C ice bath, and
the reaction mixture was left undisturbed for 10 min. Then,
toluene was added as an anti-solvent, followed by centrifu-
gation at 8000 rpm for 5 min. The resulting CQD solids were
stored in an N, glovebox. For the MHP CQD inks, partial PbI,
was replaced with PbBr, or PbCl, prior to the addition of BA.
The purification process was the same as that for the control
inks.

2.2 Solar cell fabrication

ITO glass was first cleaned sequentially with deionized water,
IPA, and acetone in an ultrasonic apparatus, and then treated
with UV-ozone for 30 minutes. Subsequently, a solution of
ZnO nanoparticles was spin-cast onto the ITO glass at 2500
rpm for 20 seconds. The PbS CQD ink solution (with a concen-
tration of 700 mg mL™") was then spin-coated at 2000 rpm for
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Fig. 1 (a) Schematic of the mixed halogen surface passivation (MHP) strategy based on the direct synthesis of PbS CQD inks. (b—c) XPS spectra in Br
3d and Cl 2p regions for MHP-Br and MHP-Cl CQD films. (d) Elemental ratios extracted from the XPS spectra.
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40 seconds, and annealed at 70 °C for 10 minutes under an
inert atmosphere. For the hole transport layer, 20 mg mL™"
oleate-capped PbS CQDs were spin-coated at 2500 rpm for 20
seconds, followed by treatment with a 1,2-ethanedithiol (EDT)
solution (with a concentration of 0.04 vol% in acetonitrile) for
30 seconds and rinsing twice with acetonitrile. This process
was repeated twice to achieve a thickness of approximately
40 nm. The prepared devices were stored under dry air over-
night for further oxidation. Finally, a 100 nm Au layer was
evaporated through thermal evaporation at a rate of 0.5 As™"
under a high vacuum of less than 1 x 107> mbar through a
shadow mask to define a total active area of 0.0725 cm?. The
devices were stored under ambient air (with a relative humidity
of approximately 30%) for the air stability test. The procedures
for the synthesis of ZnO nanoparticles and oleate-capped PbS
CQDs are presented in the ESL T

2.3 Measurements and characterization

X-ray photoelectron spectroscopy (XPS) was carried out in an
ultrahigh vacuum (UHV) system with a base pressure of 1.0 x
107" mbar and tested with a monochromatized Al Ka light
source (1486.75 eV). The absorbance spectra were recorded on
PerkinElmer model Lambda 750. The photoluminescence
spectra and photoluminescence decays of CQD solutions were
recorded on a FluoroMax-4 spectrofluorometer (HORIBA
Scientific). The photoluminescence spectra of QD films were
measured on an Applied NanoFluorescence spectrometer
(USA) by using an excitation laser source of 785 nm. The
photoluminescence quantum yields (PLQY) of the CQD solu-
tions were recorded using an integration sphere incorporated
into the FLS980 spectrometer. The device cross-sectional
images were characterized by SEM on a Zeiss Supra 55 field.
Current-voltage I-V characteristics were recorded using a
Keithley 2400 digital source meter under simulated AM 1.5G
solar irradiation at 100 mW cm™> (Newport, Class AAA solar
simulator, 94023A-U). The light intensity is calibrated using a
certified Oriel reference cell (91150 V) and verified with an
NREL-calibrated Hamamatsu S1787-04 diode.

3. Results and discussion

The control PbS CQD inks were synthesized following our pre-
vious report.*® Briefly, Pbl, and diphenyl thiourea (DPhTA)
were dissolved in N,N-dimethylformamide (DMF), serving as
the Pb and S precursors respectively. Butylamine (BA) was then
injected into the solution to initiate the reaction. In the mixed
halogen passivation (MHP) strategy, partial Pbl, was replaced
with PbBr, (MHP-Br) or PbCl, (MHP-Cl). X-ray photoelectron
spectroscopy (XPS) was first performed to characterize the
impact of MHP on CQD surface chemistry. As shown in Fig. 1b
and c, well-defined Br 3d and Cl 2p peaks can be observed for
MHP-Br and MHP-CI samples, respectively. The energy disper-
sive spectroscopy (EDS) mapping conducted under the scan-
ning electron microscope (SEM) also reveals the uniform distri-
bution of Br and Cl for the corresponding CQD films
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(Fig. S11). The XPS and SEM-EDS results collectively indicate
that Br or Cl” ions have been effectively incorporated into the
CQD surface using the MHP strategy. We further calculated the
detailed elemental ratios for the MHP samples by integrating
the areas of the XPS spectra peaks of I 3d and Pb 4f (Fig. S27).
The extracted elemental ratios are summarized in Fig. 1d. The
Br/Pb ratio in MHP-Br and Cl/Pb ratio in MHP-CI are 4.01%
and 6.69%, respectively. Meanwhile, the I/Pb ratio decreased
from 82.48% (control) to 79.94% (MHP-Br) and 78.49%
(MHP-CI). More importantly, it was observed that the (Br + I)/
Pb and (Cl + I)/Pb ratios can reach 83.95% for MHP-Br and
85.18% for MHP-C] samples, respectively. The above results
imply that the MHP can achieve a higher halogen coverage due
to the smaller sizes of the Br™ and CI” ions, which can bind to
the uncoordinated Pb sites that are inaccessible to much
larger I'ions. Previous reports have suggested that higher
surface halogen coverage may help reduce surface trap
states.>**”

Additional optical characterization was further carried out
to study the effect of the MHP strategy. As depicted in Fig. 2a,
the MHP-Br and MHP-Cl CQD solutions exhibit only a slight
shift towards shorter wavelengths on the absorption edge,
likely attributed to the modified reaction kinetics following the
incorporation of different Pb precursors. However, the MHP
CQDs demonstrate significantly enhanced photoluminescence
(PL) intensities. The PL quantum yields (PLQY) were estimated
to be 9.53%, 12.78% and 17.42% for control, MHP-Br and
MHP-CI QDs respectively (Fig. S31). Meanwhile, the average PL
lifetime also improved from 1.10 ps for the control CQD solu-
tion to 1.54 pus (MHP-Br) and 2.21 ps (MHP-Cl) (Fig. 2b and
Table S17). The marked increase in the PLQY and PL lifetime
indicates that the nonradiative trap states have been efficiently
suppressed (Fig. 2c).*® Furthermore, the optical behaviors of
the CQD solid film were studied. As shown in Fig. 2d, the
absorption edges of the MPH CQD films exhibit a redshift
compared to that of the control, indicating that the MPH CQD
films display an improved inter-dot coupling.*** The PL
intensity and PL lifetime of the CQD films exhibit a reversed
trend compared to those in solution (Fig. 2d, e and Table S27),
which can be attributed to the rapid charge transfer within the
strongly electronically coupled MHP QD films. The space-
charge-limited current (SCLC) measurement was then per-
formed to evaluate the trap density and carrier mobility. As
shown in Fig. 2f, the SCLC of the electron-only devices (ITO/
ZnO/PbS-film/ZnO/Ag) can be defined as the ohmic region,
trap-filling region, and trap-free region. The torsion voltage at
the critical point between the ohmic region and the trap filling
region is defined as the trap filling limit voltage (Vrgy), which
can be used to determine the trap state concentration
(Fig. 2d).**> MHP-Cl CQDs exhibited the lowest electron trap
density (1.91 x 10" ecm™), followed by MHP-Br (2.37 x 10'°
em™) and control (2.57 x 10'® em™). Electron mobility is a
metric to evaluate electron transport ability. The calculated
electron mobilities are 1.65 x 107° ecm? V™! 57!, 2.47 x 107°
em® V! s7'and 3.61 x 107° em? V' s for control, MHP-Br
and MHP-CI CQDs films, respectively (Fig. S41). These results
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Fig. 2 (a) Absorbance and steady-state PL spectra of PbS CQD solutions. (b) TRPL of the CQD inks. (c) PLQY and TRPL results of the CQD solutions.
(d) Absorbance and steady-state PL spectra of the CQD solid films. (e) TRPL of the CQD films. (f) Space charge limited current (SCLC) measurements

for the CQD films.

indicate that the MHP strategy can enhance surface passiva-
tion of the PbS QD and promote inter-dot coupling, which is
beneficial for photovoltaic applications.

The directly synthesized QD inks were then applied as an
active layer for solar cell fabrication. Fig. 3a shows the sche-
matic illustration of the device structure (ITO/ZnO/PbS-inks/
PbS-EDT (1,2-ethanedithiol)/Au), where ZnO and PbS-EDT
serve as electron and hole transport layers, respectively."°
Fig. 3b and Fig. S57 display a cross-sectional SEM image of a
typical device. The halogen input ratios used during the CQD
synthesis were optimized first, and the results indicate that the
best power conversion efficiencies (PCEs) were obtained at
PbBr,/Pbl, = 5% and PbCl,/Pbl, = 10% (molar ratio), respect-
ively. (Tables S3 and S4}) The PCE histograms of the devices
are shown in Fig. S6. The MHP-CI device exhibits champion
PCE up to 12.58%, with an open-circuit voltage (V,.) of 0.66 V,
a short-circuit current density (Js.) of 27.73 mA em™>, and a fill
factor (FF) of 68.78%. The current-voltage (J-V) curves for the
champion control, MHP-Br and MHP-CI devices are shown in
Fig. 3c. Compared with the control device (PCE = 10.64%, with
a Vo of 0.64 V, J;. of 26.63 mA cm™>, FF of 62.45%), the
improvement of PCE in the MHP device is primarily due to the
increase in V,. and FF, which correspond to the improved pas-
sivation of the MHP strategy. Additionally, Js. calculated from
EQE integration shows good agreement with the values
obtained from the j-V measurement, as depicted in Fig. 3d.
The J-V scans conducted in both forward and reverse direc-
tions show similar performance, indicating minimal hysteresis
in the devices (Fig. S71). Finally, all devices demonstrate excel-
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lent storage stability, retaining about 95% of their initial PCE
after storage in an ambient atmosphere (RH 30%) for over
800 hours (Fig. S87).

Finally, we characterized the control and MHP solar cells to
comprehend the kinetics responsible for the improved photo-
voltaic performance. The Nyquist plots of the control and
MHP devices are presented in Fig. 4a. The related parameters
are listed in Table S5.f The MHP-CI device exhibits a lower
series resistance (R; = 15.25 Q) than the MHP-Br device (R =
29.08 Q) and the control device (Rs = 61.72 Q). The results
suggest that the MHP device has improved charge carrier
transport and suppressed charge carrier recombination com-
pared to the control device, consistent with improved V,. and
FF values. Furthermore, the Mott-Schottky analysis of the
capacitance-voltage (C-V) curves was conducted to examine
the built-in potential (V},;) of the control and MHP solar cells
(Fig. 4b). The MHP-CI device exhibits a V;,; value of 0.57 V,
which is higher than that of the MHP-Br device (V}; 0.54 V)
and the control device (Vp; 0.52 V), indicating a broader
depletion layer that promotes charge transport and accelerates
charge carrier separation.’* We also carried out C-V tests
under different frequencies. As illustrated in Fig. 4c and
Fig. S9,f the MHP-CI devices show higher built-in potential
than both the MHP-Br and control devices. The larger V},; in
the MHP-CI device indicates a stronger built-in field, corres-
ponding to the improved V,. and FF in the solar cell devices.
Meanwhile, photovoltage decay spectra measurements were
performed on both devices (Fig. 4d). The MHP-CI device shows
the longest photovoltage decay time (76.84 ps) compared to

This journal is © The Royal Society of Chemistry 2024
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the MHP-Br (51.81 ps) and control (33.86 ps). A larger photo-
voltage decay time suggests that the MHP strategy can
reduce trap states, thereby suppressing nonradiated
recombination.***>

4. Conclusion

In summary, we propose an effective and simple in situ mixed
halogen passivation (MHP) strategy in the direct synthesis of
PbS CQD inks. This strategy utilizes halogens with different
sizes to achieve comprehensive passivation of the CQD surface
during the synthesis process. The optimized configuration and
improved surface coverage of the halogens result in reduced
trap states and increased CQD coupling compared to sole
iodide ion passivation. The solar cells based on the MHP CQD
achieved champion power conversion efficiency (PCE) of
12.58%, significantly higher than that of the control device
(10.64%).
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