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olecules for hole extraction in
efficient inverted PbS quantum dot solar cells†
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Lead sulfide quantum dot solar cells have been largely studied only in

the n–i–p architecture, with very few reports on the inverted p–i–n

structure. Although the p–i–n structure provides several advantages,

such as low-temperature processing and is generally compatible with

tandem applications, the realization of p–i–n PbS solar cells has been

hindered by the absence of suitable hole transport layers. That led to

the necessity of introducing a 1,2-ethanedithiol (EDT) passivated PbS

layer, which, while improving hole extraction, significantly hinders

device reproducibility and stability. Here, we demonstrate PbS

quantum dot solar cells based on carbazole- and dibenzothiophene-

based self-assembled molecules as hole transport layers for the first

time. We show that the properties of the organic interlayer influence

the formation of the PbS quantum dot active layer and, consequently,

the device performance. Among the studied self-assembled mole-

cules, the best photovoltaic performance was obtained for Br-2EPT,

reaching power conversion efficiencies of up to 6.3%, among the

highest for p–i–n devices that are not based on the use of EDT-PbS.

These results underline the great potential of self-assembled mole-

cules as hole transport layers in inverted p–i–n PbS quantum dot solar

cells.

Introduction

Lead sulde (PbS) is one of the most studied quantum dot (QD)
materials due to its bandgap tunability, controllable size,
quantum connement and multiple exciton generation.1 PbS
QDs offer a wide absorption range from the visible to the near-
infrared region and are compatible with solution processing,
making them an interesting contender for applications in
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optoelectronics. Due to their lower and tunable bandgap, they
are particularly interesting for application in tandem solar cells,
with special attention given to the desired high short-circuit
current generally obtained for PbS QD devices.2 Almost all PbS
quantum dots solar cells (QDSCs) rely on a n–i–p architecture,
in which the electrons are collected via an n-type metal oxide
layer (e.g., ZnO, TiO2 or SnO2) deposited on top of the ITO
electrode before the deposition of the PbS QD active layer. The
need for the metal oxide layer not only signicantly increases
the thermal budget required for the device fabrication but also
limits the processibility of the devices on temperature-sensitive,
exible substrates and potential integration into tandem
congurations. In many cases, the application in tandem
congurations makes it benecial to integrate the PbS QDs in
inverted device architectures (p–i–n), where electron collection
occurs at the top contact. In this architecture, the n-type metal
oxide is replaced with a p-type oxide such as nickel oxide (NiOx)
or an organic layer. The latter brings many benets, such as
chemical versatility, low-temperature processing and tunable
energetics. Despite these advantages, only very few reports exist
investigating the p–i–n architecture for PbS QDSCs.3–16 In most
cases, these devices are based on poly(3,4-ethylenedioxy-
thiophene):polystyrene sulfonate (PEDOT:PSS) as a hole trans-
port layer,5,8,9 leading to relatively low device performance and
stability. Various modication strategies to improve hole
extraction by PEDOT:PSS were proposed, including the use of
parylene/graphene/oCVD PEDOT stacks.17 Alternatives such as
NiOx, conjugated organic polymers or polyelectrolytes such as
polyethyleneimine (PEI) or poly[(9,9-bis(30-(N,N-dimethyla-
mino)propyl)-2,7-uorene)-alt-1,4-phenylene] (PFN) were also
explored,3,6,13,15 but without signicant gains in performance.
The best performing p–i–n devices rely on the use of 1,2-etha-
nedithiol (EDT) passivated PbS QDs as an interlayer at the hole
transport layer,11 yet EDT has been notoriously associated with
poor reproducibility and stability.18–20

In recent years, the application of self-assembled molecules
as hole transport layers (HTLs) has attracted signicant interest
in the perovskite and organic solar cell communities, as those
J. Mater. Chem. A, 2024, 12, 32689–32696 | 32689
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can be deposited in a single step on the transparent conductive
electrode, enabling p–i–n architectures.21–24 Such molecules are
composed of a spacer, anchoring and terminal group, making
them easily tailorable to the specic requirements of the
devices. The anchoring group of such molecules is usually
a phosphonic acid that tightly binds to the conductive oxide,
like indium tin oxide (ITO). The terminal group's exact molec-
ular structure (oen substituted carbazoles or dibenzothio-
phenes) dictates this interlayer's energetics. The exibility in
themolecular structure allows tuning of charge accumulation at
the interface, passivation of trap states, as well as the energetic
alignment to the semiconducting layer and hole collection
properties.25 The molecules are typically deposited in a simple
one-step spin-coating process followed by mild annealing at
100 °C. Although these molecules resemble the typical molec-
ular structure suitable to form self-assembled monolayers,
recent studies suggest that the molecules do not exclusively
form monolayers but partially exhibit a multilayered character,
resulting in surface energies suitable for wetting with polar
solvents.26 Self-assembled molecules offer many benets over
other extraction layers, such as simple and scalable synthesis,
high material economy, low thermal budget and the ability to
tailor their properties to the required application. Despite their
great advantages, these self-assembled molecules (SAMs) have
not been employed as HTLs in inverted p–i–n PbS QDSCs.

Here, we present the use of phosphonic acid-based inter-
layers as HTL in planar PbS QDSCs with p–i–n-structure for the
rst time. We demonstrate that this simple and low-
temperature modication of the ITO surface leads to solar cell
efficiencies of up to 6.3% under one sun illumination without
the need to use EDT-passivated PbS QDs. Our study shows that
Br-2EPT outperforms structurally and energetically similar
small molecules (like MeO-2PACz and Br-2PACz) due to its
benecial surface-wetting properties and ideal interface
formation with the PbS QD layer. These initial results highlight
the successful utilization of these molecules in PbS QDSCs as
facile and inexpensive HTL enabling almost limitless possibil-
ities for the application of novel self-assembled molecules in
quantum dot solar cells.
Fig. 1 (a) Schematic of employed p–i–n solar cell architecture, including
Energy level diagram of the interlayer modified ITO contact.

32690 | J. Mater. Chem. A, 2024, 12, 32689–32696
Results and discussion

The molecular structure of the molecules utilized in this study
as hole transport layers and the investigated solar cell archi-
tecture are presented in Fig. 1a. The solar cell structure is based
on a p–i–n-architecture with hole collection at the transparent
bottom electrode. This, in turn, requires electron collection at
the top side of the QD lm, enabled by the utilization of TiO2

nanoparticles as an electron transport layer (ETL).21 Carbazole-
based SAMs are well-known surfacemodiers in the eld of thin
lm photovoltaics, particularly for perovskite solar cells.27 The
synthesized PbS QDs have an average size of 3.7 nm based on
transmission electron microscopy (TEM) and a rst excitonic
peak centered around 967 nm, as can be seen by the absorbance
spectrum (see Fig. S1†). X-ray diffraction (XRD) measurements
(Fig. S1d†) conrm the lead chalcogenide dots' high quality,
and the individual reections' observed positions agree well
with the literature.28 The composition of the PbS QDs was pro-
bed by means of X-ray photoemission spectroscopy (XPS), and
the results are shown in Fig. S2.† The XPS measurements
conrm the absence of metallic lead as an impurity and exhibit
the clear features of the PbS QDs and lead halide ligands
employed in the 2-phase ligand exchange process prior to lm
formation.

A key requirement for the interlayer to act as efficient HTL in
PbS solar cells is a suitable energetic alignment with the QD
lm at the anode. We determined the energetics of the
employed small molecule interlayer through a combination of
ultraviolet-photoemission spectroscopy (UPS) and ultraviolet-
visible spectroscopy (UV-vis), depicted in Fig. S3,† with the
summary shown in Fig. 1b. All SAMs exhibit a large bandgap
(∼3 eV) based on their UV-vis spectra, allowing for efficient
electron blocking at this contact in a solar cell. Although they
have approximately the same bandgap value, it can be seen that
the bromide-substituted derivates lead to a downward shi in
energetics according to the polarity of the molecules.29,30 The
methoxy-substituted SAM (MeO-2PACz) shows that the electron-
rich derivative does not dramatically increase the work function
absolute values of the ITO contact, while the bromide
the chemical structures of the surface modifiers used at the anode. (b)

This journal is © The Royal Society of Chemistry 2024
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substituted derivates Br-2PACz and Br-2EPT do, in agreement
with previous reports.31 In contrast to the conventional n–i–p
structure, in which the lead sulde QDs are typically deposited
on a high-surface energy metal oxide typically employed as an
electron transport layer, in p–i–n devices, the deposition of PbS
QD inks must take place on organic small molecules. The cross-
sectional images obtained by scanning electron microscopy
(SEM) reveal strong differences in the QD layer adhesion and
the nature of the interface between QD and the organic hole
transport layer (Fig. 2). MeO-2PACz results in particularly poor
adhesion and large-area delamination of the QD lm. However,
the two bromide-substituted molecules improve the adhesion
to the QD lm, with Br-2EPT resulting in a smooth and
homogenous interface with no presence of voids or areas of
poor contact. These observations are in line with the results
obtained by contact angle (CA) measurements with the PbS QD
ink diluted in butylamine. The lowest contact angle and,
therefore, best surface wetting is achieved for Br-2EPT with
a contact angle of only ca. (7.57 ± 1.63)°, while Br-2PACz and
MeO-2PACz exhibit a slightly higher average contact angle of
(11.25 ± 1.68)° and (16.28 ± 2.89)°, respectively. The average
contact angle for each interlayer is summarized in Fig. S4.†
Contact angles lower than 10° indicate a superphilicity, sug-
gesting that using Br-2EPT enables a particularly good wetta-
bility, leading to a high-quality active layer.32 Further
measurements were carried out to obtain the surface free energy
(SFE). Values obtained were (53.8 ± 3.9) mN m−1, (55.6 ± 2.9)
mNm−1 and (58.2± 2.0) mNm−1 for MeO-2PACz, Br-2PACz and
Br-2EPT, respectively. The SFE increases by almost 10% from
MeO-2PACz to Br-2EPT, meaning that Br-2EPT leads to signi-
cantly improved wettability. Although the structure of these
interlayers does not completely resemble a neat self-assembled
monolayer and might be, most likely, comprised of areas with
a bilayer structure in which disordered molecules form
a superwetting upper layer,26 it is intriguing that particularly the
sulfur-containing derivative exhibits the lowest contact angle
and best wetting properties. We speculate that the affinity of
Fig. 2 Left: Cross-section SEM images of the PbS QD film on the modifie
(PbS:PbX2 ink in diluted butylamine) for different interlayers on ITO.

This journal is © The Royal Society of Chemistry 2024
lead to sulfur might play an important role in the interface
formation, resulting in a homogenous and mechanically stable
interface with the PbS QDs and its ligand shell.

Despite the differences in surface wetting, sufficiently thick
PbS QD layers of several hundred-nanometer thicknesses can be
successfully deposited in a single step (see Fig. S5†). The
optimal thickness was evaluated by means of different ink
concentrations, and the statistical plots can be found in
Fig. S6.† Aer choosing 375 mg mL−1 as the optimal ink
concentration, all cells with the different SAMs were completed,
and their photovoltaic performance was characterized (Fig. 3
and Table S1†). The J–V characteristics under one sun illumi-
nation (Fig. 3a) differ signicantly for the three different hole
transport layers. The solar cells with Br-2PACz exhibit the lowest
performance, with very low short-circuit current density (Jsc)
and a low open-circuit voltage (Voc). Even though the active layer
adhesion is improved as compared to MeO-2PACz, its deep
energetics results in the formation of an energetic barrier for
the extraction of holes, thus signicantly limiting the device
performance. Similar observations were reported for perovskite
solar cells utilizing Br-2PACz with very low JSCs and ll factors
indicating poor hole collection at the anode.31 MeO-2PACz
provides signicantly better short-circuit currents with medi-
ocre open-circuit voltages. However, comparing the overall
output of working cells in Fig. 3c–e, it becomes apparent that
only a small fraction of devices resulted in working solar cells
due to the poor lm formation and easy delamination of the
PbS QD layer on MeO-2PACz. The Br-2EPT HTL, on the other
hand, results in the best-performing solar cells, with short-
circuit currents >25 mA cm−2 and an average open circuit
voltage of 0.40 V, which is lower compared to the classical n–i–p
structure. The ll factor shows the consequence of parasitic
resistances, and it is typically low for all QD solar cells and is in
the range of 50 to 60% for PbS,33 while devices with Br-2EPT
achieve ll factors between 40 and 50% only. The EQE results
(Fig. 3b) agree with the devices' short-circuit current and exhibit
a similar shape to other reports in the literature, with changes
d ITO contact. Right: Contact angle measurements of the sessile drop

J. Mater. Chem. A, 2024, 12, 32689–32696 | 32691
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Fig. 3 (a) Current density–voltage characteristics of the fabricated PbS solar cells, with darker colours indicating a forward scan and the lighter
colours the reverse scan (b) EQE measurements of representative solar cells and summarized photovoltaic parameters for all working solar cells
with (c) Voc, (d) Jsc, (e) FF, and (f) PCE.
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in the spectra related to the optical effects induced by the use of
the different SAMs tested.28,34–36 Moreover, the lower absorption
of the Br-2EPT at lower wavelengths (Fig. S3†) leads to a higher
EQE response in this spectral region. Nevertheless, the best
working cells based on Br-2EPT exhibit power conversion effi-
ciency (PCE) up to 6.3% for the best-performing cell,
32692 | J. Mater. Chem. A, 2024, 12, 32689–32696
surpassing, to the best of our knowledge, most thiol-ligand-free
PbS QDSCs in the p–i–n architecture.

To explore the limitations for the performance of these solar
cells, we performed light-intensity dependent measurements
(see Fig. 4). Light-dependent Voc measurements allow the
determination of recombination losses within the device
This journal is © The Royal Society of Chemistry 2024
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Fig. 4 Light-intensity dependent measurements of the PbS solar cells with different interlayers.
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following the equation Voc = A + nkT/q ln(I),24 where k is the
Boltzmann constant, T is the absolute temperature, q is the
elementary charge, A is a constant, I the light intensity and n is
an ideality factor containing information about recombination
processes. The ideality factor is obtained as the slope of a linear
t to the Voc as a function of the logarithmic light intensity; n
close to 1 indicates bimolecular recombination of charge
carriers, while values close to 2 show Shockley–Read–Hall
recombination.37,38 The values of n obtained for the SAMs tested
were 1.16, 0.55 and 1.63 for MeO-2PACz, Br-2PACz and Br-2EPT,
respectively. It is worth highlighting that the uncertainty in the
measured Voc is quite high because of the low performance of
both 2PACz derivatives.

Light-dependent Jsc measurements reveal differences in the
overall charge carrier balance and interfacial barriers. The light-
intensity dependent measurements follow the equation Jsc =

CIa,26 in which C is a constant, and the exponent a should be
close to unity for ideal devices. The values obtained for a for
solar cells with the different interlayers are 0.81, 0.44, and 0.79
for MeO-2PACz, Br-2PACz and Br-2EPT, respectively. Deviations
from a = 1 indicate charge carrier issues, such as bimolecular
recombination, carrier imbalances and interfacial barriers.39,40

Taken together, the light intensity measurements reveal that
while Br-2EPT leads to the best performance, further research is
necessary in order to improve the ideality of the factors of the
devices. The poor ideality of MeO-PACz and Br-2PACz is closely
related to large voids at the SAM/PbS interface, which leads to
enhanced recombination and interfacial barrier. The presence
of voids at the buried interface has attracted signicant atten-
tion also in the eld of perovskite solar cells where it was
directly correlated to reduced device performance and
stability.41,42 On the other hand, Br-2EPT leads to a smooth,
homogenous interface, but the very deep energetics of the
molecules might impede hole extraction, leading to enhanced
recombination and reducing open-circuit voltage and ll factor.
Considering the chemical variability of self-assembled
This journal is © The Royal Society of Chemistry 2024
molecules, it should be possible to further enhance the
performance by utilizing sulfur-containingmolecular structures
similar to Br-2EPT, albeit with less deep energy levels.

Preliminary stability evaluation of non-encapsulated devices
revealed that their performance gradually decreases before
stabilizing aer approximately 20 days (Fig. S7†). Future work
will focus on investigating the mechanisms leading to perfor-
mance loss and developing mitigation strategies.
Conclusions

In summary, this work shows the rst application of carbazole-
based interlayers MeO-2PACz, Br-2PACz, and Br-2EPT as HTL
for inverted PbS QD solar cells. Among these interlayers, Br-
2EPT exhibits the highest p–i–n solar performance utilizing
TiO2 nanoparticles as ETL. Our results indicate that the use of
the sulfur-containing interlayer leads to good wetting properties
of the PbS inks, allowing the formation of a smooth interface to
the active layer without pinholes and voids. This micro-
structurally optimized interface results in high photovoltaic
performance, with short-circuit currents >25 mA cm−2, and
power conversion efficiencies of up to 6.3%. Our study
demonstrates that the use of phosphonic acid-based small
organic molecules as HTL can be a promising route for the
fabrication of p–i–n PbS solar cells, enabling the realization of
entirely low-temperature and thiol-free processed PbS solar cells
for future applications.
Experimental

All of the chemicals were used without further purication and
are listed here including the purity and the company where they
were bought. Lead oxide 99.999% from Alfa Aesar, oleic acid (OA)
99% from abcr GmbH, 1-octadecene (ODE) 90% from Thermo
Scientic and hexamethyldisilathiane (TMS) from Sigma-Aldrich.
Toluene 99.8%, anhydrous and octane from Thermo Scientic.
J. Mater. Chem. A, 2024, 12, 32689–32696 | 32693
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Formamidinium iodide (FAI) 98% from GreatCell solar, lead
iodide 98% and lead bromide 98% from TCI, ammonium acetate
(AA) 98% from Fluka. N,N-Dimethylformamide (DMF) 99.9%
anhydrous, 1-butylamine (BTA) 99% and ethanol 99.9% anhy-
drous from Thermo Scientic. [2-(3,6-Dimethoxy-9H-carbazol-9-
yl)ethyl]phosphonic acid (MeO-2PACz) 98%, [2-(3,6-dibromo-9H-
carbazol-9-yl)ethyl]phosphonic acid (Br-2PACz) 99% and [2-(3,7-
dibromo-10H-phenothiazin-10-yl)ethyl]phosphonic acid (Br-
2EPT) from TCI. Indium tin oxide (ITO) coated glass substrates
from PsiOTech Ltd. Titanium tetrachloride 99.9% from Acros
Organics, titanium diisoproproxide bis(acetylacetonate) 75% wt.
in isopropanol from Sigma-Aldrich, benzyl alcohol 98% from
Sigma-Aldrich, and diethyl ether 99.5%, isopropanol 99.8% and
acetone 99.8% from Fisher Chemical.

The oleic acid capped PbS (PbS:OA) were synthesized
adapting a procedure from Sargent et al.4 In brief, 0.451 g of PbO
were added to 20 mL of ODE and 1.35 mL of OA in a round
bottom ask. The reactants were stirred and heated at 120 °C in
a vacuum for 3 h before injecting 180 mL of TMS in 5 mL of ODE.
The QDs were then precipitated with acetone and washed three
times by redispersing in toluene and precipitating with acetone.
Aer the last precipitation, the QDs were dried in a vacuum
oven at 40 °C for 30 min and kept dry in the nitrogen-lled
glovebox until use.

The liquid-phase ligand exchange was performed following
the procedure adjusted from Shen et al.,43 where a 7 mg mL−1

suspension of PbS:OA in octane was vigorously mixed with
a 0.1 M PbI2, 0.1 M PbBr2 and 0.04 M of AA solution in DMF at
1 : 1 v/v. Aer the visible phase transfer from the nonpolar
solvent to the polar one, the octane phase was removed and the
QDs were washed three times with octane before being precip-
itated with dry toluene. The now PbS:PbX2 were dried in
a vacuum oven at 40 °C for 30 min and kept dry in the nitrogen
glovebox until use.

The TiO2 nanoparticles were synthesized according to Hos-
sain et al.44 In brief, 4.5 mmol of TiCl4 were added dropwise to
2 mL of anhydrous ethanol. Aer stirring until a clear solution
was formed, 10 mL of benzyl alcohol were added and the
mixture was heated at 70 °C overnight. The nanoparticles were
precipitated with diethyl ether and washed three times by
redispersing in ethanol and precipitating with diethyl ether.
Aer the last precipitation, the nanoparticles were dispersed in
ethanol at the concentration of 2.5 mg mL−1. 15 mL of titanium
diisoproproxide bis(acetylacetonate) were added per mL of TiO2

suspension.
For solar cell preparation, ITO-patterned substrates were

cleaned in an ultrasonic bath for 10 min in acetone and iso-
propanol, dried with nitrogen, and then cleaned with an oxygen
plasma for 10 min right before use. The interlayer solution was
prepared by dissolving themolecules in ethanol at 0.1 mM, then
35 mL were placed on the substrate and spin-coated at 3000 rpm
for 30 s and the lm was annealed at 100 °C for 10 min. Once
the substrates have cooled to room temperature, the PbS:PbX2

ink was dispersed in FAI + BTA at different concentrations and
spin-coated using the same parameters as before and annealed
at 80 °C for 10 min. The layer stack was completed by depositing
the TiO2 nanoparticle suspension by spin-coating and
32694 | J. Mater. Chem. A, 2024, 12, 32689–32696
annealing at 100 °C for 10 min. Finally, an 80 nm thick silver
layer was thermally evaporated to complete the cells. All the
spin-coated layers were fabricated in a dry-air glovebox, while
the evaporated gold layer was made in a nitrogen glovebox. The
cells were then measured without any further procedure.
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