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PbS Quantum Dots Ink with Months-Long Shelf-Lifetime
Enabling Scalable and Efficient Short-Wavelength Infrared
Photodetectors

Han Wang, Jacopo Pinna, David Garcia Romero, Lorenzo Di Mario,
Razieh Mehrabi Koushki, Mordechai Kot, Giuseppe Portale, and Maria Antonietta Loi*

The phase-transfer ligand exchange of PbS quantum dots (QDs) has
substantially simplified device fabrication giving hope for future industrial
exploitation. However, this technique when applied to QDs of large size
(>4 nm) gives rise to inks with poor colloidal stability, thus hindering the
development of QDs photodetectors in short-wavelength infrared range.
Here, it is demonstrated that methylammonium lead iodide ligands can
provide sufficient passivation of PbS QDs of size up to 6.7 nm, enabling inks
with a minimum of ten-week shelf-life time, as proven by optical absorption
and solution-small angle X-ray scattering. Furthermore, the maximum linear
electron mobility of 4.7 × 10−2 cm2 V−1 s−1 is measured in field-effect
transistors fabricated with fresh inks, while transistors fabricated with the
same solution after ten-week storage retain 74% of the average starting
electron mobility, demonstrating the outstanding quality both of the fresh and
aged inks. Finally, photodetectors fabricated via blade-coating exhibit 76%
external quantum efficiency at 1300 nm and 1.8 × 1012 Jones specific
detectivity, values comparable with devices fabricated using ink with lower
stability and wasteful methods such as spin-coating.

1. Introduction

Short wavelength infrared (SWIR) photodetectors are under
massive demand for applications such as telecommunication,
light detection and ranging, and biomedical sensing.[1–5] Cur-
rently, photodetection in this spectral range depends heavily on
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semiconductors such as indium gallium
arsenide, indium antimonide, and mer-
cury cadmium telluride.[6–8] However, the
thin-film fabrication of such materials
requires epitaxial growth under accurately
controlled temperature and pressure, lim-
iting the availability of this technology
to the consumer market due to the high
manufacturing complexity and cost.[8,9]

Lead sulfide quantum dots (PbS QDs)
are considered new-generation materials
for SWIR photodetection due to their
solution-processability, high absorption
coefficient, and low fabrication cost. Ben-
efiting from the quantum confinement
effect, their bandgap can be tuned to cover
most of the SWIR spectral range by al-
tering the particle size.[10,11] Therefore,
these QDs have been intensively studied
as building blocks for solar cells,[12–15]

light-emitting diodes,[16–19] light-emitting
transistors,[20,21] and photodetectors.[22–25]

The obvious advantages notwithstand-
ing, the utilization of PbS QDs for SWIR

photodetection still faces several technical challenges. As-
synthesized PbS QDs are commonly passivated with oleic acid
(OA) ligands, which control the kinetics of nucleation and
growth.[26] These organic ligands act as long-chain spacers to
colloidally stabilize the QDs during storage but hinder inter-
dot charge transport.[27] Consequently, their substitution is re-
quired to facilitate the charge carrier transport. Ideally, these
new ligands should also provide a good surface passivation to
achieve high-performance optoelectronic devices.[28] The ligand
exchange process with shorter ligands has been demonstrated
as the best approach,[29] also compared to ultra-thin shells in
core–shell particles.[30,31] In the last years, the phase-transfer lig-
and exchange (PTLE) has started to prevail over the earlier de-
veloped solid-state ligand exchange due to the simplicity of the
process allowing one-step deposition, and comprehensive sur-
face passivation.[32,33] Among all the reported PTLE schemes, the
incorporation of lead halide ligands (PbX2 X = I, Br, Cl) has been
shown to have several benefits including good surface passivation
and efficient carrier transport.[14,15,34] However, the phase trans-
fer and the ligand coverage with these ligands were reported to
be incomplete for relatively large PbS QDs (>4 nm), leading to
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severe aggregation and poor stability (hours) of the resulting col-
loidal dispersion (ink).[34,35]

One of the major difficulties is finding proper ligands for QDs
of different sizes, which is determined by the different shapes
they exhibit with different sizes. In fact, for minimization of the
surface potential, the growth of PbS QDs commonly results in a
transition from octahedron to cuboctahedron. The latter presents
a majority of the surface area terminated with the charge–neutral
[100] facets rather than with the Pb-rich [111] ones.[36] Iodide is
one of the most used passivating anions, which has, however,
a relatively low affinity with such facets, which cannot get fully
passivated during the ligand exchange.[37] Therefore, with the
[100]/[111] ratio growing larger with the QDs size, an increasing
amount of dangling bonds can result in irreversible oxidation and
QDs fusion which deteriorates the colloidal stability.

Various attempts have been undertaken to achieve stable
inks of the SWIR range QDs (size > 4 nm), including halide
ratio manipulation,[22,37,38] selective passivation with sodium
cations,[34] and dynamic-controlled direct synthesis.[24] Neverthe-
less, most of the methods still depend on halide anions for the
[100] facet passivation, which, regardless of the halide species,
has been reported to be not ideal.[38]

Recent reports showed intense usage of perovskite-like ligands
on small-size PbS QDs, in particular for the fabrication of solar
cells, which achieved a record power conversion efficiency of 15%
using formamidinium lead halide ligands.[39–42] Moreover, it has
been reported that the lead halide perovskite has a perfect lattice
matching with PbS QDs and that the interface-formation energy
of the methylammonium lead iodide (MAPbI3) [110] plane on the
QDs [100] facet calculated from density functional theory is low
enough for epitaxial growth at room temperature.[43,44]Literature
has also shown that the [100] facet can be fully passivated using
cesium lead halide ligands thanks to the good lattice matching,
which results in prolonged solar cell stability.[45] Such ligand has
been also utilized for relatively large-size QDs, leading to a SWIR
photodetector of 42 kHz bandwidth and 6.2 × 1012 Jones detec-
tivity at 1300 nm.[46]

Generally, butylamine (BA) is utilized as a solvent for these
inks, however, it is well known that it provides limited colloidal
stability and after only a few hours from their preparation, QDs
begin to precipitate.[47] The attempt to finely optimize the solvent
has only extended the colloidal stability to 7 h using a mixture of
BA and dimethylformamide (DMF) in different ratios.[48] Obvi-
ously, this is a very short shelf lifetime, which represents a serious
bottleneck for the technological exploitation of PbS QDs inks.

A few years ago, some of us demonstrated inks with a shelf
lifetime of 20 months for small-size QDs (with excitonic peak at
�900 nm), by using MAPbI3 as ligands and propylene carbonate
(PC) and 2,6-difluoropyridine (DFP) as solvents.[47]

Here, we report a single-step phase-transfer ligand exchange
for large-size PbS QDs with MAPbI3 ligand in DFP solvent. For
the first time, we show that such a combination allows for com-
plete ligand passivation of QDs with excitonic peaks from 1300
to 1700 nm, and renders the resulting inks colloidally stable for
at least 10 weeks. The QDs size, dispersity, and aggregation form
are confirmed to be unchanged after storage, by utilizing both
solution small-angle X-ray scattering (SAXS) measurement and
absorption spectroscopy. Additionally, the ink shelf-lifetime was
investigated through field-effect transistors (FETs). Not only did

the inks made with large QDs show comparable transport prop-
erties to the one obtained for small-size QDs, but furthermore
the performance of some of the aged inks remained comparable
to the fresh inks with only a 26% loss in mobility. Finally, to show
the high quality of the colloidally stable QDs inks, we utilized the
one with a 1300 nm excitonic peak to fabricate photodetectors
via blade-coating deposition. Our devices displayed state-of-the-
art performances with a dark current of 1.8 × 10−6 A cm−2 at
−1 V, an external quantum efficiency (EQE) of 76% at 1300 nm,
and a specific detectivity of 1.8 × 1012 Jones.

2. Results and Discussion

The conventional ligand exchange for large-size QDs mainly uti-
lizes PbX2 ligands with a high bromide-to-iodide ratio (Br: I= 2:5)
and sodium cations as additives.[37] However, despite the better
affinity of the bromide anion on [100] facet, it has been reported
that usage of such halide atoms, when in excess, can hinder the
charge transfer due to the enlarged energy barrier of the ligand
adsorbed layer.[38,49] Additionally, for achieving a stable colloidal
system, the electric double layers, namely the electrostatic inter-
action between the ligand layer and dissociative counterions, are
commonly required for stabilizing the QDs in the solvent. It has
been reported that small Na+ additives passivate the vacancies
on [100] facet due to small steric hinderance,[34] such adsorption
of metal cations on QDs surface weakens the negative repulsive
charge of the surface environment and thus the electric double
layers.[29,50] Even worse, the excessive usage of lead salts can also
deteriorate the electric double layers due to the poor solvation of
[PbX]+,[38,51] thus destabilizing electrostatically the colloidal QDs.

To verify the stability of these inks, we reproduced ligand ex-
change using PbX2 and the sodium additive on PbS QDs with
5.1 nm dot-size following the above-mentioned recipe. The de-
tailed procedure can be referred to the Supporting Information.
It should be noted that DFP was used as a solvent for dispers-
ing the QDs since it has been proven to give stronger colloidal
stability than other commonly used solvents.[47] However, the re-
sulting ink has a turbid appearance (Figure �a), which hints at
the strong aggregation of the QDs. This was confirmed by the
UV–vis absorption spectra (Figure S1, Supporting Information)
showing an extra prominent peak at 0.75 eV, which is the red-
shifted excitonic peak of large QD dimers. Moreover, after one
week of storage in a nitrogen atmosphere, agglomerates of QDs
become visible to the eye (Figure 1b). Thus, such PbX2 ligands
lead to strong QDs fusion, and the derived inks do not provide
shell stability any close to what will be relevant for industrial uti-
lization.

Metal halide perovskite-like ligands, specifically the ones that
have a general composition MAPbI3, are an appropriate ligand
not only to achieve a good passivation of the surface of small size
QD[47] but also to achieve colloidal stability of large dot-size QDs.
Compared to cations such as Na+ and Cs+, the MA+ ones have
a large size and larger steric hindrance on the PbS surface; thus
they can efficiently form electric double layers.[52,53] Therefore,
we expect the MA+ cations to improve the colloidal stability of
inks because of the electric double layers formation.

Following this idea, the perovskite ligand exchange was imple-
mented using DFP as a solvent for five different QD sizes (4.6–
6.7 nm). The shape of these QDs with pristine oleic acid ligands
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(a) (b)

(c) (d)

PbS-PbX2 ink in DFP
5mg/ml (Fresh)

PbS-PbX2 ink in DFP
5mg/ml (1 week)

PbS-MAPbI3 ink in DFP 5mg/ml (2 weeks)

PbS-MAPbI3 ink in DFP 5mg/ml (26 weeks)

Figure 1. Photographs of the PbS QDs inks with PbX2 ligands as-prepare (a) and after 1-week storage (c). Photographs of the PbS QDs inks with MAPbI3
ligands as-prepare (b) and after 26-weeks storage (d). The different bottles in b and d contain QDs of different sizes, namely from 1300 nm till 1700 nm
excitonic peak.

(PbS�OA) is schematically represented in Figure �a together
with the one of a small size QD to underline the different com-
position of facets. For simplicity in the description, we will name
the different QD sizes using their excitonic peak wavelengths
as in Figure 2b, namely QD1300nm, QD1420nm, QD1520nm,
QD1600nm, and QD1700nm, to which correspond the diame-
ters as indicated in Figure 2a.[54] The quality in terms of size
control can be further examined by solution SAXS (Figure S2,
Supporting Information). All the SAXS curves of the PbS�OA
show an intensity that is in agreement with the one expected
for well-dispersed spherically symmetric objects with low size-
polydispersity, as demonstrated by the presence of well-defined
intensity oscillation at high q-value > 1 nm−1.

The ligand exchange procedure is schematically depicted in
Figure 2c. PbS�OA QDs in a non-polar solvent (hexane) are
mixed with the MAPbI3 solution in the polar solvent DMF. Af-
ter vigorous stirring, which induces the ligand exchange and
the phase transfer, the perovskite-capped QDs are precipitated
and re-dispersed in the final solvent. The detailed procedure
is described in the Supporting Information. Inductively cou-
pled plasma-mass-spectrometry (ICP-MS) measurements of the
pristine PbS�OA and ligand-exchanged PbS�MAPbI3 were per-
formed for QS1700nm to confirm the occurrence of ligand ex-
change through chemical composition, as shown in Table S1
(Supporting Information). A Pb/I molar ratio of 7.7 was ob-

tained, which, considering the small surface-to-volume ratio and
[111]/[100] facet ratio of the 6.7nm-size QDs, is comparable to
the other elemental ratios reported with 2–5nm-size QDs with
iodide/perovskite ligand.[38,55,56] The steady-state photolumines-
cence (PL) measurements were also performed for QD1300nm
as shown in Figure S3 (Supporting Information). The PL in-
tensity after ligand exchange is around one-third of the orig-
inal PbS�OA, which is in consistent with the reports on io-
dide/perovskite capped PbS QDs.[57–59]

Interestingly, within all the QDs sizes investigated complete
phase transfer was observed, and no visible sign of degrada-
tion of the colloidal stability was observed for 5 mg ml−1 inks
for 26 weeks in which solutions were stored in dark conditions
(Figure 1c,d). We have also witnessed no sign of degradation in
inks with much higher concentration as shown in Figure S4 (Sup-
porting Information). As mentioned earlier, there are very few
stable inks reported in the literature,[24,47,48] and the shelf lifetime
is fundamental to allow industrial exploitation of the inks.

To further examine the particle dimension and colloidal stabil-
ity, the absorption measurements of these inks were performed
every two weeks for over 10 weeks. The evolution of the first
excitonic peak positions and the full-width at half-maximum
(FWHM) are shown in Figure �b,c. All inks exhibited blueshifts
and a slight enlargement of FWHM on their excitonic peaks, in-
dicating the gradual worsening of QDs polydispersity. This can
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Figure 2. a) Schematic of PbS QDs shape variation as a function of size. The first five crystallographic models represent the QDs used in this article,
the last model represents small-size QDs with octahedron shape. b) Absorption spectrum of PbS�OA QDs of different sizes used in this article. c)
Schematics of the phase transfer ligand exchange used to prepare PbS�MAPbI3 inks.

be explained by the aging of the QDs in the form of ligand dis-
sociation during storage, which results in a slight etching of the
QDs surface. It is however interesting to note that this etching
does not compromise the colloidal stability, at least at the begin-
ning of the storage time. It has also been proposed that the ligand
modification of the QDs can introduce bandgap shrinkage due to
the formation of delocalized states induced by an orbital mixture
between the QDs surface and ligand anchor groups.[60] There-
fore, the change in bandgap and absorption coefficient can also
be accounted for by the weakening of such an effect during the
dissociation of the ligands. Nevertheless, it should be noted that
both the shifting and broadening are of only a few millielectron-
volts (always less than 10 meV), showing a minimal influence of
the 10-week storage on QDs dimension and thus on the overall
colloidal stability.

Solution-SAXS measurements were performed on the differ-
ent inks when freshly prepared and after 10 weeks of storage
(Figure �). Similar to what was observed for the PbS�OA QDs,

the SAXS curves reported in Figure 4a show typical oscillation in
the q > 1 nm−1, characteristic for a well-defined particle form fac-
tor of spherically symmetric particles with low size-polydispersity
and in close agreement with the values found for the PbS�OA so-
lutions. As the shift of the minima is again well related to the
QD size, we performed model fitting of both the SAXS curve
of PbS�OA and the fresh ligand exchanged QDs for under-
standing the structural changes (Figure S5, Supporting Informa-
tion). All inks sizes derived from SAXS show a clear correlation
with the size derived from absorption measurements. In agree-
ment with what was reported earlier,[47] in the low q-value region
(q < 1 nm−1), we observe a power law q−𝛼 behavior which is in-
dicative of QDs aggregation. Exponent values of 𝛼 � 2 are ob-
tained for all the samples, suggesting the formation of branched
aggregates.[61] Overlap of the fresh and aged SAXS curve shows
that the scattering behaviors, and hence the structure of the inks
are not significantly altered over time, especially for the largest
particles, confirming the high colloidal stability of these inks.
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Figure 3. a) Absorption spectrum of PbS QDs inks of different sizes right after MAPbI3 ligand exchange (solid) and after storage for 10 weeks (dashed)
in nitrogen and dark. b) Variation of the excitonic peak energy (blue-shift) with storage time. c) Variation of the excitonic peaks full-width at half-maximum
with storage time.

Some minor, but detectable changes are present for QD1420nm
and QD1520nm samples, while no change is observed upon ag-
ing for the two inks prepared using the largest QDs. This is in
agreement with the optical absorption results discussed above.
To highlight the structural change of the inks produced using
the smallest QDs, the I(q) × q4 versus q plot can be better used
(Figure 4b). It is clear that the ink produced using the QD1700nm
does not change with aging, while some changes are visible for
the QD1420nm one. (and the QD1520nm as well, not shown
here). The changes for q < 1.5 nm−1 are related to a change in
the local aggregation behaviors of the QDs in the inks, while the
changes occurring at q > 1.5 nm−1 are due to structural changes
at the single QD level. Since the position of the minima and max-
ima does not change dramatically but mostly changes in the rela-
tive intensity of the oscillation that is observed, we speculate that
structural changes due to aging are limited to the QDs surface,
possibly due to the rearrangement of the ligand coverage and
etching of less than a complete single atomic layer.

To further understand the influence of aging on the charge
transport properties of the QDs, FETs were fabricated with both
fresh and aged inks. The transfer and output characteristics of all
the fresh ink films are shown in Figures �a and S6 (Supporting
Information), while the transfer characteristics of the aged ink

films are shown in Figure S7 (Supporting Information). Most of
the devices exhibited n-type dominated ambipolar transport, with
electron currents at least one order of magnitude higher than the
hole ones. The QD1700nm ink, compared to the others, exhibited
lower output currents in the saturation regime and leakier hole
transfer curves. This relatively more symmetric ambipolar charge
transport is probably the result of the increased proportion of the
charge–neutral [100] facets on the surface, thus of the slight vari-
ation of the QD stoichiometry with their size.[62] Additionally, all
the transfer curves displayed similar hysteresis and subthresh-
old swing, demonstrating the consistency of material and film
quality on FET using different sizes of QDs. The hysteresis of
the FET is commonly assigned to the trapping of charges both
on the surface of the nanocrystals and the interface between the
dielectric layer and the nanocrystals.[21,51] On the other hand, the
subthreshold swing, defined as the inverse slope of the logarithm
transfer curve in the subthreshold regime, is directly correlated
to the sub-bandgap trap density. A lower subthreshold swing (or
a steeper rise of the current in the subthreshold regime) repre-
sents fewer trap states to be filled for the fermi level to reach the
conduction band with bias.[63,64] Very often it is assumed that dif-
ferent sizes also have different defect densities, but in our case,
the very similar subthreshold swing suggests a similar surface
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