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ABSTRACT: Colloidal quantum dot (CQD) solar cells are
solution-processed photovoltaics with broad spectral absorption
tunability. Major advances in their efficiency have been made via
improved CQD surface passivation and device architectures with
enhanced charge carrier collection. Herein, we demonstrate a
new strategy to improve further the passivation of CQDs
starting from the solution phase. A cosolvent system is employed
to tune the solvent polarity in order to achieve the solvation of
methylammonium iodide (MAI) and the dispersion of hydro-
phobic PbS CQDs simultaneously in a homogeneous phase,
otherwise not achieved in a single solvent. This process enables
MAI to access the CQDs to confer improved passivation. This,
in turn, allows for efficient charge extraction from a thicker
photoactive layer device, leading to a certified solar cell power conversion efficiency of 10.6%, a new certified record in CQD
photovoltaics.
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Solar cells based on PbX (X = S, Se) colloidal quantum dots
(CQDs) have advanced in the past decade as a result of

worldwide research efforts.1−6 Their broad spectral response,
solution-processing, and air stability promise low-cost high
efficiency photovoltaics.6−11

For a typical colloidal synthesis, long-chain organic-ligand-
stabilized CQDs can be prepared with controlled size and
excellent monodispersity, each of which is crucial for
photovoltaic applications.12−16 To build a high-quality photo-
voltaic QD solid, interdot electronic communication needs to
be improved, since the bulky organic ligands that afford CQDs’
colloidal stability otherwise create electronic barriers that
compromise efficient charge transport. Exchange to shorter
ligands either in solution or in film has been widely employed:
through these exchanges, carrier mobility has been enhanced by
several orders of magnitude.17−23

The inherent large surface-to-volume ratio of QD materials
results in unsaturated dangling bonds, creating undesired
electronic trap states within the bandgap of QD solids. The
ligand exchange procedure itself is prone to create new, rather
than passivate existing, dangling bonds. These trap states
increase the chance of carrier recombination, curtailing the
efficiency of charge extraction. For this reason, a series of
strategies have been developed to passivate trap states at each
step in processing, such as organic−inorganic hybrid

passivation, atomic passivation, and perovskite−matrix passiva-
tion.2,9,24−27

Atomic halide ligands have attracted the most attention
among the various passivation schemes thanks to their strong
passivation and the air-stability of the resulting QD solids
afforded by strong Pb−Y (Y = Cl, Br, and I) binding.28−30

Recently, we have demonstrated the use of molecular iodine
pretreatment in solution to improve surface passivation. This
translated into an increased diffusion length in a solar cell
device and allowed for an increased thickness of the active layer
without compromising charge extraction. With this approach, a
certified record efficiency of 9.9% was demonstrated.6

Unfortunately, the highly reactive nature of molecular iodine
can lead to uncontrolled fusion of PbS CQDs. The high surface
energy of PbS CQDs (∼3 nm in diameter) and the loss of
ligands during the treatment may be responsible for the fusion
process.
Here we sought to introduce more iodine on the CQD

surface without the detrimental effect of fusion. We achieved
this by treating the CQDs with a much milder iodine source,
methylammonium iodide (MAI). We employed a cosolvent
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system to tune the solvent polarity in order to achieve the
solvation of MAI and the dispersion of hydrophobic PbS CQDs
simultaneously in a homogeneous phase. We find that this
otherwise cannot be achieved in a single solvent. This enables
MAI to access the PbS CQDs to confer improved passivation.
At the same time, an additional ion-pair ligand shell helps to
avoid the fusion of PbS CQDs. As a consequence, when CQD
films were assembled into solar cell devices, a certified efficiency
of 10.6% was achieved, a new record efficiency in certified
CQD photovoltaics.
We illustrate the MAI treatment process in Figure 1.31 A

highly polar solvent is required for the solvation of the ionic-

bond-stabilized MAI, whereas nonpolar solvents are needed to
disperse oleic acid (OA)-capped PbS CQDs. In order to enable
MAI to access the CQDs in solution, we develop a cosolvent
strategy that employs a mixture of two miscible solvents,
toluene and dimethylformamide (DMF), to tune the solvent
polarity. As a result, this cosolvent system results in the
simultaneous dispersion of MAI and PbS CQDs. The DMF-
solvated I− anions will react with OA-capped PbS QDs, thereby
enabling the incorporation of I− ligands prior to the film
assembly process. The ligand exchange process in the MAI
treatment is described by the equation PbS[Pb(OA)2] + 2
MA+I− → PbS(PbI2) + 2 MA+OA−. We hypothesize that,
during this ligand exchange process, an additional ligand shell
of MA+−OA− ion pairs will form as a result of electrostatic
attraction, thereby offering further hindrance to fusion among
CQDs.32,33 We used 1H NMR spectroscopy to monitor the
ligand exchange process. Before the MAI treatment, a broad
alkene resonance centered at 5.8 ppm arises from the surface-
bound OA (Figure S1).31 After the MAI treatment, a new peak
appears, consistent with the detachment of OA and, possibly,
formation of a dynamically interacting ligand shell (Figures S2
and S3).
Figure 2a shows the spectral absorbance of PbS CQDs in

solution before and after the MAI treatment. The excitonic
peak remains well-preserved following the treatment. Photo-
luminescence (PL) analysis further suggests that the CQD size
and monodispersity are kept intact (Figure 2b). High-
resolution transmission electron microscopy (HRTEM)
analysis supports the view that no fusion occurred after the

Figure 1. Ligand shell changes following MAI treatment. DMF-
solvated I− ligands partially replace long-chain oleate ligands on the
CQD surface. An additional shell of MA+−OA− ion pairs is formed as
a result of the electrostatic attraction, thereby offering steric hindrance
in addition to tighly bound oleates remaining on the surface.

Figure 2. Characterization of CQDs following different treatments. Absorption (a) and (b) photoluminescence spectra of CQDs before and after
MAI treatment. (c) HRTEM image of MAI-treated CQDs, suggesting no fusion. (d) I 3d peak of both I2-treated and MAI-treated CQDs,
demonstrating greatly enhanced I-incorporation for the MAI case.
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MAI treatment (Figure 2c). Quantitative measurements by X-
ray photoelectron spectroscopy (XPS), as shown in Figure 2d
and Figure S4, show that the MAI solution pretreatment results
in ∼20% of OA displaced by iodine, which is three times higher
than the ratio found from the previously reported I2 treatment.
The I2 treatment resulted in fusion of PbS CQDs at similarly
high I:Pb ratio. The improved iodine incorporation leads to
enhanced passivation: following the MAI treatment, the PL
quantum yield (QY) has increased to 29% from 15%, whereas
the I2 treatment achieves an increase to only 19%.
For the new MAI process, the CQDs are stable in the DMF−

toluene treatment solution; however, once precipitated using

methanol and redispersed in octane, they are stable only for a
few days. A long storage time will result in interdot fusion.
Figure 3a shows the HRTEM image of 2-week aged CQDs
following the MAI treatment. The PbS CQDs start to fuse and
show a rectangular shape. This suggests that methanol washing
process may remove the weakly bound ligand shell of MA+−
OA− ion pairs participating in colloidal stabilization. NMR
analysis of the methanol-washed CQDs shows that only
surface-bound OA is maintained following methanol precip-
itation (Figure S5), consistent with the removal of the
dynamically bound ligand shell.

Figure 3. (a) HRTEM image of two-week aged MAI-treated PbS CQDs following methanol washing. (b) Compositional analysis of TBAI-exchange
PbS active layer for both un-, I2-, and MAI-pretreated PbS CQD films.

Figure 4. Device architecture and performance. (a) Schematic of the device architecture. (b) Cross-sectional SEM image of a 10.6% certified solar
cell. (c) Hysteresis-free J−V characteristics and (d) the corresponding EQE of both 9.9% I2-pretreated and 10.6% MAI-pretreated certified solar cell
devices.
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We now show how the MAI treatment affects the final QD
solid. Figure 3b shows the XPS analysis of the tetrabutylam-
monium iodide (TBAI)-exchanged PbS films. The results
suggest that 43%, 47%, and 64% of the initial OA is replaced by
iodide, for the untreated, I2-treated and MAI-treated PbS CQD
cases, respectively. This demonstrates that the MAI treatment
does indeed lead to the highest iodide incorporation in the final
film state.6,28 We hypothesize that surface sites can be occupied
by other molecules, such as oxygen and water, during the film
formation process. These molecules cannot repair the trap
states that increase the recombination losses. With the MAI
treatment, the preloading of iodide occupies these sites in the
solution state, removing these electronic trap states and
ultimately contributing to improved photovoltaic performance.
To show the advantages of the well-passivated PbS QDs, we

constructed solar cells following the architecture shown in
Figure 4a. Colloidal ZnO nanoparticles are coated on patterned
ITO, which serve as the electron acceptor. This is followed by
deposition of the two active layers, a thick layer of TBAI-
exchanged PbS CQDs to be in direct contact with the ZnO,
and an overlying thin layer of EDT-exchanged PbS CQDs. The
MAI pretreatment results in partial removal of the oleate
ligands. The remaining long-chain hydrophobic oleate ligands
are crucial to maintain the colloidal stability of the CQDs in
octane. For this reason, the solid-state ligand exchange process
employing TBAI is required to assemble and densify the I-
capped PbS CQD active region. After this process, all
ammonium ligands are completely removed from the final
films (Figure S4). Au electrodes are applied finally to afford
ohmic contact. The enhanced passivation boosts photovoltaic
performance: a certified efficiency of 10.6% was achieved
(Figure S6). A cross-sectional SEM image of the device is
shown in Figure 4b. The active layer thickness is ∼240 nm,
compared to 200 nm for control devices employing untreated
CQDs.6 The increased thickness produces higher external
quantum efficiency (EQE) and short-circuit current. Figure 4c
shows the J−V curves from two certification runs (including
9.9% and 10.6%): notably, no hysteresis was observed during
forward/reverse scanning. The Voc, Jsc, and FF of the 10.6%
certified device are 0.61 V, 24.3 mA/cm−2, and 71%,
respectively, compared to 0.63 V, 21.6 mA/cm−2, and 72%,
respectively, for the 9.9% certified device. The improvement
comes mainly from the increase in Jsc. This is evidenced by a
systematic increase in the external quantum efficiency (EQE)
(Figure 4d). The EQE value at the exciton peak reaches 60%,
indicating efficient charge extraction. This agrees with the view
that improved passivation can contribute to enhanced diffusion
lengths and thus enable thicker devices. We achieved a lab
record efficiency of 10.8% with an even thicker device (∼260
nm). The EQE and cross-sectional SEM image of the device are
shown in Figure S7.
In summary, we present a new surface engineering approach

that enables increased passivation using the iodide anion. The
approach allows the ionic molecule, MAI, to access targeted
nonpolar-dispersed CQDs by tuning the polarity of the
dispersion medium. When we use this approach, we
incorporate high amounts of iodide on CQDs to achieve
improved passivation. The improved passivation facilitates the
use of a thick photoactive layer in solar cell devices, delivering a
certified efficiency of 10.6%. The method can be used more
widely to engineer the surface chemistry of colloidal quantum
dots, such as for stoichiometry tuning and surface doping.
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