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Emerging lead halide perovskite quantum dots (QDs) have attracted great research interest relative to
conventional metal chalcogenide-based QDs for applications like solar cells. Meanwhile, such a new
type of solution-processable inorganic QD also provides an additional platform to design high
performance organic—inorganic hybrid films to maximize their device performance. Herein, we report a
hybrid strategy utilizing conjugated polyelectrolyte PFN-Br and all-inorganic CsPbls perovskite QDs.
There is an urgency to further improve the electronic coupling as well as the ambient stability of CsPbls
QDs. Using the hybrid strategy, we demonstrated that the hydrophobic PFN-Br can well passivate the
CsPbls QD surface to reduce defect states as well as suppress the migration of halide ions for better
stability. Consequently, the hybrid PFN-Br/CsPbls QD solar cell delivers a champion efficiency of 15.07%,
outperforming that of 13.31% in the pristine CsPbls; QD based one. Moreover, the hybrid blend film
exhibits significantly improved storage stability under ambient conditions. We believe that these results
would provide a new design principle for hybrid organic—inorganic systems for high-performance

rsc.li/frontiers-materials optoelectronic devices.

1. Introduction

Lead-halide perovskite quantum dots (QDs) have attracted intense
interest in photovoltaic applications due to their great flexibility
in composition, tunable bandgap, multiple exciton effect and
ambient solution-processing." Due to their more suitable
optical bandgap (1.73 eV), all-inorganic CsPbl; QDs are consi-
dered the most promising light absorbing materials in the QD
family for application in the next-generation photovoltaic
devices.” Besides, the CsPbl; bulk perovskite has a high phase
transition temperature of 320 °C to the desired cubic phase,
while it tends to transform into a less conductive orthorhombic
phase (2.82 eV) at room temperature.8 In contrast, CsPbl; QDs
can solve the critical phase stability issue and stabilize the cubic
phase at room temperature with precise control over the
solution-to-film crystallization process. Since the first report in
2016, CsPbI; QD solar cells have exhibited rapidly improved
power conversion efficiency (PCE), surpassing all other colloidal
QDs when a certified device efficiency of 13.4% was reported in
2017, and now the PCE has been significantly improved over
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16% with growing progress in surface passivation and device
architecture engineering.5 ™!

Although these emerging CsPbl; QDs display superior
optoelectronic properties as well as great potential in energy
conversion applications, there is still a fundamental require-
ment for further improving the electronic coupling as well as
the stability of these QD solar cells.’*** In general, the as-
synthesized CsPbl; QDs are usually capped with long-chain
surface ligands to guarantee good passivation as well as good
dispersion in solvents, such as oleic acid (OA) and oleylamine
(OAm). However, their insulating and dynamic nature is detri-
mental to carrier transport and stability. Lots of efforts have
been dedicated to exchange these long-chain ligands with short
conductive ligands during purification or the solid-state post-
treatment process.’>'® Under these circumstances, if these
long-chain ligands are excessively exchanged or the surface
trap states are inefficiently passivated, increased surface defect
density as well as the stability issue will hinder the photovoltaic
performance. In comparison with currently reported short
ligands, conjugated polymers usually bear various functional
side-groups that could efficiently passivate the defects, and
the hydrophobic backbone would provide a physical barrier
to prevent moisture from penetrating the QDs.'*° Hybrid
polymer/metal chalcogenide-based QDs have been intensively
investigated, but their efficiency is relatively low below 10%.>'>3
Considering the higher efficiency in CsPbl; QD solar cells, the
hybrid polymer/CsPbl; QD strategy is promising for further
enhancing the electronic coupling and stability.
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In this work, inspired by the hybrid concept, we employed a
widely adopted cationic conjugated polyelectrolyte poly [(9,9-
bis(3'-((N,N-dimethyl)-N-ethylammonium)-propyl)-2,7-fluorene)-
alt-2,7-(9,9-dioctylfluorene)] dibromide (PFN-Br) to passivate and
improve the stability of CsPbl; QDs. The lone pairs on the
nitrogen of quaternary ammonium undergo positive charge
transport between neighbouring QDs and possess the ability
to reduce the defect density in QD arrays without sacrificing
electrical conductivity. On the other hand, bromide anions
could increase the lattice micro-strain to suppress the migra-
tion of halide ions to further improve the stability. Using this
strategy, the hybrid PFN-Br/CsPbI; QD device exhibits a cham-
pion efficiency of 15.07% with an enhanced voltage (V,) and
short circuit current density (Js.), which is enhanced relative to
the pristine QD based one (13.31%). More importantly, the
hybrid PFN-Br/QD blend film exhibits significantly improved
storage stability under ambient conditions.

2. Experimental
2.1 Preparation of PFN-Br/CsPbI; QD hybrid solution

After one day of self-purification in a refrigerator, the as-
synthesized CsPbI; QD solution was centrifuged for five minutes
at a speed of 4000 rpm. The collected supernatant was split into
two vials: one served as the control CsPbl; QDs, while the other
was utilized as the hybrid PFN-Br/CsPbl; QD sample by directly
adding a small portion of PFN-Br powder into the solution. After
stirring in a glovebox for 10 min, the PFN-Br/CsPbl; QD hybrid
solution was centrifuged again at a speed of 4000 rpm to remove
the excess PFN-Br powder. For further solar cell fabrication, both
samples needed to be concentrated to 70 mg mL ™" in n-octane
solution.

2.2 Preparation of solar cell devices

The etched FTO glass substrates were ultrasonically washed
with deionized water, isopropyl alcohol, and acetone for 15 min,
respectively. Then, the substrates were dried under N, flow and
treated with ultraviolet ozone for 30 minutes. The TiO, electron
transfer layer was then deposited through a previously reported
chemical bath deposition method.>* Subsequently, the TiO, film
was annealed at 200 °C for 30 min and treated with ultraviolet
ozone for 15 minutes. After that, the QD films were deposited
through a layer-by-layer spin-coating process. The CsPbI; QD or
PFN-Br/CsPbl; QD hybrid solution was spin-coated onto the top
of the TiO, film at 1000 rpm for 15 s and 2000 rpm for 20 s in an
air glove box with controlled humidity lower than 15%. Then,
150 pL of MeOAc was dropwise added onto the CsPbl; QD array
for 5 s and spun at 2000 rpm for 20 s. The above process was
repeated 5 times to obtain the desired thickness of the QD film.
Afterward, the as-cast QD film was quickly dipped into a FAI
saturated solution in ethyl acetate for 3 s followed by rinsing
with neat MeOAc. Then, the prepared QD film was transferred
into the N, glovebox and annealed at 70 °C for 10 min. The hole
transport layer was spin coated at 3000 rpm for 40 s using a PTAA
solution. The PTAA solution was prepared by dissolving PTAA
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powder in toluene at a concentration of 30 mg/mL, followed by
doping an equal volume of 1.5 mg mL ™" tris(pentafluorophenyl)-
borane toluene solution. Finally, MoO; (8 nm) and Ag (120 nm)
were deposited by thermal evaporation under a vacuum of
2 x 10~ ° mbar.

3. Results and discussion

The CsPbl; QDs capped with OA and OAm ligands were synthe-
sized and purified using a previously reported method.®*’
The chemical structure of PFN-Br is illustrated in Fig. 1a. The
preparation of the PFN-Br/CsPbI; QD hybrid solutions is shown
in Fig. 1b with details described in the Experimental section. In
general, the PFN-Br powder was directly added into the CsPbI;
QD solution and further stirred for 10 minutes. To explore the
surface chemistry of CsPbl; QDs after PFN-Br modification,
Fourier transform infrared spectroscopy (FTIR) and X-ray
photoelectron spectroscopy (XPS) were performed. As shown
in Fig. S1 (ESIT), the signals at 2768-2985 cm ' were mainly
assigned to the typical stretching model of C-H, that derived
from the oleyl groups on OA and OAm ligands.”® The hybrid
PFN-Br/CsPbl; QDs exhibit a lower C-H, peak intensity relative
to the control sample, demonstrating that the surface long
chain OA/OAm ligands were partly removed when blending
with PFN-Br. In addition, as shown in Fig. 1c, the characteristic
signal at 815 cm™ " in the hybrid film is ascribed to the aromatic
C-H bending of PFN-Br, indicating that the PFN-Br was suc-
cessfully attached to the CsPbl; QD surface.”””*® To further gain
insight into the interaction between PFN-Br and CsPbl; QDs,
the XPS measurement was carried out. Fig. 1d and e show the
Pb 4f and I 3d core-level spectra, respectively. In short, all
characteristic peaks shift toward higher binding energy posi-
tion in both Pb 4f (0.2 eV) and I 3d (0.2 eV) core-level spectra
after blending with PFN-Br, suggesting the change of the
chemical environment as well as the interaction between the
PFN-Br and Pb®" and I".%° In contrast, we observe a negligible
peak position shift in the core level of Cs 3d after introducing
PFN-Br (Fig. S2, ESIf), suggesting less chemical interaction
between PFN-Br and Cs' cations. Besides, the I/Pb ratio was
further calculated based on the XPS results, and the PFN-Br/
CsPbI; QD hybrid sample exhibits a higher I/Pb ratio of
4.22 relative to that of 3.84 in the control one. The halide-
enrichment on the QD surface after PFN-Br modification
implies the decrease of I vacancies, which is beneficial for
suppressing non-radiative recombination.*® In addition, the
content of Br in CsPbl; QDs could increase the lattice micro-
strain to suppress the migration of halide ions to further
increase the I content in the treated QD films. All of these
above results suggest that the native surface capping ligands
were partially substituted by PFN-Br (as illustrated in Fig. 1b),
and the PFN-Br ligand could chemically bind to the CsPbl; QD
surface to achieve desired surface passivation.

Transmission electron microscopy (TEM) measurements
were further carried out to verify the effect of PFN-Br addition
on the CsPbI; QD morphology. Fig. 2a shows the TEM image of
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the control CsPbl; QD and PFN-Br/CsPbI;QD hybrid films from
which it can be seen that both samples display the same
nanocube morphology with similar average sizes, as confirmed
by the size distribution statistics (Fig. S3, ESIT). These results
indicate that the PFN-Br addition has a negligible effect on the
CsPbl; QD morphology and size distribution. In addition, the
high-resolution TEM images of both the control and PFN-Br/
CsPbl,; QD hybrid samples have a lattice spacing of 6.25 A and
6.16 A (as shown in Fig. S4, ESIt), respectively, corresponding to
the (100) crystal facet of the cubic structure, suggesting that the
introduction of PFN-Br would lead to the lattice contraction of
CsPbl; QDs. Such a conclusion was further confirmed by X-ray
diffraction (XRD) characterization (Fig. S5, ESI{). The XRD
patterns of both samples can be indexed to cubic CsPbl; with
no changes in the crystalline phase by adding PFN-Br. Mean-
while, UV-vis absorption and steady-state photoluminescence
(PL) spectroscopies were performed to determine the effect
of PFN-Br on the optical properties. As shown in Fig. 2b, in
comparison with control CsPbl; QD solution, the PFN-Br/
CsPbl; QD hybrid solution exhibits a slight blue shift, and
the PL emission peak intensity significantly increases after
adding PFN-Br. Such a blue shift and increased PL intensity
could be considered as a result of the defect passivation and
reduced non-radiative recombination. For the CsPbI; QD solid
state film (Fig. 2c), the UV-vis absorption and steady-state PL
spectra display the same trend when compared to QD solution,
indicating lower trap state intensity in the PFN-Br/CsPbI; QD
hybrid film. Moreover, the time-resolved PL (TRPL) spectra
(Fig. 2d) were obtained for both films to further investigate
the change of defect states, and the detailed parameters of

.,
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the TRPL spectra extracted by bi-exponential fitting are sum-
marized in Table S1(ESIf). Apparently, the hybrid PFN-Br/
CsPbl; QD film exhibits a longer PL lifetime of 5.31 ns relative
to that of 1.68 ns in the control film, which indicates that
the PFN-Br based hybrid strategy could effectively passivate the
CsPbI; QDs.

After gathering all of the above results, it could be inferred
that PFN-Br could partially remove the surface long-chain
ligands and well passivate the QD surface through molecular
interactions. However, for application in optoelectronic devices,
the properties of QD films are crucial for the resultant device
performance. Therefore, we performed a set of characterization
techniques on the QD solid films to gain insight into the QD film
structure as well as the dynamics of photoinduced charges.
As shown in Fig. 3a, we observe lots of pin-holes in the top-
view scanning electron microscopy (SEM) image of the control
CsPbl; QD film, and it displays loosely stacked QD microstruc-
tures. In contrast, the PFN-Br/CsPbI; QD hybrid film exhibits
smooth and compact surface morphology with reduced pin-
holes (Fig. 3b). Furthermore, the compositional elements Cs,
Pb, I and Br of PFN-Br/CsPbl; QD films were homogeneously
distributed, as seen by the corresponding SEM elemental
mapping images in Fig. S6 (ESIt). To further verify the passiva-
tion and improved uniformity in the hybrid QD films, two-
dimensional (2D) PL mapping characterization was carried out
(Fig. 3c and d). In comparison with the control CsPbI; QD film,
the PFN-Br/CsPbl; QD hybrid film exhibits significantly higher
PL intensity, which is consistent with the steady-state PL
spectra. Meanwhile, a more homogenous PL intensity was
observed in the PFN-Br/QD film relative to the control one,
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Fig. 3 Top-view SEM images of the (a) CsPbls and (b) PFN-Br/CsPbls QD hybrid films, respectively. PL mapping of the (c) CsPbls and (d) PFN-Br/CsPbls
QD films, respectively. Pseudo-color TA map of the (e) CsPbls and (f) PFN-Br/CsPbls QD hybrid films, respectively.
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indicating that PFN-Br could shield the QDs and result in the
enhanced film uniformity. Furthermore, femtosecond transient
absorption (fs-TA) spectroscopy was performed to demonstrate
the relationship between the CsPbl; QD film morphology and
the carrier dynamics. Fig. 3e and f depict the pseudo-color TA
plot of control CsPbl; and hybrid PFN-Br/CsPbl; QD films, and
the ground-state bleach (GSB) is found at 682 nm for the
control film and 674 nm for the hybrid PFN-Br/QD film,
respectively. The GSB decay dynamics of both films were fitted
by the tri-exponential fitting (Fig. S7 and Table S2, ESIT), where
the three time-resolved components of 7,4, 7,, and 73 corres-
ponding to the timescale of hot-phonon bottleneck, Auger
recombination, and charge transfer, respectively.*'*> Compared
to the control film (z; = 106.7 ps, 1, = 438.7 ps, and 13 =
1354.5 ps), the PFN-Br/CsPbl; QD hybrid film shows an overall
longer constant (t; = 164.4 ps, 7, = 473.2 ps, and 73 = 2993.1 ps).
The prolonged Auger recombination and charge transfer all
indicate that PFN-Br can lower the surface trap states and
stimulate the carrier charge transfer in the solid-state film,
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which is beneficial for achieving better device performance
when applied in solar cells.

Finally, to investigate the photovoltaic performance of the
hybrid PFN-Br/CsPbl; QD blend, a solar cell with a planar
architecture of glass/FTO/TiO, (40 nm)/CsPbI; QDs (~400 nm)/
PTAA (70 nm)/MoO; (8 nm)/Ag (120 nm) was fabricated.
As shown in Fig. 4a, each layer of the solar cell device could
be clearly identified from the cross-sectional SEM image.
Fig. 4b shows the current density-voltage (J-V) curves of CsPbl;
QD devices measured under AM 1.5G solar illumination at
100 mW cm™ >, with the detailed device parameters summar-
ized in Table S3 (ESIT). It can be seen that the hybrid PFN-Br/
CsPblI; QD device delivered a champion PCE of 15.07% with an
enhanced open-circuit voltage (V,.) of 1.251 V, a short-circuit
current density (Js.) of 16.22 mA cm 2 and a fill factor (FF) of
0.74, which outperforms that of the pristine CsPbl; QD device
(13.31%). The enhanced PCE of the PFN-Br/CsPbI; QD device
was mainly attributed to the improved J,. and V,. caused by the
enhanced charge transport, increase of band gap by the doping
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(a) The device structure and cross-sectional SEM image of the solar cell device. (b) J-V curves of CsPbls QD and PFN-Br/CsPblz QD solar cells.

The inset shows the PCE distribution histograms of 20 devices. (c) EQE spectra with integrated photocurrent density of CsPbls QD and PFN-Br/CsPbls
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of Br- and defect passivation effect. To further verify the
reproducibility of the device performance, 20 individual cells were
collected (inset in Fig. 4b). According to the results, the hybrid
PFN-Br/CsPbl; QD solar cells exhibit decent repeatability and
higher average PCE values relative to the control CsPbl; QD based
one. Meanwhile, the external quantum efficiency (EQE) charac-
terization was performed on the optimized device with the spectra
shown in Fig. 4c. We observe that the hybrid PFN-Br/CsPbl; QD
device exhibits a higher EQE value over the whole photo-response
area, suggesting enhanced carrier dissociation and extraction
efficiency. The integrated J, values from the EQE spectra are
14.35 and 15.68 mA cm™ 2 for the control and PFN-Br CsPbl; QD
devices, respectively, which is consistent with the /. obtained from
the /-V measurement. Furthermore, to assess the change in the
energy band structure, the energy levels of the active layer were
characterized by ultraviolet photoelectron spectroscopy (UPS) with
the corresponding optical bandgap energies (Fig. S8 and S9, ESI).
The PFN-Br/CsPbl; QD hybrid film exhibits a graded conduction
band (CB) and valence band (VB) relative to the control CsPbl; QD
film, which is advantageous for effective charge carrier extraction
and decreasing carrier recombination loss.**** To further under-
stand the enhancement of stability, as shown in Fig. 4d, the CsPbl;
QD film was stored and captured under ambient conditions
(20-25 °C, and relative humidity: 30-40%). The color of the pristine
CsPbl; QD film gradually changes after 48 hours of storage. In
contrast, after 384 hours of storage, the PFN-Br/CsPbI; QD hybrid
film maintains almost its initial brown color with relatively slow
degradation, suggesting that the protection of PFN-Br could slow
down the phase transition of cubic CsPbI; QDs. Overall, these
significant findings demonstrate that the enhanced charge carrier
dynamic process from effective surface passivation contributes
to the improved photovoltaic performance and stability of the
PFN-Br/CsPbI; QD hybrid blend.

4. Conclusions

In conclusion, we have demonstrated an effective organic con-
jugated polymer/perovskite QD hybrid system using a cationic
conjugated polyelectrolyte PFN-Br and emerging CsPbI; QDs.
A high PCE of 15.07% has been achieved for hybrid solar cells,
and is greatly enhanced relative to the control pristine CsPbI; QD
based devices (13.31%). We thoroughly investigated the addition
of PFN-Br into CsPbl; QDs and confirmed that PFN-Br can
partially remove the surface long-chain ligands and well passi-
vate the CsPbl; QDs. The passivation is beneficial for improving
the charge transfer and carrier extraction in the hybrid film, as
well as suppressing the migration of halide ions to achieve better
stability. We believe that these results provide a simple yet
effective strategy to develop efficient organic/QD hybrid films
and could further boost the efficiencies of QD based solar cells.
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