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Abstract. Perovskite quantum dot (QD) has emerged as a promising material for photovoltaics
with its superior stability compared to their three-dimensional bulk counterparts, owing to its
thermodynamically stabilized photoactive phase. However, ligand management on perovskite QD
surfaces is extremely difficult due to the ionic nature of perovskite lattice, which often leads to
either incomplete removal of the native insulating ligands or formation of trap states during the
ligand exchange process, greatly hampering the photovoltaic performances. In this work, we report
an ion-assisted ligand exchange method for FAPbI3 QDs using A-OAc (A = formamidinium (FA"),
guanidinium (GA") and phenethylammonium (PEA"), OAc™ = acetate), with the A" and OAc™ ion
promoting the removal of native long-chain insulating ligands. The more complete ligand
exchange results in dense and well-oriented packing of QDs, together with the enhancement of
electronic coupling and charge transport across QDs. In addition, the A* and OAc¢™ ion can fill the
surface A-/X-site vacancies, respectively, reducing QD surface trap state density, and hence
suppressing charge recombination and iodide migration. The p-i-n inverted QD solar cells
fabricated with this ligand exchange method exhibit significant enhancement in short-circuit
current density (Jsc), reaching a PCE of 10.13%. Moreover, unencapsulated devices show
impressive stabilities of more than 7300 hours (10 months) storage time in a N2-filled glovebox.



INTRODUCTION

Organic-inorganic halide perovskite (OIHP) has emerged as one of the most promising materials
to replace silicon for photovoltaics, with the rapid progress in power conversion efficiency (PCE)
from 3.9% to 25.8% over the past decade.! The high PCEs are attributed to the superior properties
of OIHP, such as high absorption coefficients, low trap state density, and long charge carrier
diffusion lengths.>* Among the choices of OIHP compositions, the prototypical methylammonium
lead triiodide (MAPDbI3) has been extensively studied. However, due to its intrinsic moisture and
thermal instabilities,> © it is not an ideal option for high performance and stable solar cells. More
recent record-breaking perovskite solar cells mostly contain a-phase formamidinium lead triiodide
(FAPbI3) dominated compositions’ because of its longer carrier lifetime, higher thermal stability
and more suitable bandgap for single-junction solar cells.® Nonetheless, for FAPbI3, the
photoactive black a-phase can quickly transform into the photoinactive yellow d-phase at room
temperature, seeking for the lowest free energy of formation by strain relaxation.” Mixing A-
cations such as MA*, Cs* or Rb*, has been proved to stabilize the photoactive perovskite phases, '
12 but the long-term stability is limited due to light-induced ion segregation. When ions segregate,
the locally pure perovskite phases will lose the stability offered by mixed composition, and can
then undergo phase transition, partially and over long time completely degrade the film.'?

Perovskite quantum dot (QD), as a nanostructured form of perovskites, offers a promising
approach to solve the phase instability issue. As the crystal size decreases, the surface area-to-
volume ratio increases, thus the increased surface energy significantly shifts the Gibbs energy
profile, lowering the phase transition temperature and making photoactive phases stable at room
temperature.'* !> Recent works have demonstrated perovskite QD solar cells (QDSCs) based on
phase stable a-CsPbls QDs and a-FAPbI:z QDs.'® 7 Compared to their bulk counterparts,
perovskite QDSCs usually possess low open-circuit voltage (Voc) deficit but large short-circuit
current (Jsc) loss,'® bringing how to improve charge transport and reduce defects to the focus of
perovskite QDSC research. Perovskite QD consists of a perovskite nanocrystalline core and an
organic ligand shell, usually composed of both oleate (OA") and oleylammonium (OAm"). The
ligands are used to control the growth of QDs during the hot-injection synthesis, offer colloidal
stability, and passivate surface defects. However, these insulating long-chain ligands will greatly
impair the charge transport and are therefore needed to be exchanged with conductive small ligands
to construct efficient QDSCs.'” Due to the ionic nature of OIHP lattice, the ionic interaction
between A" cation and the [PbX4]* sublattice is weak.?’ Traditional ligand exchange methods
developed for III-V and II-VI semiconductor QDs are too harsh and often cause the formation of
defects or even decomposition of OTHP QDs. Methyl acetate (MeOAc) has been commonly used
as an antisolvent for ligand exchange of OHIP QDs because of its optimum polarity that can
remove the native oleate ligands while keep the OIHP QDs from decomposition.' 2! So far, many
works rely on MeOAc solutions of lead nitrate (Pb(NO3)2) for ligand exchange of OHIP QDs and
have produced state-of-the-art high performance perovskite QDSCs.??> While Pb(NO3), has a
potential to passivate the B-site defects, the underlying mechanism is still unresolved. The MeOAc
solutions of amines have also been explored to facilitate the ligand exchange by acylation
reaction.?* Additionally, electron transport materials, such as PCsiBM?* and ITIC,?® have also been
employed in the ligand exchange step to enhance the charge transport.

In this work, we report an ion-assisted ligand exchange method for FAPbIs QDs using MeOAc
solutions of A-OAc, where A cations are formamidinium (FA"), guanidinium (GA"), and
phenethylammonium (PEA"). We hypothesize that the A" cations and OAc™ anions can replace the
native long-chain insulating OAm™ and OA" ligands and passivate the A" and X surface defects,
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respectively. As the A-site cation in the FAPbI3 QD core, FA" can keep consistent lattice structure
along the grain boundary, enabling the merge of exposed facets. GA™ has a strong affinity to OITHP
grain boundaries due to its higher tendency to form hydrogen bonding.?® PEA" is a bulk cation that
can effectively passivate OIHP surface defects and impose a dielectric confinement when anchored
onto the grain boundaries.”” We demonstrate that, as compared to pure MeOAc, QD films ligand
exchanged with the assist of A-OAc show more complete removal of the native insulating OAm”"
and OA" ligands, subsequently promoting dense and oriented packing of QDs. Taking these
structural advantages, these QD films also exhibit enhanced charge transport across the QD films
and reduced trap state density. The p-i-n FAPbIs QDSCs fabricated with A-OAc ligand exchanged
QD films show greatly enhanced Jsc, and an improved PCE of 10.13%. Moreover, the QDSCs
exhibit significantly enhanced device stability compared to their bulk counterparts.
Unencapsulated devices remain stable after 7300 hours (10 months) of storage in a Na-filled
glovebox. This work has opened a promising avenue to develop long-term stable perovskite solar
cells.

EXPERIMENTAL METHODS

Chemicals. Oleylamine (OAm, 70%), oleic acid (OA, 90%), 1-octadecene (ODE, 90%), octane
(anhydrous, 99%), hexane (95%), methyl acetate (MeOAc, anhydrous, 99.5%), ethyl acetate
(EtOAc, anhydrous, 99.8%), formamidinium acetate (FAOAc, 99%), phenylethylamine (PEA,
99%), acetic acid (99%, aqueous solution), ethanol (99.5%), diethyl ether (99%), chlorobenzene
(anhydrous, 99.8%), [6,6]-Phenyl C61 butyric acid methyl ester (PCBM, 99.5%), and
bathocuproine (BCP, 99.99%) were purchased from Sigma-Aldrich (St. Louis, Missouri) without
further purification. Formamidinium iodide (FAI) was purchased from Greatcell Solar
(Queanbeyan, Australia) without further purification. Lead (II) iodide (Pbl2, 99.99%) was
purchased from TCI Chemicals. Poly(3,4-ethylenedioxythiophene):polystyrenesulfonate
(PEDOT:PSS, CLEVIOS P VP AI 4083) was purchased from Heraeus.

Synthesis and Purification of FAPbI3; QDs. In a 50-mL three-neck round bottom flask, 1.04 g
of FAOAc and 20 mL of OA was mixed and degassed under vacuum at 110 °C for 30 min. After
a clear solution was obtained, N2 was flowed into the flask. The FA-oleate solution was cooled to
80 °C and ready for injection. In another 100-mL three-neck round bottom flask, 516 mg of Pblz,
30 mL of ODE, 4.5 mL of OA, and 4.5 mL of OAm were mixed and degassed under vacuum at
120 °C for 30 min. After a clear solution was obtained, N2 was flowed into the flask and the Pbl>
solution was cooled to 80 °C. Then 7.5 mL of FA-oleate solution was swiftly injected into the Pblz
solutions. After 5 s, the reaction was quenched with an ice bath. The colloidal solution was split
equally into two centrifuge tubes. 6 mL of MeOAc was added into each tube and then centrifuged
at 8000 rpm for 30 min. The precipitated QDs were dispersed in 10 mL of hexane. 10 mL of
MeOAc was added into the QD hexane solution and then centrifuged at 8000 rpm for 10 min. The
resulting precipitate was redispersed in 10 mL of hexane and stored in refrigerator at 4 °C for at
least 24 hours before device fabrication.

Synthesis of PEAOAc. In a 250 mL round bottom flask, phenylethylamine (10 mL, 80 mmol)
was dissolved in 10 mL of ethanol in an ice bath. Acetic acid aqueous solution (9.73mL, 170
mmol) was added dropwise to the flask with vigorous stirring. The mixture was kept in the ice
bath for another 20 min until a colorless precipitate appeared. The precipitate was filtered and
washed with diethyl ether. The crude precipitate was collected and recrystallized in ethanol twice
to obtain thin, plate-like white crystals.



Deposition of QD Films. The QD solutions were centrifuged at 4000 rpm for 10 min. The
supernatant was dried and redispersed into octane with a concentration of 60 mg/mL. A-OAc
solutions were prepared by dissolving FAOAc, GAOAc or PEAOACc into MeOAc. Saturated FAI
in EtOAc solution was also prepared. For each deposition of QD layers, the QD solution was spin
coated onto a substrate at 1000 rpm for 20 s and 2000 rpm for 5 s, and then swiftly dipped into A-
OAc solutions for 5 s. The QD films were then rinsed with neat MeOAc and dried under a stream
of N2. For solar cells, this process was repeated four times to stack ~250 nm thick QD films. The
films were then soaked in a saturated EtOAc solution of FAI for 10 s, followed by rinsing with
neat MeOAc and drying under a stream of N2. All the depositions were performed in ambient
conditions with 30-40% relative humidity.

Device Fabrication. ITO coated glasses (10 Ohm sq! ITO, Colorado Concept Coatings LLC)
with the size of 1.5 x 1.5 cm? were cleaned via sonication for 15 min in soapy DI water, DI water,
acetone, and isopropanol in sequence, followed by 100 W plasma cleaning for 20 min.
PEDOT:PSS solution was filtered through a 0.45 pum nylon filter. A drop of 70 ul of PEDOT:PSS
solution was spin coated onto a cleaned ITO glass at 4500 rpm for 40 s, and then annealed at 145
°C for 20 min. The QD active layers were deposited following the procedure described above.
PCBM solution (20 mg/mL in chlorobenzene) was spin coated onto the QD layers at 2000 rpm for
40 s without annealing. BCP solution (0.5 mg/mL in isopropanol) was spin coated onto the PCBM
layers at 4000 rpm for 40 s without annealing. Ag electrodes were deposited through thermal
evaporation at 1 x 107 torr at a rate of 2.0 A/s for a total thickness of 100 nm.

Characterizations of QD Solutions and Films. Transmission electron microscope (TEM)
images were acquired using a FEI Tecnai 12 BioTwin TEM. Ultraviolet-visible (UV-Vis)
absorption spectra were collected using an Agilent Cary 5000 UV-Vis-NIR spectrometer. Steady-
state photoluminescence (PL) and time-resolved photoluminescence (TRPL) were measured using
an Edinburgh FLS1000 Spectrometer. Fourier transform infrared (FTIR) spectra were collected
using a Bruker Vertex V80V Vacuum FTIR system. Grazing-incident wide angle X-ray scattering
(GIWAXS) measurements were conducted at the Complex Materials Scattering (CMS, 11-BM)
beamline of the National Synchrotron Light Source II (NSLS-II) at Brookhaven National
Laboratory. The X-ray beam had a size of 200 um (horizontally) x 50 um (vertically), divergence
of 1 mrad and energy of 13.5 keV with a resolution of 0.7%. The scattered data were collected
with a customized Pilatus 800K area detector (Dectris, Switzerland), which consists of 0.172 mm
square pixels in a 1043 x 981 array, placed ~ 0.260 meters downstream from the sample position.
Pump-probe transient absorption (TA) spectroscopy measurements were performed on a Helios
Fire spectrometer (Ultrafast Systems LLC) using a fs-pulsed Pharos (1mJ)/Orpheus/Lyra Light
Conversion system as regenerative amplifier/optical parametric oscillator/frequency doubler
system for generating the probe and the pump lights at a repetition rate of 1 kHz. Pump light (400
nm) generated in Orpheus/Lyra system depolarized prior to the sample while the white light was
generated using a percentage of the fundamental beam (1030 nm) focused on a Sapphire crystal.
An optical delay placed in the probe beam path provided a dynamic range up to 7 ns and an overall
temporal resolution down to the pulse width of the laser (190 fs). The pump average power was
measured by an Ophir PD 300 power meter diode and the beam size was measured by an Ophir
SP920S beam profiling camera.

Characterizations of QD Solar Cells. The photocurrent density—voltage (J—}) measurements
were conducted in a Na-filled glove box with a SS-F5-3A Solar Simulator (EnliTech). The J-V
curves for all devices were measured by masking the active area using a metal mask with an area
of 0.0324 cm?. Before the measurements, the light intensity was calibrated to 100 mW cm? using
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a standardized National Renewable Energy Laboratory calibrated silicon solar cell. The EQE
spectra were measured with a QE-RX system (EnliTech). Scanning electron microscope (SEM)
images were acquired using a Zeiss Gemini 500 Scanning Electron Microscope operated at 3 kV.
The impedance spectra were measured by a commercial instrument (Autolab PGSTAT302N), for
which a bias voltage of 0.8 V and an AC amplitude voltage of 10 mV (frequency range: ~100-
IMHz) were applied to devices. This measurement was carried out under dark conditions and in a
Faraday cage.

RESULTS AND DISCUSSION

We synthesized FAPbI; QDs using a modified hot injection method,?® yielding cubic-shaped
QDs with an average size of 15.4+2.4 nm, obtained from the transmission electron microscope
(TEM) image (Figure S1). The pristine FAPblz QDs dispersed in hexane exhibit a static
photoluminescence (PL) emission peak at 785 nm and an absorption onset at 1.56 eV (Figure S2),
which is more suitable for single-junction solar cells than most commonly used CsPbls QDs (Eg ~
1.80 eV) according to the Shockley-Queisser limit.?’ To fabricate electronically coupled QD films,
we conducted ion-assisted ligand exchange using MeOAc solutions of A-OAc. The chemical
structures of the A" cations and the OAc™ anion are provided in Figure 1a. The pristine QD-ink is
spin coated onto a substrate to form the pristine QD film (Figure 1b). The pristine QD film is then
dipped into the ligand exchange solution, containing either pure MeOAc or MeOAc solutions of
A-OAc (A = FA", GA" or PEA"), for 5 s and blew dry with a stream of N2. The resulted
electronically coupled QD film is about 70 nm thick, consisting roughly 4-5 QD monolayers. For
simplification, the QD films and devices fabricated with ligand exchange using pure MeOAc,
MeOAc solutions of FAOAc, GAOAc, and PEAOAC are called MeOAc, FAOAc, GAOAc and
PEAOAC film/device, respectively.
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Figure 1. (a) Chemical structures of A" cations and OAc- anion in A-OAc salts (A = FA*, GA" or
PEA™). (b) Schematic illustrations of the fabrication process of electronically coupled QD films
by ion-assisted ligand exchange. (c) Fourier transform infrared (FTIR) spectra of the FAPbI3; QD
films before and after ligand exchange under different conditions. (d) Schematic illustrations of
the surface composition of pristine and ligan exchanged FAPbI3 QDs.



Figure 1c shows the Fourier transform infrared (FTIR) spectra of QD films before and after
ligand exchange under different conditions. The FTIR spectrum of the pristine film clearly shows
the resonances of the oleyl group (vs(C=C-H) = 3005 cm™!, vs(C-Hx) = 2780-3000 cm™).?! The
intensities of these peaks greatly drop for the MeOAc, GAOAc and PEAOAC films, suggesting
that most long-chain ligands are removed but some still present at the FAPbI3 QD surfaces. These
peaks completely disappear in the FAOACc film, indicating that FAOAc can further promote the
removal of the long-chain ligands to below the detection limit of FTIR. The N-H stretch peaks
(vs(N-H)) at 3200-3400 cm™! and the C=N bending peak (5.(C=N)) at 1710 cm™' remain unchanged
after ligand exchange, because they are dominated by FA" from the QD cores, indicating that the
lattice structure of the QD cores is intact. We attribute the characteristic resonance at 1465 cm™ to
the NH3" asymmetric bending (d«(NH3)) from OAm™, which also completely disappears after the
ligand exchange using FAOAc. Note that PEA™ also has a NH3" group and GA™ has three NH2"
groups. Therefore, by judging the intensity of this peak in the GAOAc and PEAOAC films, it is
hard to determine whether the exchange of OAm" is incomplete or GA"/PEA™" substituted the
surface sites of OAm". Nonetheless, the FTIR results reveal that both cationic and anionic long-
chain ligands can be more effectively removed by FAOAc compared with MeOAc, GAOAc or
PEAOAc.

As depicted in Figure 1d, the pristine FAPblzs QD is coated with long-chain cationic
oleylammonium (OAm") and anionic oleate (OA") ligands, passivating the surface A-site and X-
site, respectively. After ligand exchange with MeOAc, the long-chain ligands can only be removed
partially, with the remaining ligands impairing the charge transport across the resulting QD films.
In addition, as A-/X-site vacancies could be left behind where the long-chain ligands are removed,
there is no cations to fill the A-site vacancies and only inefficient filling of X-site vacancies by
OAc” from the hydrolysis of MeOAc.?! These vacancies usually function as the recombination sites
to hamper the charge collection and the ion migration pathways to cause perovskite degradation. '
30'When FAOACc is added to assist the ligand exchange, the free FA™ cations and OAc™ anions can
both effectively replace the long-chain OAm" and OA" ligands and fill the A-/X-site vacancies,
respectively. Moreover, exposed QD facets capped with small FA™ and OAc™ could merge with
each other, creating efficient charge transport channels across QDs. In the GAOAc and PEAOAc
films, although the removal of long-chain ligands may be incomplete, the A- and X-site vacancies
could be filled by GA"/PEA" and OAc’, respectively. The passivation of QD surfaces with short
A" and OAc ligands will suppress the charge recombination and the iodide migration, greatly
improving the photovoltaic performance and stability.

To investigate the crystal structures and the QD packing of the QD films before and after ligand
exchange under different conditions, we conducted grazing-incidence wide-angle X-ray scattering
(GIWAXS) measurements with the incident angle a; varied from 0.05 to 0.25° to probe the
structural uniformity from the top surface to the bulk of the QD films. The QD films were deposited
with one spin coating step and undergo different ligand exchange conditions, resulting in ~70 nm
thick QD films, consisting roughly 4~5 monolayers of QDs. As shown in Figure S3, for all QD
films, the GIWAXS patterns only show vague patterns for o; = 0.05° and 0.10°, whereas the
patterns with a; = 0.15° show clear Debye-Scherrer rings. When a. is increased to 0.20° and 0.25°,
a wide background signal appears between qr = 1.4-2.5 A!, which mainly comes from the
PEDOT:PSS coated on the substrate before depositing the QD films. This indicates that the critical
angle a. for FAPbI3 QD films is around 0.15°. Therefore, for a; = 0.05° and 0.10°, the penetration
depth is smaller than twice the size of the QDs,*! suggesting a reasonable surface roughness of 1~2
QDs of the QD films. For a; > 0.15°, the penetration depth is long enough to cover the bulk of the
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QD films, and the patterns show Debye-Scherrer rings located at identical q values, proving a
structural uniformity across the QD films.

The GIWAXS patterns of the QD films with a; = 0.25° are presented in Figures 2a-e. The q
values of the Debye-Scherrer rings agree well with the bulk a-phase FAPbI; lattice.* The major
peaks of the FAPDI3 lattice are clearly resolved and labeled in the line-cut plot (Figure 2f),
confirming that the a-phase of FAPDI3 lattice is preserved and no additional perovskite phases is
created after all ligand exchange processes. The pristine film exhibits two spots in the ring
associated with (100) plane (q =1 A!) around azimuthal angles 6 of 90° and 45°, and another two
spots in the ring associated with (111) plane (q= 1.7 A!) around 8 = 90° and 45° as well, indicating
two preferred orientations of the QD cores. The spots around 45° become weaker in the MeOAc
and PEAOAc QD films and almost disappear in the FAOAc and GAOAc QD films, while the
spots around 90° remain in all QD films. This indicates that the secondary preferred orientation
around 45° is reduced or nearly eliminated after ligand exchange.

To further analyze the orientation change in the QD films, we conducted azimuthal conversion
of the GIWAXS patterns (Figure S4). Since the cubic-shaped FAPbIz QDs usually have their
{100} facets exposed,* the azimuthal angular averaged intensity of the (100) plane (q=1 A™") can
serve as an indication of the orientations of individual QDs (Figure 2g). The pristine QD film
shows two peaks at = 90° and 42°, revealing that QDs assemble in mainly two orientations, with
their {100} facets face perpendicularly upward (in-plane) or with a tilted angle (out-of-plane) to
the substrate. This is attributed to the presence of long-chain ligands that separate adjacent QDs
from the effective facet-to-facet interactions (Figure 2h). After the ligand exchange, the partial or
complete removal of native long-chain ligands creates void space between QDs, leading to a
collapse of QDs towards the substrate. During this process, the out-of-plane QDs have a chance to
adjust their orientations in the presence of strong interactions between exposed facets. In the
MeOAc and PEAOACc films, the peak at 8 = 42° is reduced to a weak and wide peak between 6 =
20-60°. This suggests that the incomplete ligand exchange with pure MeOAc leaves some native
long-chain ligands on the QD surfaces, which interferes with the packing of QDs (Figure 2i). While
ligand exchange with PEAOAc can remove more native long-chain ligands, the bulky PEA"
anchored on the QD surfaces could still prevent the QDs from ordered packing. This peak is further
reduced after the ligand exchange with FAOAc and GAOAc. With FAOAc and GAOACc assisted
ligand exchange, even more native long-chain ligands are removed from the QD surfaces. More
importantly, the small size of FA" and GA", together with their stronger hydrogen bonding
capabilities, can promote the facet-to-facet interactions between QDs, resulting in more compact
and orientated QD films (Figure 2j). When the QDs are aligned with a facet-to-facet matched
orientation, a fast charge transport pathway across QDs will be created.>* Moreover, the in-plane
orientation will favor the charge transport and collection from the active layer to both electrodes
along the vertical direction, significantly boosting the photovoltaic performance.’
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Figure 2. GIWAXS patterns of (a) pristine, (b) MeOAc, (c) FAOAc, (d) GAOACc, and (¢) PEAOAc
QD films. The incident angle a; is 0.25°. (f) In-plane line-cut of the GIWAXS patterns. (g)
Azimuthal angular averaged intensity for ¢ = 1 A™!, corresponding to the (100) plane. Proposed
packing and orientation modes of (h) pristine film, (i) MeOAc and PEAOACc films, and (j) FAOAc
and GAOACc films. A single layer of QD, instead of 4-5 layers of QDs in the QD films, is illustrated
for clearance.

We further investigate the photophysical properties of the QD films before and after ligand
exchange under different conditions. The pristine film exhibits an absorption onset at 797 nm,
which redshifts to ~800 nm after ligand exchange with MeOAc, GAOAc and PEAOACc, and to
~802 nm with FAOAc, determined from the Tauc plots of the UV-Vis spectra (Figure S5). The
Gaussian distribution fitting plots of the normalized PL spectra reveal the same trend (Figure S6),
where the PL peak redshifts from 787 nm for the pristine film, to ~790 nm for the MeOAc, GAOAc
and PEAOACc films, and 793 nm for the FAOAc film. As compared to the pristine film, the PL
intensities of the ligand exchanged films drop by over six times (Figure 3a), which agrees with
previous reports on PL quantum yield of QDs during each step of QDSC fabrication.'® While the
MeOAc and GAOACc films show similar PL intensities, the PEAOAc film shows slightly higher
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PL intensity, possibly due to the passivation effect of surface anchored PEA". The PL intensity of
the FAOACc film is much higher than those of other ligand exchanged QD films, indicating a better
suppression of non-radiative recombination. This phenomenon rules out the possibility that the
redshift of its PL peak is caused by the formation of sub bandgap trap states, which should
otherwise quench the PL intensity. Instead, when the long-chain ligands are replaced by FA* and
OAc’, exposed QD facets tend to merge due to the matched lattice at the QD grain boundary,
slightly reducing the quantum confinement effect and hence causing redshift of the bandgap. In
this case, excited electrons become delocalized and could further relax from the band edge of the
QDs where they are generated to the minimum energy state available among the QDs in the
delocalization range before going through radiative recombination. Therefore, the electronic
coupling between QDs is enhanced, which will significantly improve the charge transport. We also
carried out time-resolved PL (TRPL) measurements (Figure 3b). The TRPL curves are fitted with
a tri-exponential model and the averaged charge carrier lifetimes are calculated with an amplitude
average method (Table S1).3¢ The pristine film has a relatively long charge carrier lifetime of 19.88
ns due to the passivation effect of OAm"™ and OA™ ligands, which greatly drops when the long-
chain ligands are removed after ligand exchange. The FAOAc film exhibits the longest charge
carrier lifetime of 4.58 ns among the ligand exchanged films, highlighting the superior passivation
effect of FA". The PEAOAc and GAOACc films show the charge carrier lifetimes of 3.52 ns and
3.39 ns, respectively, higher than that of the MeOAc film (3.00 ns), which is attributed to the
reduced trap-assisted nonradiative recombination by the A-site defect filling effect of PEA" and
GA™.
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Figure 3. (a) Static PL emission spectra and (b) time-resolved PL spectra of the pristine, MeOAc,
FAOAc, GAOAc and PEAOAc QD films.

To further understand the enhanced electronic coupling between QDs and the defect passivation
effect of ion-assisted ligand exchange, we conducted transient absorption (TA) measurements,
under 400 nm (3.10 eV) pump laser with a fluence of 11.9 uJ cm?, yielding an initial carrier
density 0f 2.39 x 10'® cm™ (see Supplementary Note 1 for calculations). The initial carrier density
is known to have a direct impact on the hot charge carrier cooling dynamics.?’° The typical initial
carrier density is in the range of ~10'7 to ~10'8-10'" cm™ from low to high density. Since the
absorption and the thickness of the QD films are similar, we assume the initial carrier density is
similar for all QD films. The 2D TA heatmaps of the pristine film and the FAOAc films are
presented in Figures 4a and b. Upon pump excitation, the pristine film exhibits a ground-state
bleaching peak (GSB, positive signal in A7/T, where AT is pump-induced change in probe
transmission and 7 is the steady-state probe transmission) centered around the bandgap at 770 nm
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(1.61 eV) due to the band-filling effect. The broad high energy tails of the bleach peaks represent
the hot carrier Fermi-Dirac distribution, and they gradually narrow as the carriers cool down when
the delay time becomes longer. The redshift of the GSB peak along the delay time is assumed to
be the tradeoff between the BGR effect (redshift) and the Burstein -Moss effect (blueshift).*’ Two
negative signals in 47/T centered around 800 nm (1.55 eV) and shorter than 650 nm (> 1.90 eV)
represent photoinduced absorptions (PIA), which arise from bandgap renormalization (BGR,
quickly vanishes within 1 ps) and the photoinduced refractive index change, respectively.*!
Compared to the pristine film, the FAOAc film exhibits a stronger and redshifted GSB peak
centered around the bandgap at 780 nm (1.59 eV) and similar PIAs (Figure 4b). The 2D TA
heatmaps of the MeOAc, GAOAc and PEAOAC films display the similar features observed in the
pristine and FAOAc films (Figure S7). To closely compare all the QD films, we plot the GSB
peaks at 2, 100, and 1500 ps delay time (Figure S8) when the excited QD films go through the
processes of hot electron cooling and recombination decay.*? Within all the time frames, the GSB
peaks redshift after ligand exchange with the most shift shown by the FAOAc film. Considering
that under such high carrier density (2.39 x 10'® cm™), any trap states are filled, the redshifts are
unlikely to involve the creation and passivation of shallow trap states in the QD films. Instead,
these redshifts further confirm that ion-assisted ligand exchange can promote the formation of
charge transport channels between QDs by the merge of exposed facets, subsequently enhance the
charge delocalization within the QD films, particularly in the FAOAc QD film.

The surface defect and dielectric environment of perovskite QDs sensitively influence the
cooling dynamics of hot carriers generated by the photons with energies higher than the bandgap.**:
4 We conducted the study of hot carrier cooling dynamics in the QD films by extracting the
effective carrier temperature 7c¢ over the span of delay time. Upon pump excitation, the hot carriers
first go through a thermalization process to establish a quasi-equilibrium that can be described by
the Fermi-Dirac distribution. The thermalization process lasts more than 0.5 ps in the QD films
(Figure S9), which is much longer than that in perovskite bulk films, mainly because of the high
pump fluence and intrinsic slow thermalization process of perovskite QDs.* The distribution of
carriers within energy range sufficiently higher than the bandgap can be approximated to the
Maxwell-Boltzmann distribution:*®

AT/T(E) « exp (—E/k,T,)
where E is the probe energy, k» is the Boltzmann constant, and 7c¢ is the effective carrier
temperature. The T¢ fittings with different region of interest (ROI) display similar results except
in the region of 2-20 ps (Figure S9d), which originates from the improper approximation when the
ROI gets closer to the bandgap.*’ Figures 4c and d show the Maxwell-Boltzmann fitting of the
pristine and FAOAc films, respectively, with the ROI from where the normalized A7/T < 0.5 to
1.9 eV. The curves of the extracted 7c as a function of delay time for all QD films are presented
in Figure 4e. The Tc curves can be well described by a tri-exponential fitting:
T, =Ty + Are /"1 + A,e~ /%2 + Aje~t/%s

All the QD films display hot carrier lifetimes consistently in three regions, with 71 in the 0.15-0.3
ps range, T2 within 4-7 ps and 73 > 50 ps (Table S2), corresponding to the scattering of LO-phonons,
hot phonon (HP) bottleneck and Auger heating (AH).*® The pristine and PEAOAc film exhibit
larger t1, suggesting the effect of surface ligands, either native long-chain ligands or PEA", in
preventing the damping of phonons.*® This also leads to a stronger HP bottleneck effect, as
revealed by their larger 2 (Table S2). Interestingly, the pristine film shows the longest 2, but
remains lower 7¢ than the ligand exchanged QD films, while the FAOAc film shows the shortest
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72 and retains the highest 7c. In the FAOAC film, because the QDs are merged, their wavefunctions
overlap to produce a denser distribution of electronic states, leading to a broader initial carrier
distribution and higher 7c¢. In addition, the phonons can transfer across the merged facets,
facilitating the reabsorption of phonon energy to slow down the cooling (Figure 4f). Despite the
different behaviors in the HP region, all the films show similar slopes in the AH stage. Since AH
originates from the excitation of electron in the conduction band by the energy released from
recombining another electron in the conduction band and a hole in the valence band, the dielectric
environment has much less or no effect on AH.
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Figure 4. 2D heatmap transient absorption (TA) spectra of (a) pristine and (b) FAOACc films under
400 nm (3.10 eV) pump with a fluence of 11.9 pJ cm™, generating an initial carrier density of 2.39
x 10" cm™. Normalized TA spectra (47/T) of (c) pristine and (d) FAOAc films at pump-probe
delay times between 2 and 1500 ps. The black dashed lines are fits to the high-energy bleach tails
with the Maxwell-Boltzmann distribution to extract effective carrier temperature 7c. (e) Extracted
carrier temperature 7¢ as a function of delay time for all QD films. (f) Schematic illustration of the
hot carrier cooling mechanism and the hot phonon effect in the pristine and different ligand
exchanged QD films.

Motivated by the effect of ion-assisted ligand exchange on promoting oriented QD packing,
passivating surface trap states of QDs, and enhancing electronic coupling between QDs, we
fabricated inverted FAPblIs QDSCs with a device architecture of ITO/PEDOT:PSS/FAPbI3
QD/PCBM/BCP/Ag (Figure 5a). The spin coating and ligand exchange process was repeated 4
times to stack ~250 nm thick QD films as the active layers, followed by a post-treatment of dipping
into the saturated ethyl acetate (EtOAc) solution of FAIL. To verify whether the remained long-
chain ligands by incomplete ligand exchange can cause QD films to partially redissolve when
depositing the successive layers and lead to a thinner QD film, we measured the UV-Vis spectra
of QD films stacked after 4 deposition cycles for all ligand exchanged QD films (Figure S10). The
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differences in light absorption of the QD films are negligible, indicating that all the QD films have
the similar thickness. The top-view scanning electron microscope (SEM) images of the QD films
are presented in Figure S11. For all the conditions, dense QD films were obtained. The cross-
sectional SEM image of one device is shown in Figure S12. We varied the concentrations of
FAOAc, GAOAc and PEAOAc in MeOAc from 0.1 to 1.0 mM. The device photovoltaic
parameters are summarized in Figure S13. The best performing QDSCs are fabricated with 0.3
mM concentration for all three A-OAc salts. While high concentration solutions have less impacts
on the performance of FAOAc and GAOAc devices, the PEAOAc devices display significant
decrease of Voc and FF, possibly due to the formation of PEAI at the interface. Figure 5b shows
the forward and reverse scan photocurrent density-voltage (J-V) curves of the best performing
MeOAc, FAOAc, GAOAc and PEAOAc QDSCs. The photovoltaic parameters are summarized in
Table 1. The MeOAc device exhibits a champion PCE of 7.29%, with a Voc of 0.87 V, a Jsc of
10.65 mA cm™, and a FF of 78.5%. The Jsc, and Voc are increased to 14.56 mA ¢cm™ and 0.89 V
for the FAOAc champion device, leading to the highest PCE of 10.13%. Using GAOAc in MeOAc
as the ligand exchange solution yields a QDSC with a significantly boosted FF of 81.1%, an
increased Voc of 0.92 V but a lower Jsc of 12.79 mA ¢cm™, resulting in a champion PCE of 9.52%.
The PEAOAC device exhibits similar improvements in Jsc and Voc to 13.02 mA cm™ and 0.88 V,
respectively, leading to a champion PCE of 9.06%. It is worth mentioning that all the QDSCs
exhibit negligible hysteresis, which reflects greatly suppressed iodide migration by X-site vacancy
filling with OAc.*® Additionally, the increases in Voc are attributed to the A-site passivation by
the cations added in the MeOAc solutions. Compared to the published works on FAPbls QDSCs
(Tables S3), which are n-i-p architecture devices, our champion p-i-n architecture device exhibits
the highest FF and high Jsc but the Voc is lacking behind other reported n-i-p FAPbls QDSCs. It
is possibly due to the unsatisfactory band alignment of the transport layers.
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Figure 5. Device structure, performance and physics of inverted FAPbIz QDSCs. (a) Schematic
illustration of the inverted FAPbI; QDSCs. (b) The forward (solid lines) and reversed (dashed
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lines) scan J-V curves of the best performing QDSCs with different ligand exchange conditions,
measured under AM 1.5 G illumination at an intensity of 100 mW/cm?. (c) PCE statistics of 16
devices for each ligand exchange condition. (d) EQE spectra and the integrated photocurrent
density plots of the best performing QDSCs. (e) Light intensity dependent Voc for the FAOAc and
the MeOAc devices. (f) The Nyquist plots of the FAOAc and the MeOAc devices measured under
0.8 V without illumination. The inset shows the equivalent circuit used to fit the Nyquist plots.

The statistics of PCEs and other photovoltaic parameters of 16 devices for each of the ligand
exchange conditions are presented in Figures 5c¢ and S14, respectively. The average PCE is
improved from 6.59% for the MeOAc devices to 9.75%, 8.81% and 8.79% for the FAOAc,
GAOAc and PEAOAc QDSCs, respectively, confirming the improvement of device performance
by ion-assisted ligand exchange. The statistics of photovoltaic parameters reveal that the
performance improvement is mainly contributed by the increase of Jsc while marginally increase
of Voc and FF. The FAOAc devices produces the highest average Jsc, indicating efficient charge
transport across the QD film due to the efficient removal of long-chain ligands, passivation of
surface vacancies, and electronic coupling of merged QD facets. The FAOAc and GAOAc devices
exhibit high values and narrow distributions of FF, suggesting that the densely packed QD films
can prevent the formation of shunt channels. We note that compared to the narrower distributions
of Jsc and FF, Voc exhibits relatively larger variance, which could be attributed to the in-ambient
fabrication of QD films.

Table 1. Photovoltaic parameters obtained from the reversed scan J-V curves of inverted FAPbI3
QDSCs with different ligand exchange conditions.

Sample PCE (%) Jso (mA/cm?) Voe (V) FF (%)
MeOAc Champion 7.29 10.65 0.87 78.5
Average 6.59+0.55 10.27+0.33 0.85+0.01 75.0+4.2
FAOACc Champion 10.13 14.56 0.89 78.6
Average 9.62+0.29 14.33+0.32 0.88+0.02 76.7£1.0
GAOAc Champion 9.52 12.79 0.92 81.1
Average 8.81+0.27 12.29+0.17 0.89+0.01 81.3+£0.8
PEAOACc Champion 9.06 13.02 0.88 79.1
Average 8.79+0.50 13.08+0.46 0.87+0.02 77.6+2.9

To better understand the photocurrent enhancement, the external quantum efficiency (EQE)
spectra of the best performing devices were measured (Figure 5d). All the integrated photocurrent
densities agree well with the Jsc measured from the J-V curves. Compared with the MeOAc device,

15



the GAOAc and PEAOAC devices display EQE increases in two spectral regions, 400-550 nm and
650-800 nm and the FAOAc device exhibits further increase in the full scope. The increases could
be attributed to more efficient charge transport and longer carrier lifetime benefit from the effective
removal of long-chain ligands and the passivation of trap states. We also note that the QD facets
capped with FA™ and OAc™ can merge to create fast charge transport pathways, which further
enhances the EQE. In the 650-800 nm region, the FAOAc, GAOAc and PEAOACc devices show
steeper slopes than that of the MeOAc device, suggesting reduced recombination loss due to
passivated trap states on QD surfaces. To further investigate the passivation of trap states by
FAOACc ligand exchange, we conducted light intensity dependent Voc measurements on the
FAOACc and the MeOAc devices (Figure 5e). The Voc can be well described by In(l)nkT/q, where
I, n, k, T, and g are the light intensity, the diode ideality factor, Boltzmann constant, the device
temperature, and elementary charge, respectively. The diode ideality factors are calculated to be
1.28 and 1.64 for the FAOAc and the MeOAc devices, respectively. This indicates suppressed
trap-assisted recombination in the FAOAc device compared to the MeOAc device, possibly due
to A-site vacancy filling effect of FA™. The consistent results are attained from the measurement
of impedance spectra. The Nyquist plots of the FAOAc and MeOAc devices are presented in
Figure 5f, in which raw data points are fitted by an equivalent circuit model (shown in inset). While
only single semicircle for recombination resistance (Rrc) appears for both,’® the greater Ryec of
5600 Q, is resulted from the FAOAc device, nearly doubling the Ry (2828 Q) for the MeOAc
device. This further proves the effective passivation effect of FAOAc on the QDSCs.

Figure 6a shows the short-term stability of the FAOAc device with a stabilized power output
(SPO) of 10.5%, which is higher than the MeOAc device with a SPO of 7.5% (Figure S15). We
also tested the long-term stability of unencapsulated QDSCs over a long storage time inside a N»-
filled glovebox. All the QDSCs remained stable after 7300 h (Figures 6b and S16). Surprisingly,
the FAOAc device performance is even increased after 7300 h storage (Figure 6¢), with a
significant increase in Voc from 0.89 V to 0.97 V, improving the PCE from 10.13% to 10.95%.
The MeOAc device shows a similar increase in Voc and PCE, but since the initial PCE is low, the
PCE of the MeOAc device at 7300 h remains lower than the A-OAc ligand exchanged QDSCs.
The improved Voc and high stability of MeOAc device could be a result of the passivation effect
by dipping the QD films into the EtOAc solution of FAI and the remaining native long-chain
ligands.®! The superior device stability demonstrates the phase stability of a-phase FAPbI;3 at room
temperature because of the lower phase transition temperature of FAPbIz QDs.!> 1> The effective
removal of native long-chain ligands and passivation of surface A- and X-site defects by MeOAc
solution of FAOAc further enhances the device performance while retaining high device stability.
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Figure 6. Short-term and long-term stabilities of inverted FAPbI3 QDSCs. (a) The stabilized power
output (SPO) and stabilized photocurrent density of the FAOAc device, measured at the maximum
power point. (b) Long-term stability of the best performing QDSCs that were stored under a N2
filled glovebox without encapsulation. (¢) Reverse scan J-V curves of the MeOAc and FAOAc
QDSCs that are freshly made and stored after 7300 h in a N2 filled glovebox without encapsulation.

There have been tremendous reports and significant progresses have been made on perovskite
QDSCs since its first demonstration in 2016.5 While most of the works are based on CsPbl3
QDSCs, with the best PCE of 16.5%,> the reports on FAPbI3 QDSCs are limited.”? As summarized
in Table S3, all the works on FAPbI3z QDSCs are based on n-i-p device architecture, with the best
PCE reaching 13.2%.°* To the best of our knowledge, we are the first reporting the p-i-n FAPbI3
QDSCs and achieve a champion PCE of 10.13%. The p-i-n architecture features great long-term
stability due to the exclusion of dopant in the transport layers. With more advanced synthetic
methods of FAPbI3 QDs and modifications of the interfaces, the performance of p-i-n FAPbI3
QDSC:s can be further improved, while pertaining the superior device stability.

CONCLUSION

We report an ion-assisted ligand exchange method with the MeOAc solutions of A-OAc
(FAOAc, GAOAc and PEAOACc) for FAPbIs QDs to simultaneously promote the removal of
native long-chain ligands on QD surfaces and passivate the surface A-site and X-site vacancies.
The MeOAc solutions of FAOACc yield the best ligand exchange of FAPbIz QDs in terms of the
effective removal of native long-chain ligands, passivation of surface defects, and promotion of
electronic coupling between QDs. Inverted FAPbIz QDSCs fabricated with this ligand exchange
method exhibit a significant Jsc¢ enhancement, reaching a champion PCE of 10.13%. More
importantly, all the QDSCs exhibit superior device stabilities after stored in a Na-filled glovebox
without encapsulation for 7300 hours (10 months). The FAOAc device even shows an increase in
PCE from 10.13% to 10.95% after 7300 hours. This work sheds light on the role of ionic salts in
improving packing and electronic coupling of FAPbIs QDs to boost the photovoltaic performance
and provides a promising way to develop and construct ultra-stable perovskite solar cells.
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