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Overcoming Charge Confinement in Perovskite Nanocrystal

Solar Cells

Wengiang Yang, Seung-Hyeon Jo, Yipeng Tang, Jumi Park, Su Geun Ji, Seong Ho Cho,
Yongseok Hong, Dong-Hyeok Kim, Jinwoo Park, Eojin Yoon, Huanyu Zhou, Seung-Je Woo,
Hyeran Kim, Hyung Joong Yun, Yun Seog Lee, Jin Young Kim, Bin Hu, and Tae-Woo Lee*

The small nanoparticle size and long-chain ligands in colloidal metal halide
perovskite quantum dots (PeQDs) cause charge confinement, which impedes
exciton dissociation and carrier extraction in PeQD solar cells, so they have
low short-circuit current density J.., which impedes further increases in their
power conversion efficiency (PCE). Here, a re-assembling process (RP) is
developed for perovskite nanocrystalline (PeNC) films made of colloidal
perovskite nanocrystals to increase J.. in PeNC solar cells. The RP of PeNC
films increases their crystallite size and eliminates long-chain ligands, and
thereby overcomes the charge confinement in PeNC films. These changes
facilitate exciton dissociation and increase carrier extraction in PeNC solar
cells. By use of this method, the gradient-bandgap PeNC solar cells achieve a
J<c = 19.30 mA cm~2 without compromising the photovoltage, and yield a
high PCE of 16.46% with negligible hysteresis and good stability. This work
provides a new strategy to process PeNC films and pave the way for high

performance PeNC optoelectronic devices.

1. Introduction

Colloidal metal halide perovskite quantum dots (PeQDs) have
low defect density, slow hot-carrier cooling process, tunable
bandgap, high absorption coefficient, uniform large-scale fabri-
cation, and low cost, and therefore have great potential for use in

new-generation photovoltaic
technology.'>! The power conversion
efficiency (PCE) of PeQD solar cells
has been increased to surpass those of
other quantum-dot solar cells.*8] Fur-
thermore, PeQDs are more photostable
than polycrystalline perovskites; this trait
is crucial for long-term stability of so-
lar cells.’) However, PeQD solar cells
have lower record PCEs than that of
polycrystalline perovskite solar cells.[%

The primary reason for the relatively
low PCEs of PeQD solar cells is their
lower short-circuit current density (/)
than those of polycrystalline perovskite
solar cells. Perovskite nanocrystals in-
clude PeQDs under quantum confinement
and nanoparticles beyond quantum con-
finement. When PeQDs or perovskite
nanocrystals are assembled into a com-
pact film, they lose long-chain ligands,
and therefore tend to fuse together, so crystallite sizes typically
exceed the exciton Bohr diameter. Considering this trend, we re-
fer to films assembled from PeQDS or perovskite nanocrystals
as perovskite nanocrystalline (PeNC) films. However, the PeNC
films still have some degree of charge confinement due to their
small crystallite size and residual long-chain ligands.[''12] This
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charge-confinement hampers exciton dissociation and carrier ex-
traction in PeNC films, and is therefore a major obstacle to in-
crease the J.

However, most reports about PeNC solar cells have only con-
sidered ways to optimize the ligand exchange method; few have
considered the charge confinement in PeNC films and its influ-
ence on the PCEs of PeNC solar cells. Compared to polycrys-
talline perovskite films, PeNC films typically have higher exci-
ton binding energy (E,) due to the charge-confinement effect,
and this high E, degrades photovoltaic performances.['*] The
high E; impedes exciton dissociation and reduces the number of
free carriers that can be converted to photocurrents, and thereby
decreases the J. of PeNC solar cells. Further, although some
reported ligand-exchange methods use short cations (e.g., for-
mamidinium iodide (FAI), potassium iodide) dissolved in ethyl
acetate (EtOAc) to replace the long-chain ligands, these short
cations in EtOAc must compete with long-chain ligands that
have anchored to the surface of colloidal perovskite nanocrys-
tals in the solid film state. Moreover, these short cations have
poor solubility in EtOAc and therefore reach very low concen-
tration in EtOAc.'*%] Consequently, the conventional method
cannot effectively remove long-chain ligands, and can even gen-
erate additional formamidinium (FA) vacancies and halide va-
cancies due to their low formation energy.l'%! As a result, the
charge confinement in the PeNC films continues to inhibit the
increase of J . in PeNC solar cells. Thus, to further increase the
J.. and PCE of PeNC solar cells, the charge confinement in the
PeNC films must be overcome in a way that simultaneously in-
creases crystallite size and eliminates long-chain ligands in PeNC
films.

Here, we developed a simple re-assembling process (RP) for
PeNC films made of colloidal perovskite nanocrystals. This pro-
cess overcomes the charge confinement in the PeNC films by in-
creasing the crystallite size and efficiently removing long-chain
ligands. RP to post-treat the PeNC films was performed using a
pyridine/2-isopropanol (IPA) mixture that contains FAIL In this
process, pyridine can loosen the contact between long-chain lig-
ands and the surface of colloidal perovskite nanocrystals, and
then IPA washes away the residual long-chain ligands, and there-
fore enabling re-assemble PeNC films to obtain a larger crystal-
lite size. The weakened charge confinement in the PeNC film
was confirmed by the reduced E, and improved carrier trans-
port. Use of the photoexcitation-polarization-dependent photolu-
minescence (PL) and the bias-dependent magnetic field effects
of PL to investigate the exciton behavior revealed that our strat-
egy enabled the exciton—exciton interaction by spin scattering be-
tween orbital magnetic dipoles, and demonstrated a reduced Ej
and facilitated exciton dissociation in the PeNC films. In addition,
tracking of carrier transport in the PeNC films demonstrated an
improvement in carrier extraction by use of our method. More-
over, the reduced defect density suggested that our method could
provide robust passivation for the PeNC films. We also developed
a gradient-bandgap structure of the PeNC films by using a layer-
by-layer film formation technique utilizing colloidal perovskite
nanocrystal that had various bandgaps. Consequently, use of RP
in Cs/FA-mixed PeNC solar cells with our gradient bandgap
structure achieved a notably high J.. = 19.30 mA cm™2, a high
PCE = 16.46%, and negligible hysteresis. Compared to the con-
ventional strategy, this new strategy can concurrently accelerate
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exciton dissociation and improve carrier extraction by overcom-
ing charge confinement in PeNC films.

2. Results and Discussion

To achieve high PCEs, we used PeNC films that have a
gradient-bandgap structure, which can be obtained by spin-
coating different-bandgap colloidal perovskite nanocrystals layer-
by-layer, and which is beneficial to obtain high PCE.['"”18] To ob-
tain this structure, we synthesized three different bandgap col-
loidal perovskite nanocrystals whose bandgaps were ~1.72 eV,
1.65 eV, and 1.61 eV from wide to narrow respectively (Experi-
mental Section and Figure S1, Supporting Information). These
three-kind colloidal perovskite nanocrystals were spin-coated
layer-by-layer in sequence (Figure 1a). The band positions of each
layer and the energy band diagram for the gradient bandgap
PeNC films were presented in the Figure S2 (Supporting Infor-
mation).

After obtaining PeNC films with a desired thickness, RP sam-
ples were obtained by using the RP method, by which the PeNC
films were post-treated using a mixture of pyridine and IPA that
contain FA* as short cations, and control samples were obtained
by using the conventional method to post-treat the PeNC films
using ethyl acetate (EtOAc) with FA* as short cations to exchange
long-chain ligands (Experimental Section).

We compared the device performance of solar cells fabricated
using gradient-bandgap PeNC films with those using planar-
bandgap PeNC films, both of which had been post-treated by ei-
ther the control method or the RP method (Table S1, Support-
ing Information). The RP method effectively improved the PCEs
of both planar-bandgap and gradient-bandgap devices. Further-
more, PCEs were higher in the solar cells that used gradient-
bandgap PeNC films than in solar cells that used planar-bandgap
PeNC films, irrespective of the post-treatment method. Thus,
herein, we present results of only the gradient-bandgap PeNC
films to investigate the difference between the control method
and RP method. We carefully optimized the volume ratio of
IPA to pyridine, the concentration of FAI in IPA, and the post-
annealing temperature (Tables S2-S4, Supporting Information).

For the RP devices, the average PCE for the reverse and
forward scan was increased to 16.46%, with a champion PCE
= 16.68% under the reverse scan (Table S5, Supporting Infor-
mation). However, the average PCE for the reverse and for-
ward scan in control samples was only ~ 13.68% with a cham-
pion PCE = 14.01% under the forward scan (Table S5, Sup-
porting Information). Figure 1b shows the current density vs
voltage (J-V) curve of the champion control and the RP de-
vice under reverse and forward scans. Both of the control
and RP device had open-circuit voltages (V,.) of ~1.16 V, and
negligible hysteresis as indicated by the low hysteresis index
|PCE, yerse — PCEg ward|/PCE,eyerses 1-€., &5% for the control de-
vices and ~3% for the RP devices."”! However, the RP devices
had much higher J. (19.34 mA cm™?) than the control devices
Je (17.30 mA cm2). The use of RP achieved a notably high
PCE and the highest J.. compared to reported PeNC solar cells
that have PCE of >12% and negligible hysteresis (Figure 1c;
Table S6, Supporting Information). The external quantum efhi-
ciency (EQE) spectra confirmed the J . (Figure S3, Supporting
Information). The integrated ], from EQE spectra were
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Figure 1. a) Schematic of fabricating gradient-bandgap PeNC films and the device structure. b) J-V curves of the champion control and RP device. c)
Summary of the J,. as a function of PCEs for PeNC solar cells. d) MPP tracking for the encapsulated control and RP device under continuous 1 sun

illumination at 21 °C with a relative humidity of <1%.

19.30 mA cm™? for the RP device and 17.29 mA cm~ for the con-
trol device, which are consistent with the J . obtained from the
J-V curve. The EQE spectra also indicated that the increased J
for RP devices was attributed to the increased carrier-extraction
efficiency. The bandgap E, extracted from the EQE spectra was
lower in the RP device (~1.60 eV) than in the control device
(~1.64 eV). The absorbance spectra and Tauc plot (Figure S4, Sup-
porting Information) indicated that RP caused a redshift in E, of
PeNC films, which was consistent with the EQE spectra. Thus,
considering the same V,_ of control and RP devices, it was in-
dicated that the V. loss decreased to 440 meV in the RP device
from 480 meV in the control device.

In addition, the RP method gave better reproducibility than
the control method (Figure S5, Supporting Information). The av-
erage PCE was higher and less variable in the RP devices (15.42
+ 0.46%) than in the control devices (12.11 + 0.78%). The RP
devices had good stability at the maximum power point (MPP)
under continuous 1 sun illumination at 21 °C with a relative hu-
midity of <1%. The encapsulated RP devices retained 90% of
their initial PCE after 900 min of 1 sun illumination at MPP
(Figure 1d), and also showed good storage stability for >600 h in
ambient condition (Figure S6, Supporting Information). Interest-
ingly, the PCE of the RP device increased slightly after 200 h, then
decreased after 400 h; this trend may be due to a spontaneous
passivation phenomenon that can occur in perovskite solar cells

Adv. Mater. 2023, 2304533 2304533

(Figure S6, Supporting Information).[2%21] Above results suggest
that the RP method can increase the J. and reduce the V__ loss,
and that these changes lead to increased PCEs accompanied by
better stability.

To identify the origin of the increased J,., we first examined
the X-ray diffraction (XRD) pattern and Fourier-transform in-
frared spectra (FTIR) to compare the crystallite size and resid-
ual long-chain ligands in the PeNC films treated by the control
method or the RP method, because the charge confinement in-
duced by the small particle size and long-chain ligands is the
most critical hindrance for J.. The (110) peak in the XRD pattern
(Figure 2a) of the RP sample had higher intensity and a nar-
rower full-width at half-maximum (0.29°) than the control sam-
ple (0.51°). More importantly, the crystallite size obtained by the
Scherrer equation was increased to 55.28 nm in the RP samples
from 30.67 nm in the control samples. This change indicates
that RP enhanced the crystallinity and increased crystallite size of
PeNC films. Grazing-incidence wide-angle X-ray scattering (GI-
WAXS) showed the crystal orientation of PeNC films (Figure S7,
Supporting Information). The control films exhibited a strong
& phase at g 0.7 A~' compared to the RP films (left panel of
Figure S7, Supporting Information). In addition, the azimuthal-
angle plot along the ring at q¢ ~ 1 A~ (right panel of Figure
S7, Supporting Information), revealed that the control films
showed a random orientation, whereas the RP films presented a
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Figure 2. a) XRD and b) FTIR pattern of control and RP films. c) The schematic of the control method and RP method.

pronounced orientation at an azimuth angle of 90°; i.e., the crys-
tal orientation in the RP films were preferentially perpendicular
to the substrate. The weak 6 phase and more orientated stack-
ing in RP films would be beneficial to the long-term stability
and carrier transport of RP samples.l?223] Then we measured the
FTIR of the PeNC films to quantify the presence of residual long-
chain ligands in the PeNC films (Figure 2b). The intensity of
the alky stretching vibrations (v(C—H,) = 2800—3000 cm~! and
v(C—H,) = 1464 cm™!) in FTIR of the RP samples was decreased
compared to control samples, suggesting that less long-chain lig-
ands remained in the RP sample than in the control sample.
Together, these results demonstrate that RP can increase the
crystallite size of PeNC film and more efficiently remove the long-
chain ligands in the PeNC films. Previously, many reports about
polycrystalline perovskite solar cells have demonstrated that the
[PbI,]* and pyridine can form a complex due to the strong chem-
ical bonding between them, and pyridine vapor can even quench
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the polycrystalline perovskite films.[?*2°] We found that pyridine
could also bleach the colloidal perovskite nanocrystal solution
(Figure S8, Supporting Information). This color change is con-
sistent with previous reports, and supported the formation of
complex (Figure S8, Supporting Information).?*?°! Considering
this result, we suggest a mechanism to explain the origin of the
increased crystallite size and removed long-chain ligands by RP
(Figure 2¢): the chemical bonding between [PbI]*~ and pyridine
is stronger than that between the long-chain ligands and the col-
loidal perovskite nanocrystals, so the pyridine used in the RP
method isolates the long-chain ligands from the surface of col-
loidal perovskite nanocrystals. As a result, the IPA in the RP
method can efficiently remove the long-chain ligands, and permit
FA* to replace them. The loss of long-chain ligands strengthens
the coaction effect between perovskite nanocrystals, and thereby
lead to more orientated PeNC films. Concurrently, FAI in the RP
method interacts with the complex of [PbI ]*~ and pyridine, so
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Figure 3. a) PL intensity changed by switching the photoexcitation polarization from linear to circular. b,c) MFE of PL measured at different reverse
biases for Control (b) and RP (c) devices. d) Amplitude change of MFE of PL vs reverse biases at 900 mT with an excitation intensity of 343 m\W by a

405 nm continuous-wave laser.

the PeNC films re-assemble with larger crystallite size than in
control films. In addition, during this process, the concentration
of FAI is higher in IPA than in EtOAc, so additional FAI will be
inserted into the PeNC films, resulting in the decreased bandgap
of PeNC film (Figure S4, Supporting Information).

This proposed mechanism also can explain why the pure IPA
with FAI cannot increase the device PCEs, and why excess pyri-
dine decreases the device PCEs (Table S2, Supporting Informa-
tion). For pure IPA with FAI or insufficient pyridine, the com-
bination between the long-chain ligands and the colloidal per-
ovskite nanocrystals cannot be broken completely, and no com-
plex can form to assist the re-assembly of PeNC films. In con-
trast, if pyridine content is too high, an overabundance of com-
plex formed, which cannot be fully converted to perovskite phase,
so the film degraded. In general, by carefully optimizing the RP
method, the crystallite size of PeNC films can be increased while
minimizing the number of residual long-chain ligands in the
PeNC films.

The increased crystallite size and removal of long-chain lig-
ands should overcome the charge-confinement effect in the
PeNC film, and may lead to the reduced E, and facilitated exciton
dissociation. To confirm this conjecture, we investigate the exci-
ton behavior to obtain insight about exciton dissociation in the
PeNC films. In photoexcitation-polarization-dependent PL mea-
surements (Figure 3a), the RP films generated higher PL inten-
sity under linearly polarized photoexcitation than under circu-
larly polarized photoexcitation; i.e., APL (the change of PL inten-
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sity) was negative when the polarization of photoexcitation was
switched from linear to circular. In contrast, the control films did
not exhibit any detectable APL upon switching between linearly
and circularly polarized photoexcitations. This comparison pro-
vided two critical insights.[?6-28]

The first insight is that photogenerated excitons undergo
exciton—exciton interaction in the RP films. If this exciton—
exciton interaction is absent, linearly and circularly polarized
photoexcitation generated the same quantity of excitons, so the
APL phenomenon did not occur.!?! Thus, the negative APL was
direct evidence that the RP method can increase the number of
excitons that were available to be converted to photocurrent in
solar cells. Exploitation of the APL phenomenon to compare ex-
citon densities between samples does not require collecting total
PL yield, and is therefore a reliable method to compare exciton
densities between samples.

The second insight is that when exciton—exciton interaction
occurred, parallel-oriented orbital magnetic dipoles between exci-
tons caused a reduction in the number of light-emitting excitons.
This phenomenon was revealed by the lower PL intensity under a
circularly polarized photoexcitation as compared to antiparallel-
oriented orbital magnetic dipoles under linearly polarized pho-
toexcitation. This provided a deeper understanding that inter-
nal magnetic interaction was a major cause of the loss of light-
emitting excitons.

Then we checked the temperature-dependent PL spectra
of the bare PeNC films to evaluate the E, (Figure S9,

© 2023 Wiley-VCH GmbH

85U80|7 SUOWIWOD A0 3|edldde aup Aq peusenob ae ssjplie YO ‘8sN JO Sejni 1oy ArIqiT8uljuO 8|1 U (SUOTPUCD-PUR-SLLIBYL0D A8 | 1M ATeJq 1 BUIUO//:SANY) SUORIPUOD pue Swie | 8 88S *[£202/60/2T] U0 ArigiTauliuo AB|IM ‘AseAIUN fUOIEN IN0SS AQ EESK0EZ0Z BWPR/ZO0T OT/I0p/AW0D A8 |IM AeIq Bl UO//SdNy WOy pepeojumod ‘0 ‘S601TZST



ADVANCED
SCIENCE NEWS

ADVANCED
MATERIALS

www.advancedsciencenews.com

a b

www.advmat.de

\ob (mop) ()

10 s v v v Control | mmAOD;
103 : ! 0.007400 1 control AOD, AO,D, Ao, | E20] \0‘3 ps v 0,
H0.002083 5 ] —_— 2] e
= Time (ps) g~ 06 s T
% ~o00ases £ 51 %0 21 % .. J 026 ps
E 1 oozt © 11 —o5 100 2 a
. Qa5 4 500 ¢ %1
| -0.01785 204 3 1000 g, 0.0 AOD,/AOD,
» o
o it g, 570 600 630 660 690 720 750 041
Wavelength (nm) _iT_ (Tu, 100
= ime (ps
10 (=) 4
_ . ————7 = RP
o Tee x0b, 208, || 2] 06ps .~ |==a0D
Lo, 5 | e onla \«k .
- -0.001650 0 e 0 A151
- (o] Time (ps) =1 “ 0
2 - 0004325 £ 54 0.1 21
E. -0.007000 ~ 404 0'5 100 \\* o 941
& 00096750 .17 WS 024
-0.01235 —r] ") = AOD,/AOD
gt ‘ 001503 207 3 ——1000 g 0 1 2
.. 001770 251 I ——2000 1502
580 600 620 640 660 680 700 720 740 760 570 600 630 660 690 720 750 0.4 4 18 ps
Wavalengttjam) Wavelength (nm) e -
100

1 10
Time (ps)

Figure 4. Transient absorption spectra (TAS) of the bare PeNC films. a) Pseudo-color TAS mapping for the initial 10 ps, b) Representative TAS, and c)
the signal ratios of AOD,/AOD, and the signal of AOD; as a function of time for the bare control (top panel) and bare RP films (bottom panel).

Supporting Information) by fitting the PL intensity as a function
of (kyT)™!, where k; is the Boltzmann constant and T is the ab-
solute temperature.[%! The Ej of RP films was 31.61 + 1.78 meV,
and that of control films was 36.29 + 1.76 meV . This result con-
firms that the RP method decreased E in the resulting PeNC
films. Temperature dependent PL measurement has the limita-
tions that it can only examine bare PeNC films, and is affected by
defects in the PeNC films, so we further exploited the magnetic-
field effect (MFE) of PL at different biases to evaluate the E, under
operation condition and to elucidate how E affects exciton dis-
sociation in PeNC solar cells. The MFE of PL can be observed
when an external magnetic field disturbs the internal conversion
between different spin states of the exciton; especially, a magnetic
field can completely remove the possibility of involving detrapped
carriers upon applying an external bias. Therefore, measuring
MFE of PL at different biases provides a unique method to es-
timate the E, in PeNC device. (However, simple measurement of
bias-dependent PL may not accurately represent E,, because an
external bias can de-trap trapped carriers and indirectly change
PL intensity.) In control and RP devices, the PL intensity gradu-
ally increased as the magnetic field increased (Figure 3b,c). Ap-
plying an external bias can continuously decrease the amplitude
of MFE of PL. The critical bias required to completely quench
the signal of MFE of PL provides a direct in situ method to esti-
mate E,.3132] The control devices required —1.2 V to completely
quench the signal of MFE of PL, whereas the RP devices just
required —0.8 V to completely quench the signal of MFE of PL
(Figure 3d). We also validated this at a different excitation in-
tensity and obtained consistent results that the critical bias re-
quired to quench the MFE of PL was decreased in RP samples
(Figure S10, Supporting Information). The lower magnitude of
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critical bias for RP devices than for control devices demonstrated
that excitons in the RP samples are much easier to dissociate be-
cause of the decreased E, . In conclusion, RP treatment weakened
charge confinement, and thereby reduced E, and facilitated exci-
ton dissociation in PeNC films.

Furthermore, overcoming the charge confinement by remov-
ing long-chain ligand in the PeNC films may facilitates carrier
transport in the PeNC solar cells. This means that the reduction
in the number of long-chain ligands in the RP film compared
to the control film may result in smoother carrier transport and
extraction in the RP sample than in the control sample.

To confirm this, we conducted transient absorption spec-
troscopy (TAS) for bare PeNC films (Figure 4a). Bare control
and bare RP films showed broad photobleaching (AOD < 0) in
the spectral range from 680 nm to 770 nm (Figure 4b), and the
broad photobleaching region also demonstrates the formation of
gradient-bandgap structure in the PeNC film that is composed of
three different bandgap perovskite nanocrystals. In addition, the
overall photobleaching region of the RP sample was redshifted
compared to the control sample, which is consistent with the ab-
sorbance spectra.

Within the broad photobleaching region, we examined three
specific wavelength signals (Control films: 680 nm, 725 nm,
745 nm; RP films: 715 nm, 755 nm, 765 nm) and re-
fer them as AOD,, AOD,, and AOD; which correspond to
the high-energy-level excited state, intermediate-energy-level ex-
cited state and low-energy-level excited state respectively, to
track the hot-carrier cooling process.’>*°] The hot carriers
cool from the high-energy-level excited state (AOD,), to the
intermediate-energy-level excited state (AOD,), then to the
low-energy-level excited state (AOD;). Thus, we evaluated the
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Figure 5. a) Simple energy diagram for gradient-bandgap PeNC solar cells. b) Representative TAS, and c) the signal ratios of AOD;/AOD, as a function
of time for the control (top) and RP films (bottom) sandwiched by transporting layers. d) tDOS of control and RP devices. e) ERE vs current density in

darkness (inset is the lighting image of RP devices).

hot-carrier cooling process by tracking the signal ratios of
AOD, /AOD, and the signal of AOD, (Figure 4c), and the decay
profiles were fitted by bi-exponential function. Hot carriers cool
on a femtosecond scale,**] so we choose fast decay stage of the
AOD,/AOD, to evaluate the hot-carrier cooling process. In the
RP films, the signal ratio of AOD,/AOD, showed a decay time
constant = 0.49 ps. In contrast, in the control films, the signal ra-
tio of AOD,/AOD, diminished quickly with a decay constant =
0.26 ps, indicative of fast hot-carrier cooling process. The signal
of AOD,; first decayed at early stage due to the cooled carriers that
descended from the high-energy state, and then increased due to
the carrier-recombination process. AOD; of RP films at the early
stage had a decay constant = 0.6 ps, whereas control films had a
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shorter decay constant = 0.3 ps. These results demonstrate that
the hot-carrier cooling process was decelerated in the RP sam-
ples.

A simple energy diagram of the gradient-bandgap PeNC film
with transporting layer was shown in Figure 5a. The formed free
carriers would relax along the energy band tail from the high-
energy state to the low-energy state, and then be extracted by
corresponding transporting layers at the interface. We checked
the carrier-extraction condition by conducting TAS on PeNC
films sandwiched by the electron-transporting layer (ETL) and
hole-transporting layer (HTL) (Figure 5b; Figure S11, Supporting
Information). When the PeNC films are sandwiched by the ETL
and HTL, the signal ratio of AOD,/AOD, is related to charge
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extraction from the PeNC films to the ETL and to the carrier-
relaxation process. To track the hot-carrier behavior, we plotted
the decay profiles of AOD,/AOD, (Figure 5c). In the RP films
with ETL, the decay rate of the AOD, /AOD, was accelerated (de-
cay constant = 0.22 ps, Figure 5c) compared to the bare RP films
(decay constant 0.49 ps, Figure 4c). In contrast, in the control
films with the ETL, the decay rate of AOD,/AOD, was deceler-
ated (decay constant = 0.35 ps, Figure 5¢) compared to the bare
control film (decay constant = 0.26 ps, Figure 4c). These differ-
ences indicate that the carrier extraction between the PeNC films
and ETLis smoother in the RP devices than in the control devices.

To compare the extraction of ground-state carriers at the in-
terface of PeNC films and transporting layers, we conducted the
time-resolved PL (TRPL) measurement (Figure S12, Supporting
Information). The TRPL results were fitted by a bi-exponential
decay function; in this case, the short lifetime corresponds to
quenching via traps or charge transfer, and the long lifetime cor-
responds to radiative carrier recombination.*=37] The fitted re-
sult and average carrier lifetime (z,,.) were obtained (Table S7,
Supporting Information). The bare RP films had 7, = 9.95 ns,
whereas bare control film had 7,,, = 1.09 ns; the increased 7,
indicates reduced defects in the bare RP film. Application of HTL
and ETL decreased 7, in both films, but to differing degrees. In
the RP film, application of HTL decreased 7. by 89% to 1.13 ns
and application of ETL decreased it by 86% to 1.35 ns. In con-
trast, in the control film, application of HTL decreased 7, by
56% to 0.48 nm and application of ETL decreased it by 54% to
0.50 ns. The more pronounced decrease of PL lifetime in the RP
device than in the control device demonstrates that charge ex-
traction is more efficient in the RP devices than in the control
devices.

This smoother carrier extraction was also confirmed by
impedance spectra (Figure S13, Supporting Information). The
Nyquist plots showed two semicircles at different frequencies;
an equivalent circuit (inset of Figure S13, Supporting Infor-
mation) was developed to fit this result (Table S8, Supporting
Information).® In addition, the time constants 7 for the bulk
(Tpux) and surface (zy,p.) can be obtained according to the
resistor—capacitor (RC) circuit model. Here, we assign the longer
of the two time constants to bulk recombination, because the bulk
of films usually has fewer defects than the surface.*”! The resis-
tance R,y of RP device was 132.9 + 10.13 Q which was much
lower than that of the control devices (R, = 236.5 + 13.34 Q).
This difference demonstrated the improved charge transport in
the RP samples. In addition, both 7, and 7. were longer
in the RP sample than in the control sample. This comparison
demonstrates that defect-assisted recombination was lower in the
RP samples than in the control samples.

These results confirm that use of the RP to overcome the
charge confinement in the PeNC film, also increased the carrier
transport and extractions in the PeNC solar cells. In addition, we
can conclude that by overcoming the charge confinement in the
PeNC film, both the exciton dissociation and carrier extraction
were improved; as a result, ], increased.

The decreased V,_ loss in the RP devices compared to the con-
trol devices should be due to the reduced defect density com-
pared to the control devices. To confirm this supposition, we used
thermal-admittance spectroscopy analysis to quantize the defect
density in the PeNC films. The trap density of states (tDOS) can
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be derived from the angular-frequency-dependent capacitance
[40,41]
as

N (E Vi,idCao 1

v (Be) =~ ok, T m
where g is the elementary charge, V,; is the built-in poten-
tial and W is the depletion width, which can both be obtained us-
ing Mott—Schottky analysis (Figure S14a,b, Supporting Informa-
tion), Cis the measured capacitance, and w is the applied angular
frequency. The RP devices had a V;; = 1.07 V, and the control de-
vices had a V,; = 1.06 V. The demarcation energy E, is defined
as

E,,,:kBT-ln(%) )

where w, is the attempt-to-escape angular frequency, which
can be extracted from the temperature-dependent capacitance
(Figure Sl4c—f, Supporting Information). The obtained tDOS
was lower in the RP devices than in the control devices in an en-
ergy depth range of 0.25 eV to 0.35 eV (Figure 5d).

We also measured the light intensity dependent V,_ to quan-
tify the trap-assisted carrier recombination (Figure S15, Support-
ing Information). The ideality factor of RP device (n = 1.44) ob-
tained from light intensity-V, relationship was lower than that
of the control device (n = 1.73); the difference indicates that trap-
assisted non-radiative recombination was lower in the RP de-
vice than in the control device.[*? These results demonstrate that
RP can passivate defects more effectively than the conventional
method; this difference accounts for the reduced V,_loss and de-
celerated hot carrier cooling in RP samples, compared to control
samples.[#3:44]

The external radiation efficiency (ERE, ) of solar cells as light-
emitting diodes with charge injection in darkness is a valid pa-
rameter to evaluate the V,_loss induced by non-radiative recom-

bination (A Vg, adess) s **)
A‘/non—racl,loss = _kBT : h'l (EREEL) (3)

Thus, the higher ERE},; means lower non-radiative recombina-
tion losses. To confirm the AV, .14 We measured the EREy
of the solar cells in darkness (Figure 5e). The RP device had an
EREp = 1.12% at current density = 19.30 mA cm~2, and the de-
vice showed bright electro-luminance (inset of Figure Se). As ex-
pected, EREy; was higher in the RP devices than in the control de-
vices; this difference was consistent with the reduced V, losses in
the RP devices. Thus, we concluded that the RP could build more
robust passivation than the conventional treatment method, and
thereby reduce V. losses that result from defect-assisted non-
radiative recombination.

3. Conclusions

We demonstrated a simple RP for PeNC films to overcome charge
confinement, by utilizing a mixture of IPA and pyridine. The
strong chemical bonding between [PbI(]*~ and pyridine allows
pyridine to isolate the long-chain ligand from the surface of col-
loidal perovskite nanocrystals, and thereby facilitates removal of
the long-chain ligands by IPA. Subsequently, the interaction of
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FAI with the complex of pyridine and [PbI(]*~ promotes the re-
assembling process, and thus increases the crystallite size of
PeNC films. As a consequence of the removal of long-chain lig-
ands and increase in crystallite sizes, the charge confinement in
the PeNC film was overcome; this change facilitated exciton dis-
sociation and improved carrier extraction in PeNC solar cells. Ad-
ditionally, due to the good solubility of FAI in pyridine/IPA, this
strategy can provide robust passivation for the PeNC solar cells,
which suppresses the non-radiative recombination loss in them.
As a result, a high current density of 19.30 mA cm~2 and a PCE
of 16.46% were obtained by the RP method due to the increased
Js and reduced V. loss. This work provides a new direction to
further increase the PCEs of PeNC solar cells. We believe that
this RP method for post-treatment and re-assembling is also ap-
plicable to other perovskite films, including polycrystalline and
single-crystal perovskites, pointing out a new insight to engineer
perovskite optoelectronic devices.

4. Experimental Section

Materials: Cesium carbonate (Cs,COs3, 99.9%), oleylamine (OLA,
technical grade 70%), oleic acid (OA, technical grade 90%), octane (anhy-
drous, > 99%), methyl acetate (MeOAc, anhydrous 99.5%) and ethyl ac-
etate (EtOAc, anhydrous 99.5%), toluene (anhydrous 99.8%), chloroben-
zene (anhydrous, 99.8%), 4-tert-butylpyridine (96%, Aldrich), lead(ii)
nitrate (Pb(NOj3),, 99.999%), formamidine acetic acid salt (> 99%),
potassium thiocyanate (KSCN, 99.0%), bis (trifluoromethane)sulfonimide
lithium salt (Li-TFSI), and acetonitrile (anhydrous, 99.8%) were purchased
from Sigma Aldrich. 1-Octadecene (ODE, technical grade 90%) and SnO,
nanoparticle dispersion (15% in H,0) were purchased from Alfa Ae-
sar. Lead(ll) iodide (Pbl, 99.9985%) was purchased from Tokyo Chemi-
cal Industry (TCI). (2,2,7,7 -tetrakis (N,N-di-p-methoxyphenylamine) —9,9-
spirobifluorene (spiro-OMeTAD, >99.5%) was purchased from Lumines-
cence Technology corporation (Lumtec). Hexane (reagent grade >95%)
was purchased from Samchun Chemicals. All chemicals were used with-
out further purification.

Synthesis of Colloidal Perovskite Nanocrystals: CsPbl;  colloidal
nanocrystals were synthesized following a previous report’! with some
modifications. Cs-oleate precursor was obtained by dissolving 0.12 g
Cs,CO; in 0.48 mL OA and 12 mL ODE, then the mixture was loaded
into a 100 mL three-necked flask and stirred under vacuum for 1 h at
120 °C. Lead precursor was obtained by dissolving 1.2 g Pbl, in 60 mL
ODE, 6 mL OA, and 6 mL OLA, then the mixture was loaded into a 250
mL flask and stirred under vacuum at 120 °C for 1 h. The flasks were
then filled with N, and kept under constant N, flow. The temperature
of lead precursor was increased to 160 °C, then 9.6 mL of the Cs-oleate
precursor was swiftly injected into the mixture; 5 to 10 s later, the reaction
was quenched by immersing the flask in an ice bath. After it had cooled to
room temperature, the solution was separated into six centrifuge tubes
with 12 mL solution in each. Then 30 mL of anhydrous MeOAc was added
to each tube, and the mixture was centrifuged at 8000 rpm for 5 min. The
supernatant was discarded, then the remaining nanocrystal precipitate
was dispersed by adding 4 mL toluene to each tube; therefore a total of
24 mL CsPbl; colloidal nanocrystal solution was obtained.

FAPbI; colloidal nanocrystals were synthesized as follows. FA-acetate
(0.6515 g), ODE (20 mL), and OA (10 mL) were added to a 100 mL three-
neck flask and dried under vacuum for 20 min at room temperature. Then
the mixture was then heated to 80 °C under N, atmosphere for 1 h. Pbl,
(1.044 g), ODE (60 mL), OA (12 mL), and OLA 6 mL) were stirred in a
250 mL flask and stirred under vacuum at 120°C for 1 h; then the temper-
ature of the flask was decreased to 80 °C under N, atmosphere, then FA-
oleate precursor (24 mL) was injected into the Pb-Flask, and 15 s later, the
mixture was quenched in an ice-water bath. After the solution had cooled
to room temperature, it was separated to three tubes with 32 mL solution
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in each tube. Then MeOAc (8 mL) was added to each tube, and the mixture
was centrifuged at 7500 rpm for 10 min. The supernatant was discarded,
then the resulting nanocrystal precipitate was dispersed by adding 8 mL
toluene to each tube, to yield a total of 24 mL FAPbl; colloidal nanocrystal
solution.

Then CsPbl; nanocrystal solution and FAPbI; nanocrystal solution were
mixed at volume ratios of 3:1, 2:2, and 1:3 and kept rotating for 1 h to
obtain 3CTF nanocrystals 2C2F nanocrystals, and 1C3F nanocrystals, re-
spectively. The resultant mixed-cation colloidal nanocrystals were purified
by adding EtOAc (volume ratio of colloidal nanocrystal solution to EtOAc
was 1:2) and centrifuged at 8000 rpm for 5 min. The supernatant was dis-
carded, then the obtained nanocrystals were dispersed in 15 mL hexane
and stored in a refrigerator at 7 °C overnight. Then the colloidal nanocrys-
tal solutions were centrifuged at 4000 rpm for 5 min to remove the pre-
cipitate and dry the supernatant under vacuum. Finally, the nanocrystals
were dispersed in octane to a concentration of 80 mg mL~" for each com-
position.

Device Fabrication: Saturated Pb(NO;), in MeOAc solution and FAI
in EtOAc solution were prepared as reported previously.[’l For the opti-
mal RP method, 5 mg mL~" FAl was dissolved in IPA, and the solution
was mixed with pyridine at a volume ratio of 100:5 (IPA:Pyridine) to ob-
tain RP solution. The spiro-OMeTAD solution was prepared by dissolving
72.3 mg of spiro-OMeTAD in 1 mL of chlorobenzene, then adding 28.8 uL
of 4-tert-butylpyridine and 17.5 uL of Li-TFSI (520 mg mL~" in acetonitrile)
solution. Glass/ITO substrates were cleaned sequentially in acetone and
IPA by sonication for 15 min each, then boiled in IPA on a hot plate at
300°C to evaporate the solvent quickly from the substrates. The cleaned
substrates were further treated in an ultraviolet—ozone chamber for 20 min
before use. Then 15 wt% SnO, (Alfa Aesar) nanoparticle solution was di-
luted using KSCN solution (2 mg mL™" in deionized water) to 3 wt% and
spin-coated onto glass/ITO substrates at 3000 rpm for 30 s, then baked
on a hot plate in air at 150 °C for 30 min.

To obtain gradient-bandgap PeNC films, the 3CI1F nanocrystals
(~80 mg mL™! in octane) were spin-coated on SnO, substrate at
2,000 rpm for 30 s first, then the 2C2F nanocrystals (%80 mg mL™" in oc-
tane) were spin-coated on top of the 3CTF nanocrystal layer at 2000 rpm
for 30 s, then the 1C3F nanocrystals (~80 mg mL™" in octane) were spin-
coated twice on top of these two layers, at 2000 rpm for 30 s. After each
spin-coating of nanocrystals, the films were washed twice using saturated
Pb(NOj3), solution, then rinsed once using pure anhydrous MeOAg; the
resulting PeNC films had a thickness of ~320 nm. The RP samples were
treated using RP solution by spin-coating at 3000 rpm for 30 s, then an-
nealed on a hot plate at 120 °C for 10 min in air. The control samples were
treated using EtOAc with saturated FAI by spin-coating at 3000 rpm for
30 s, then rinsed using MeOAc, then annealed on a hot plate at 120 °C
for 10 min in air. All of the above processes were conducted in ambient
with a relative humidity of ~#20-25%. Finally, the spiro-OMeTAD solution
was spin-coated onto the PeNC films at 3000 rpm for 30 s in an N,-filled
glove box. The Au electrode was then deposited by thermal evaporation to
athickness of 80 nm. Then, the devices were encapsulated in ambient con-
dition with relative humidity of <10% by using a glass lid and UV-curable
epoxy resin with 20 min of UV (365 nm) treatment.

Characterization of Films and Devices: The J-V curves for PCE estima-
tion were measured under AM 1.5G illumination (100 mW cm~2) by a po-
tentiostat (CHI 608C, CH Instruments) with a metal aperture mask that
had opening of size 0.05 cm?. The scan rates of J-V were 120 mV s~'. The
AM 1.5G illumination was provided by a solar simulator (PEC-L11, Peccell
Technologies) which was calibrated by a standard Si cell (Reference cell:
91150V, Newport, certified date: February 2017) with a quartz filter. The ex-
ternal quantum efficiency (EQE) spectra were collected using a quantum-
efficiency measurement system (QUANTX-300, Oriel) in darkness with no
electrical bias. The luminance characteristics of the PeNC solar cells were
measured using a Minolta CS 2000 spectroradiometer combined with a
Precision Source-Measure Unit (Keithley 236). The impedance spectra
and Mott-Schottky measurement were performed using an electrochemi-
cal workstation (SP-200 potentiostat, Biologic). Thermal admittance spec-
tra were measured by combining the electrochemical workstation with a
thermostat (LT-350, CHINO). For MPP tracking, the evolution of
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normalized PCEs of the encapsulated PeNC solar cells at maximum power
point was measured under 1 sun illumination at 21 °C with a relative hu-
midity of <1%. Transmission electron microscopy images of colloidal per-
ovskite nanocrystals were collected using a JEOL-JEM 2100F microscope.
The ultraviolet photoelectron spectroscopy (UPS, AXIS Ultra DLD, Kratos
Inc.) utilized a helium-gas discharge lamp with an excitation energy of
21.2 eV and an energy resolution of 200 meV over a diameter of 100 um
sampling area. To mitigate static charge accumulation, a sample bias of
15 V was applied during the measurements.

Photoexcitation-Polarization-Dependent Photoluminescence and Magnetic
Field Effects of Photoluminescence: Both the photoexcitation-polarization-
dependent PL and the magnetic field effects of PL measurements were
obtained using a FLAME-T-XR1-ES spectrometer, and both were excited
by a CW laser beam of 405 nm. For the photoexcitation-polarization-
dependent, PL was measured upon switching the photoexcitation between
linear and circular polarizations at the same intensity by rotating a quar-
ter wave plate with 0° and 45° relative to a linear polarizer. The magneto-
photocurrent measurements were performed under an external magnetic
field (B) parallel to the device plane scanning from 0 to 900 mT.

Femtosecond Transient Absorption Spectroscopy: The femtosecond
transient absorption (fs-TA) spectroscopy was set up as described
elsewhere.[*34°] The fs-TA measurements were conducted using a home-
built pump—probe system. A Ti:sapphire laser system (Spectra-Physics,
Spitfire, 800 nm, 400 pJ, 30 fs) with 10-kHz repetition rate was applied
as the fundamental laser source of the fs-TA spectrometer. The output
beam was divided by a beam splitter with an equivalent ratio. A pulse of
200 p) was used to pump a commercial optical parametric amplifier
(TOPAS, Light Conversion) and a pump pulse of 490 nm was generated; its
polarization was set at the magic angle (54.7°) to the vertically-polarized
probe by using a half-wave plate (Thorlabs) and a Glan-laser polarizer
(Thorlabs). The rest of the fundamental light was used to generate the
probe pulse; white light continuum (WLC) probe pulses were generated by
focusing a small portion of the transmitted fundamental 800-nm pulses
onto using a CaF, window (3 mm thick). The excited spot was probed
using white-light-continuum probe pulses. The time delay between pump
and probe beams was carefully controlled by making the pump beam travel
along a variable optical delay (ILS250, Newport). The transient absorption
difference signal (AA) at a specific time was obtained by using an optical
chopper (MC1F10, Thorlabs) to chop the pump pulses at 500 Hz. Cross-
correlation full-width at half-maximum in the fs-TA experiments was ~200—
300 fs. For fs-TA measurements, a quartz cell of that had 2 mm path length
(21/Q/2, Starna) was used to minimize chirp.

Photoluminescence Spectra and Time-Resolved Photoluminescence Spec-
tra: PL spectra for colloidal perovskite nanocrystal solution were
recorded using a JASCO FP8500 spectrofluorometer. Temperature-
dependent PL was measured using a FluoTime 300 spectrometer com-
bined with a closed-cycle helium cryostat CS-204. A picosecond-pulse laser
head (LDH-P-C-405B, PicoQuant) was used to excite the samples at a laser
wavelength of 405 nm. Time-resolved PL was measured using a FluoTime
300 spectrometer combined with a photon-counting detector (PMA Hy-
brid 07) and time-correlated single-photon-counting module (PicoHarp,
PicoQuant).

Grazing-Incidence Wide-Angle X-ray Scattering: GIWAXS was per-
formed with a wavelength of 0.80771 A at beamline 3C of the Pohang Accel-
erator Laboratory (PAL), Republic of Korea. The incident angle on a sample
was fixed at 0.3°, and Eiger4M was used to detect the scattered X-ray beam.
PLS-1I 3C SAXS beamline data plot program with MATLAB (0.1 ver.), and
was analyzed by Zenodo.l*?!

Supporting Information

Supporting Information is available from the Wiley Online Library or from
the author.
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