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It is widely accepted that vertically aligning quasi-2D perovskites can improve
power conversion efficiency due to directional charge transport from small to
large-n-value nanoplates. Here, we report a different strategy of uniformly
arranging different-n-value 2D nanoplates (PEA;MA,,_1Pb,l3,.1) based on our
vacuum poling method to enable superior isotropic carrier transport.
Consequently, the high efficiency of 18.04% with open-circuit voltage of 1.223 V
and champion fill-factor (FF) of 82.4% are demonstrated, presenting a new
approach to develop advanced quasi-2D perovskite optoelectronic devices.
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SUMMARY

The vertically ordered (small-to-large n) quasi-2D perovskite films serve as
common approaches to facilitate directional charge transfer. Here, we report
a different strategy of uniformly arranging different-n-value nanoplates
(PEA;MA, 1Pb,l3,+1) by introducing vacuum poling treatment to enforce nucle-
ation during crystallization. This uniform distribution is verified by delicate
mechanical tape-peeling method while monitoring optical absorption, photolu-
minescence (PL), and energy-dispersive X-ray spectroscopy (EDS). With uniform
distribution, efficient carrier transfer within 10 ps is revealed by transient
absorption. Moreover, record-high fill factor (FF) of 82.4% with power conver-
sion efficiency (PCE) of 18.04% (Voc = 1.223 V, Jsc = 17.91 mA/cm?) was demon-
strated. Superior stability is achieved with retaining 96.1% of initial efficiency
after 8-month storage and maintaining 97.7% at 80°C for over 180 h. This
uniformly arranging different-n-value nanoplates offers a new material engi-
neering strategy to enhance carrier transfer and extraction for developing
high-efficiency and stable quasi-2D perovskite solar cells.

INTRODUCTION

Incorporation of long-chain organic ligands A’ has improved the optoelectronic per-
formance'™" and stabilities'®""? of perovskites by forming quasi-2D structures with
the formula of A';A, 1M X341, where n refers to the number of planes of the
corner-sharing [MX4]*~ octahedral and A, M, and X refer to the monovalent cations,
divalent metal cations, and halide anions, respectively. Remarkable tunability on op-
tical properties via controlling morphological structures by selecting different func-
tional A/A” molecules has been shown to be a unique feature for quasi-2D perov-
skites.>* 91415 However, with the incorporation of long-chain insulating organic
ligands, carrier transport becomes a limiting factor in developing the optoelectronic
properties. Vertically ordered small-n-value to large-n-value nanoplates between
the bottom and top surfaces of the quasi-2D perovskite films are normally self-
assembled based on unequal growth rates of different-n-value nanoplates, in which
different amounts of organic ligands such as PEA™ act as a barrier for mass transfer
toward crystallization during thermal annealing.”*'~'® Interestingly, such ordered-
n-value dispersion in quasi-2D perovskite films provides an energy-cascade process
to simultaneously transfer electrons and holes, consequently enhancing carrier
transport.'™*#1772" These vertically ordered nanoplates of different n values have
22 and light-emit-
in quasi-2D perovskite devices. In the present work, we

been shown to be the primary strategy to enhance photovoltaic

ting performance’#2%?’

demonstrate a uniform dispersion of different-n-value nanoplates as a new strategy

Context & Scale

2D nanoplates are normally
vertically arranged from small to
large n values in quasi-2D
perovskite films, leading to
ordered dispersion of different-n-
value nanoplates to demonstrate
efficient solar cells based on
directional charge extraction.
Here, we found a better choice
that uniformly arranging different
n-value nanoplates can be
realized by using vacuum poling
method to enable isotropic
charge transfer from all small-n-
value nanoplates directly to
largest-n-value nanoplates.
Essentially, this uniform
dispersion is formed by
mechanically enforcing nucleation
during crystallization upon our
vacuum poling method.
Consequently, record-high fill
factor (FF) of 82.4% with maximal
power conversion efficiency of
18.04% (Voc = 1.223 V, Jsc =
17.91 mA/cm?) is achieved with
excellent stabilities. This work
shows that uniformly arranging
different-n-value nanoplates
offers a new materials processing
strategy for developing high-
performance quasi-2D perovskite
optoelectronic devices.
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Figure 1. Schematic Diagram of Film Fabrication Procedure and Tape-Peeling-Based Photoluminescence Characterizations of Quasi-2D Perovskite

Films Prepared with and without Vacuum Poling Treatment

(A) Schematic diagram to show processing methods with and without vacuum poling treatment to prepare quasi-2D perovskite films.
(B) Schematic drawing to illustrate our tape-peeling method, to mechanically detach monolayers from quasi-2D perovskite films, while subsequently

measuring PL spectra, absorption, and EDS.

(C) PL spectra measured before and after peeling for <n> = 5 quasi-2D perovskite films prepared with and without vacuum poling treatment.
(D and E) Schematic diagrams to indicate uniform (D) and ordered (E) formation of different-n-value nanoplates in quasi-2D perovskite films prepared

with and without vacuum poling treatment.

to enhance the optoelectronic properties of quasi-2D perovskites by using our
vacuum poling treatment. Different from reported vacuum-assisted annealing
method,”*?* we developed our vacuum poling treatment to enforce nucleation dur-
ing crystallization, leading to uniform dispersion of different-n-value nanoplates.
With this new design, the charge transfer and carrier extraction are further improved

toward developing high-performance quasi-2D perovskite solar cells.

RESULTS AND DISCUSSION

As schematically shown in Figure 1A, the precursor solutions with the stoichiometry
designed to <n> = 5 are first spin-cast on preheated substrates to form a high den-
sity of nucleus. Then the films are immediately placed in a chamber for 8 min with the
gage pressure quickly decreasing to —1.0 bar. Here, applying vacuum poling treat-
ment can simultaneously increase the nucleation and limit the grain sizes by quickly
removing residual solvent toward realizing uniform dispersion of different-n-value
nanoplates. Afterward, thermal annealing is followed to further crystallize the 2D
nanoplates at 100°C for 10 min in N, atmosphere. Consequently, high-quality
quasi-2D perovskite films are formed with a uniform dispersion of different-n-value
nanoplates. The competition between the crystallization and nucleation process
during vacuum poling treatment is verified by absorption and photoluminescence
(PL) results (Figure S1). In contrast, without vacuum poling treatment, the unacceler-
ated nucleation leads to the crystallization to form nanoplates with small n values on
the bottom surface and large n values toward the top surface, creating vertically
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ordered (small-to-large n) dispersion of nanoplates in quasi-2D perovskite films
under thermal annealing. Here, nuclear magnetic resonance (NMR) experimen'cs25
(Figures S2 and S3) show that vacuum poling treatment does not remove the ligands
from the spin-cast film.

X-ray diffraction (XRD) patterns for quasi-2D perovskite films with uniform and ordered
dispersions prepared with and without vacuum poling treatment are shown in Figure S4.
With vacuum poling treatment, the XRD peaks around 14° and 28° are broader than that
of the film without vacuum poling. Here, the lineshape broadening reflects the
decreased grain sizes (evidenced by scanning electron microscopy [SEM] and atomic
force microscopy [AFM] results in Figures S5 and S6) under uniform dispersion of
different-n-value nanoplates. Especially, decreasing grain sizes can increase the proba-
bilities to realize the uniform dispersion of different-n-value nanoplates.

To reveal the uniform dispersion of different-n-value nanoplates between bottom
and top surfaces in quasi-2D perovskite films induced by vacuum poling treatment,
we developed a delicate tape-peeling method (Figure 1B; the thicknesses for un-
peeled and peeled films are ~300 and ~25 nm, respectively), to mechanically
detach the multiple monolayers of nanoplates from top surface subsequently toward
bottom surface while monitoring energy-dispersive X-ray spectroscopy (EDS), PL,
and optical absorption, as shown in Figures S7, 1C, and S8.

Interestingly, the atomic ratio of Pb:C:l remains nearly the same after peeling off
multiple monolayers for quasi-2D perovskite films prepared with vacuum poling
treatment (Figure S7A). It indicates that the uniform dispersion of different-n-value
nanoplates is realized between the bottom and top surfaces by using vacuum poling
treatment. Moreover, with the mechanical tape-peeling method, very similar PL
spectra with dominated peak at 740 nm (see upper figure of Figure 1C) and uniformly
decreased absorption in the entire spectral range between 400 and 800 nm (Figures
S8A and S8B) are observed after peeling off multiple monolayers of nanoplates from
top surface toward bottom surface. These provide additional evidence of uniform
distribution of nanoplates within quasi-2D perovskite films prepared with vacuum
poling treatment.

In contrast, without vacuum poling treatment, EDS results in Figure S7B show that
the ratio of C atoms increases after tape peeling, indicating more PEAI ligands (con-
taining more C than MAI) on the bottom. Thus, the formation of an ordered distribu-
tion of nanoplates with small n value toward the bottom and large n value toward the
top are suggested. Meanwhile, with mechanically tape-peeling method, very
different PL spectra (see bottom figure of Figure 1C) are observed: the dominant
PL peak locates at 778 nm related to large-n-value nanoplates before peeling and
519 nm related to small-n-value nanoplates after peeling, further proving the exis-
tence of ordered distribution of nanoplates. Moreover, after peeling off the multiple
monolayers of film prepared without vacuum poling treatment, the absorption spec-
trum shows two dominant peaks at around 516 nm and 566 nm related ton = 1 and
n = 2 nanoplates (Figure S8B), providing further evidence of the vertically ordered
distribution of nanoplates. In addition, it should be noted that the coexistence of
multiple PL peaks indicates that the charge transfer is not efficient between nano-
plates with ordered-n-value dispersion. The spatial distribution of different-n-value
nanoplates are illustrated in Figures 1D and 1E.

To discuss the dynamics of charge transfer in quasi-2D perovskite films, transient ab-
sorption (TA) measurements were carried out. With the vacuum poling treatment,

Joule 3, 1-11, December 18, 2019 3



Please cite this article in press as: Zhang et al., Uniform Permutation of Quasi-2D Perovskites by Vacuum Poling for Efficient, High-Fill-Factor Solar
Cells, Joule (2019), https://doi.org/10.1016/j.joule.2019.09.020

- Joule Cell

A B
0.00
_ —-10ps — 1ps
0.03 20— ofs
<-0. 2 <-0.06]—10ps — 20 ps
—10ps —20ps _ — 50 ps_— 100 ps -5
< ool Rphe T =5 S o.02f P L
Excitating from bottom
0.00:
-0.02
500 550 600 650 700 750 800 850 500 550 600 650 700 750 800 850
Wavelength (nm) Wavelength (nm)
D
0.02 534nm
0.014
0.004
<
5 -0.014 750nm
-0.02 09nm
With vacuum -0.03;4 567nm Without vacuum
1 10 100 1000 1 10 100 1000
Time (ps) Time (ps)

Figure 2. Characteraction of Carrier Transfer Dynamics of Quasi-2D Perovskites Prepared with
and without Vacuum Poling Treatment

Transient absorption (TA) spectra at different delay times (=10, 1, 2, 5, 10, 20, 50, and 100 ps) and
dynamics of quasi-2D perovskite (<n> = 5) films when exciting through the top (upper figures of A
and B) and bottom (down figures of A and B). The wavelengths at 534, 567, 609, and 724 nm (750 nm)
correspond to signals from small-n-value to largest-n-value nanoplates.

(A) With vacuum poling treatment. TA spectra are similar when exciting through the top

(upper figure) and bottom (lower figure), indicating the uniform distribution of nanoplates.

(B) Without vacuum poling treatment. TA spectra are quite different when exciting through the top
(upper figure) and bottom (lower figure), indicating order dispersion of nanoplates.

(C) <n> = 5 film with vacuum poling treatment shows positive transient absorption signals at
small-n-value nanoplates and fast (within 10 ps) increased negative signal at 724 nm (corresponding
to largest-n-value nanoplates).

(D) <n> = 5 film without vacuum poling treatment shows both positive (at 534 nm) and negative
(at 567 and 609 nm) transient absorption signals at small-n-value nanoplates and slow (~600 ps)
increased negative signal at 750 nm (corresponding to largest-n-value nanoplates).

the TA measured through top and bottom shows similar characteristics, as shown in
Figure 2A, further verifying the uniform dispersion of different-n-value nanoplates.
Without vacuum poling treatment, the TA measured through top and bottom
show very different characteristics (Figure 2B), verifying that smaller-n-value and
larger-n-value nanoplates are distributed toward bottom and top, respectively.
This is consistent with the publication of other ordered quasi-2D perovskite films.”
Moreover, TA dynamics at wavelengths at 534, 567, 609, and 724 nm (or 750 nm)
corresponding to signals from small-n-value to largest-n-value nanoplates are
plotted in Figures 2C and 2D. It is shown that vacuum poling treatment leads to a
fast increment within 10 ps on the negative AA/A signal at 724 nm in Figure 2C
(corresponding to largest-n-value nanoplates). In the meantime, positive AA/A sig-
nals at other wavelengths are observed, indicating that the charge transfer from
small-n-value nanoplates to largest-n-value nanoplates is very efficient without
much accumulations between nanoplates. In contrast, without vacuum poling treat-
ment, the negative AA/A signal (750 nm in Figure 2D, corresponding to largest-n-
value nanoplates) shows a much slower increment within 600 ps (Figure 2D), while
negative AA/A signals also appear at 567 and 609 nm. It implies that accumulations
of charge carriers occur at corresponding small-n-value nanoplates (567 and
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Figure 3. PL Characterizations and Dynamics for Quasi-2D Perovskite=5) Films Prepared with and without Vacuum Poling Treatment

(A and B) PL spectra for quasi-2D perovskite films prepared with (A) and without vacuum (B) poling treatment.

(C) PL-excitation intensity dependences for emission peaks <710 nm related to small n-value nanoplates prepared with and without vacuum poling
treatment.

(D) PL-excitation intensity dependences (at 750 nm) for the largest n-value nanoplates prepared with and without vacuum poling treatment.

(E and F) PL dynamics for quasi-2D perovskite films prepared with and without vacuum poling treatment. Sample structure: ITO/PEDOT:
PSS/Perovskites. Excitation: 346 nm pulsed laser (pulse width of 290 fs) with an intensity of 5 pW.

609 nm), leading to less efficient charge transfer in the ordered dispersion of
different-n-value nanoplates prepared without vacuum poling treatment. It should
be noted that vacuum poling method can also be applied to other quasi-2D
perovskite films prepared with average n values such as <n> = 4 and 3 for obtaining
uniform distribution of nanoplates, as evidenced by TA spectra (Figure S9) exciting
through different sides and tape-peeling based PL results (Figure S10).

To further understand the dynamics of photoexcited states under uniform and ordered
dispersions of different-n-value nanoplates, PL characteristics were analyzed for quasi-
2D perovskite films prepared with and without vacuum poling treatment. Under both
conditions, the PL spectra consist of various peaks originating from different n-value
nanoplates (n = 1, 2, 3, 4, n > 4) peaked at around 518, 570, 612, 710, and 750 nm,
as shown in Figures 3A and 3B. However, with vacuum poling, increasing the photoex-
citation intensity at 405 nm significantly increases the light emission from the largest-n-
value nanoplates (n > 4), while the light emission from small n values (n < 4) are slightly
increased (see the inset of Figure 3A). This intensity-dependent PL?%?" indicates that
the uniform dispersion of different-n-value nanoplates generates efficient transport
of photogenerated carriers (can also be evidenced by power-dependent PL and EL;
Figure S11) from small to large n-value nanoplates in quasi-2D perovskite films pre-
pared with vacuum poling treatment. Contrarily, without vacuum poling, increasing
excitation intensity mainly increases the light emission from small-n-value nanoplates
dominated by n = 1 (Figure 3B). This implies that the transport of photogenerated car-
riers is less efficient in the ordered dispersion of different-n-value nanoplates.

Moreover, we notice that the vacuum poling treatment increases the slope of PL-

excitation intensity dependence from 1.61 to 1.95 toward ideal bimolecular recom-
bination in the large-n-value nanoplates with emission at 750 nm, but the slope
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almost keeps unchanged in small-n-value nanoplates, with emission peaking at
around 518, 570, 612, and 710 nm (shown in Figures 3C and 3D). This phenomenon
may imply that small-n-value nanoplates can function as passivation agents and
largest-n-value nanoplates as the emitting centers, which is similar to our recent
observation that small grains can passivate the defects on the surfaces of large grains
in hybrid perovskites.”*”” In quasi-2D perovskite films with uniform distribution of
nanoplates, large-n-value nanoplates are surrounded by small-n-value nanoplates,
which enables more contacts for passivation than ordered dispersion of nanoplates
(the films without vacuum poling treatment). As a consequence, the quasi-2D
perovskite films with uniform dispersion of different-n-value nanoplates demon-
strate longer PL lifetime, as compared to the ordered dispersion (Figure S12).
TRPL data detected with the Streak camera in Figures 3E and 3F further indicate
the prolonged PL lifetime under vacuum poling treatment. Clearly, the uniform
dispersion of nanoplates shows one major emission peak at 750 nm with a longer
lifetime, while the ordered nanoplates show multiple emission peaks with shorter
PL lifetimes.

To understand the carrier extraction mechanism under uniform dispersion of
different-n-value nanoplates based on vacuum poling treatment, the photovoltaic
performance was characterized based on the device architecture of ITO/PTAA/
PEA;MA..1Pbl3n+1/PCs1BM/PEI/Ag. As shown in Figure 4A, the vacuum poling
treatment leads to the record-high FF of 82.4% with the PCE reaching 18.04%
(Voc =1.223V, Jsc = 17.91 mA/cm?), indicating extremely efficient carrier extraction
under the uniform dispersion of different-n-value nanoplates. For comparison, we
also fabricated devices without vacuum poling treatment using PEDOT: PSS as
hole transport layer (HTL) (short circuit occurs in without-vacuum-treated devices
due to pinholes when using PTAA as HTL). The |-V curves of best-performing devices
with and without vacuum treatment (PEDOT: PSS as HTL) are compared in Fig-
ure S13. When replacing PEDOT: PPS with PTAA in vacuum-treated devices, the
decreased dark current and increased PL lifetime (Figure S14; Table S1) account
for the better photovoltaic performance of PTAA-based devices.

External quantum efficiency (EQE) results are shown in Figure S15, and the corre-
sponding integrated Jsc of devices with and without vacuum poling treatment is
18.09 and 17.79 mA/cm?, respectively. It is noted that the quasi-2D perovskite films
prepared with vacuum poling treatment shows the bandgap of 1.60 eV, slightly
wider than the band gap of 1.57 eV prepared without vacuum poling treatment (Fig-
ure S8C). Clearly, the photovoltaic enhancement enabled by vacuum poling method
does not result from absorption, which further verifies more efficient transport of
photogenerated carriers responsible for the record-high fill factor (FF) and
efficiency.

It is well known that using different organic ligands and transport-layer engineering
can improve the FF of quasi-2D perovskite solar cells.""'#?%** Here, we compare
the solar cells prepared by our vacuum poling treatment with the devices prepared
using published conventional non-vacuum method. Clearly, the FF of our champion
devices is the highest among published quasi-2D perovskite solar cells (Figure 4B).
For quasi-2D perovskites of <n> = 3 and 4, vacuum poling treatment also leads to
high photovoltaic efficiency with high FF and open-circuit voltage (Figure S16;
Table S2). It further verifies that the uniform dispersion of nanoplates is responsible
for highly efficient carrier extraction. Moreover, the upper curve of Figure 4C shows
the output efficiency at maximum power point (MPP) monitored continuously
without device encapsulation. The PCE remains as high as 95.2% of the maximum
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Figure 4. Characterizations and Schematic Diagram of Quasi-2D Perovskite=5) Solar Cells Prepared with/without Vacuum Poling Treatment
Different-n-value nanoplates are schematically shown with different colors: blue and green areas corresponding to small-n-value nanoplates, yellow
and orange areas representing medium-n-value nanoplates, and brown areas indicating largest-n-value nanoplates.

(A) |-V characteristics measured under 1 Sun illumination in quasi-2D perovskite solar cells prepared with vacuum poling treatment (PTAA used as HTL).
(B) Photovoltaic performance (FF and PCE) of our device as compared with published PEA™ and BA* based quasi-2D perovskite solar cells. Our vacuum
poling treatment leads to extremely high FF and PCE.

(C) Device stability tests of quasi-2D perovskite device prepared with vacuum poling treatment (HTL: PTAA) under various conditions. Upper figure,
operational stability under continuous 1-sun illumination; middle figure, thermal stability at 80°C; bottom figure, over half-year long-term stability
stored in the glovebox.

(D) Statistics data of the photovoltaic performance of quasi-2D perovskite solar cells with three different designs: without vacuum poling on PEDOT:
PSS, with vacuum poling on PEDOT: PSS and with vacuum poling on PTAA.

(E) Schematic diagram to show isotropic carrier extraction from all small-n-value nanoplates directly to largest-n-value nanoplates functioning as
transport highway (shown in brown color) under uniform dispersion of different-n-value nanoplates in our quasi-2D perovskite solar cells prepared with
vacuum poling treatment.

(F) Schematic diagram to show less efficient and prolonged carrier extraction time fromn =1ton =2, n =3, n =4, and n = 5 nanoplates through
cascade process under ordered dispersion of different-n-value nanoplates in our quasi-2D perovskite solar cells prepared without vacuum poling
treatment.

point after more than 9.5 h, indicating considerably improved operational stability at
continuous working conditions, as compared with 3D-only and without-vacuum-
poling-treated control devices (Figures S17 and S18). More surprisingly, after heat-
ing the device at 80°C for over 180 h, the PCE maintains 97.7% (see the middle curve
of Figure 4C) of its original value for quasi-2D perovskite devices prepared with vac-
uum poling treatment, which indicates extremely good thermal stability. For com-
parison, the 3D-only devices and quasi-2D devices without vacuum poling treatment
drastically drop their PCE within 1 h at 80°C (Figure S19). In addition, the device ef-
ficiency retains 96.1% of original value after storing in glove box for 8 months without
encapsulation (see down curve of Figure 4C). The statistics data in Figures 4D, S20,
and S21 show that vacuum poling treatment significantly improves the reproduc-
ibility of device performance. In contrast, devices fabricated without vacuum poling
treatment suffer from poorer performance and lower reproducibility (Figure 522).

As schematically shown in Figure 4E, the uniform dispersion increases the contact

probabilities between different-n-value nanoplates to generate isotropic transport
from all small-n-value nanoplates directly to largest-n-value nanoplates.
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Consequently, photogenerated carriers are isotropically transported from small-n-
value nanoplates to largest-n-value nanoplates in all directions in quasi-2D perov-
skite films prepared with uniform dispersion of nanoplates. It should be emphasized
that the uniform dispersion can decrease the transport time to collect photogener-
ated carriers because all photogenerated carriers in small-n-value nanoplates have
an opportunity to directly transport to largest-n-value nanoplates (functioning as a
transport-highway network) due to the increased contact probabilities between
different-n-value nanoplates. Therefore, a record-high FF (82.4%) is demonstrated
in our work. In contrast, in ordered dispersion, the photogenerated carriers are
cascaded fromn=1ton=2,n=23,n=4,n=5nanoplates, leading to a prolonged
time to collect photogenerated carriers through such cascade process. In ordered
dispersion (Figure 4F), large-n-value nanoplates do not form a continuous network
vertically, consequently lacking the transport highway to more effectively collect
photogenerated carriers.

Conclusions

In summary, we explored the uniform dispersion of different-n-value nanoplates
homogenously located between bottom and top surfaces in quasi-2D perovskite films
[(PEA)2(MA),.1Pbyl3n.1] by introducing vacuum poling treatment. In contrast, without vac-
uum poling treatment, the different-n-value nanoplates are formed with vertically
ordered dispersion from small to large n values between the bottom and top surfaces
in quasi-2D perovskite films. The uniform and ordered dispersions of different-n-value
nanoplates between the bottom and top surfaces were verified by our tape-peeling
method to mechanically detach monolayers of nanoplates from top surface subsequently
toward the bottom surface while monitoring the EDS, PL spectra, and optical absorption.
The TA results showed that the uniform dispersion of different-n-value nanoplates leads
to a fast charge transfer toward the largest-n-value nanoplates within 10 ps. The PL dy-
namics studies implied that with vacuum poling-enabled uniform dispersion, small-n-
value and large-n-value nanoplates may function as passivation agents and light-emitting
centers, respectively, in quasi-2D perovskite films with enhanced PLintensity and lifetime.
Furthermore, with uniform dispersion of different-n-value nanoplates, the quasi-2D
perovskite solar cells demonstrate a record-high FF (82.4%) with maximum PCE
of 18.04% (Jsc = 17.91 mA/cm? and Voc = 1.223 V) based on the device structure of
ITO/PTAA/PEAMA,.1Pb,l3n.1/PCe1BM/PEI/Ag. Surprisingly, superior stabilities are
achieved with retaining over 96% of their initial efficiency after storing for 8 months
and 97.7% of the original value at 80°C for over 180 h. Therefore, uniformly arranging
different-n-value nanoplates through vacuum poling treatment provides a new strategy
to enhance carrier extraction toward developing high-performance quasi-2D perovskite
optoelectronics.

EXPERIMENTAL PROCEDURES

Materials Processing and Device Fabrication

The ITO substrates were cleaned by ultrasonic treatment with detergent, deionized
water, acetone, and isopropanol, subsequently, for 20 min in each cycle. After
cleaning, the ITO substrates were exposed to UV ozone for 30 min and followed
by spin-coating PEDOT: PSS with a thickness of 40 nm or PTAA with a thickness of
10 nm. The PEDOT: PSS (Clevious PVP Al 4083) films coated at the rate of
4,000 rpm for 1 min were thermally annealed at 150°C for 0.5 h; the PTAA
(1.5 mg/mL in toluene) was spin-cast at the rate of 2,000 rpm for 1 min followed
by thermal annealing at 110°C for 10 min.

The precursor solution with the target of <n> = 5 quasi-2D perovskites was prepared
by the mixture of PEAI:MAI:Pbl,:PbCl, with a molar ratio of 0.4:0.9:0.95:0.05 in the
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mixed solvent of DMF:DMSO (9:1 vol). The stoichiometric ratios to prepare <n> = 4
and <n> = 3 perovskites are 0.5 M (PEAI): 0.85 M (MAI): 0.95 M (Pbls): 0.05 M (PbCl,)
and 0.67 M (PEAI): 0.77 M (MAI): 0.95 M (Pbl,): 0.05 M (PbCl,), respectively. It should
be noted that in situ MACI additives were introduced through the reaction of
0.05PbCly + 0.1MAI = 0.05Pbl, + 0.1MACI for better crystallization and improved
film quality.>>*® During the crystallization, different n-value nanoplates are co-
grown to form quasi-2D perovskite films during spin-coating. The concentrations
for perovskite precursor solutions used for the PEDOT: PSS and PTAA-based devices
were 1 and 0.7 M of Pb?", respectively. All precursor solutions (200 pl) were spin-
cast on the preheated substrates (100°C for over 20 min) at the rate of 5,000 rpm
for 20 s, followed by vacuum poling of 8 min in a vacuum chamber where the
gage pressure is quickly reduced to —1 bar within 14 s to initiate vacuum poling ef-
fects. It should be noted that to delay the crystallization during the spin-coating pro-
cess, in situ MAC| and additional DMSO were intentionally introduced in the precur-
sor solution. Moreover, before starting spin-coating, we dropped a large amount of
cold precursor solution (200 pl) onto the preheated substrate (1.5 x 1.5 cm) to
further delay crystallization during the spin-coating. After thermal annealing, all sam-
ples including quasi-2D perovskites prepared with and without vacuum poling were
thermally annealed at 100°C for 10 min. The electron transport layer phenyl-Cyq-
butyric acid methyl ester (PCx1BM, 20 mg/mL in chlorobenzene) was spin-cast on
top of perovskite films at 2,000 rpm for 50 s and kept in dark for at least 60 min before
the coating of an interface-modifying layer PEI (0.5 mg/mL, in anhydride 2-propanol)
at 5,000 rpm for 60 s. Finally, these films were transferred into a thermal evaporator
for the deposition of 90-nm-thick silver electrodes under a vacuum of 2 x 107 Pa.
The 3D-only perovskite control devices are fabricated with the same device architec-
ture following our previous procedure.?’

Characterizations and Measurements

For the tape-peeling method, the thicknesses for unpeeled and peeled films are
~300 and ~25 nm, respectively, for quasi-2D perovskite film, confirmed by atomic
force microscopy (AFM). For NMR measurement, solvent dimethyl sulfoxide-d6
(DMSO-D6) was purchased from commercial vendors and used without further puri-
fication. "H spectra were recorded at ambient temperature on a JEOL 400YH spec-
trometer, and "H NMR chemical shifts were referenced to the residual solvent. For
SEM-EDS mapping, scanning electron microscope (SEM) energy-dispersive X-ray
spectroscopies (EDS) mapping”® was conducted on a Hitachi High-Technologies
TM3030Plus SEM microscope at 15 kV.

Transient absorption spectra were collected by using a Helios fire spectrometer
(Ultrafast Systems LLC). The pump pulses (346 nm, 5 pW) were generated through
a harmonic generator (Ultrafast Systems LLC, third harmonic) pumped by a Pharos
laser (Light Conversion, 1 kHz, 1,030 nm, 290 fs). The 346 nm pump beam was
focused into point on the samples with the diameter of ~100 um.

The device active area is 0.06 cm?, which is realized by a shadow mask. The cur-
rent-voltage (I-V) characteristics of the solar cells were measured by scanning the
voltage from —0.1 to 1.25 V (forward scan) and then from 1.25 to —0.1 V (reverse
scan) with 0.68 mV step and NPLC = 0.001. The |-V characteristics were recorded by
using Keithley 2400 source meter under the illumination of AM 1.5G 100 mW/cm?
from Newport solar simulator calibrated by a silicon reference cell. Operational stabil-
ity tests were operated under constant bias at maximum power point in nitrogen glove
box. Thermal stability tests were operated by placing the device on the hotplate with
temperature at 80°C.
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The absorption spectrum is measured with an integrating sphere system
(R7, ideaoptics, China) equipped with spectrometers (PG2,000-Pro, NIR1,700,
ideaoptics, China). The external quantum efficiency (EQE) spectra were measured
by subjecting the cells to a monochromatic illumination (300 W Xe lamp passing
through a monochromator and appropriate filters). The light intensity was calibrated
by a standard Si-based photodetector (DET100A, 350-1,100 nm, Thor Labs). The
light beam was chopped at 230 Hz, and the response of the cell was acquired by
a Stanford Research SR830 lock-in amplifier. The PL lifetimes were measured by
Streak camera (HAMAMATSU C10627) by exciting the samples with a 346 nm pulse
laser (300 fs per pulse) generated by noncollinear optical parametric amplifier
(NOPA) seeded by the second harmonic of a Yb-doped fiber laser (TANGERINE,
Amplitude System) with 50 kHz repetition rate and the average power of 10 uW.

SUPPLEMENTAL INFORMATION

Supplemental Information can be found online at https://doi.org/10.1016/].joule.
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