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Quasi-2D perovskite solar cells (PSCs) have attracted extensive attention recently because of their superior
stability to moisture, but their power conversion efficiency (PCE) still lags behind that of 3D counterparts. So, it
is urgent to explore more stable and highly efficient quasi-2D PSCs. Herein, we employed fluorinated benzy-
lammonium iodide as bulky cation to fabricate the quasi-2D PSCs. With the bulky action, quasi-2D perovskite
films exhibit vertical orientation with less grain boundaries and almost no pinhole, all of which can suppress non-
radiative recombination and improve the charge collection in photovoltaic devices. As a result, a remarkable PCE
of 20.12% with a relatively high open-voltage circuit of 1.223 V was achieved in champion device. More
interestingly, the fabrication of our quasi-2D perovskite was carried out in a humidity-controlled ambient air,
which demonstrates much more advantage comparing with other quasi-2D perovskites as the literatures reported
so far, in which the preparation of low-dimensional perovskites usually requires a glove box filled with an inert
gas. This work shed light on the development of high-quality quasi-2D perovskite film fabricated in humidity-
controlled ambient air by simple and easy process, which is appealing for the future industrialization of PSCs
with low-cost.

1. Introduction effect of 3D perovskites.[9,10] Comparing to the 3D counterparts, quasi-

two-dimensional (2D) perovskites with a general formula of

The past decade has witnessed the rapid growth in organic-inorganic
halide perovskite solar cells and the remarkable increase in their power
conversion efficiency (PCE), primarily driven by material development,
[1-3] understanding on photophysical properties,[4] and device opti-
mization.[5-7] Although the highest PCE has already reached up to
25.5% based on three-dimensional (3D) perovskite solar cells (PSCs),[8]
there are still outstanding issues hindering the commercialization of
perovskite solar cells, such as environmental stability, photo-stability,
ion migration, the low formation enthalpy and the high self-doping

(A)2(CH3NH3),-1MpX3nt1 (1< n <o0),[11] exhibit enhanced thermal
and moisture stability when they are applied in both photovoltaics and
light-emitting diodes [12,13], owing to the incorporation of bulky and
hydrophobic organic cations in their structures, which can not only
prevent from moisture diffusion into the films, but also enhance the
structural stability by forming strong van del Waals interaction between
capping organic cations and the [Pblg] units. [14]

During the last five years, more and more highly efficient quasi-2D
PSCs have been reported by incorporating various large organic
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ammonium spacers. For instance, with 4-fluoro-phenylethyl ammonium
(4FPEA),[14] 3-bromobenzyl ammonium (3BBA),[15] 2-thiophene-
methyl ammonium (ThMA),[16] as organic spacer ligands, the corre-
sponding PSCs show high PCE of 17.3% (n = 5), 15.42% (n = 3) and
18.20% (3< n <4), respectively. Recently, the quasi-2D PSCs based on
ThMA has reached a PCE up to 19.06% by employing an assisted crystal
growth method.[17] However, the PCEs of quasi-2D PSCs still lag
behind that of their 3D counterparts because there are several limita-
tions for quasi-2D perovskite such as high exciton binding energy, large
bandgap, quantum confinement effect stemming from quantum-well
structure, and poor charge transport across the organic planes.[18] To
alleviate the poor charge transport across the organic planes in quasi-2D
perovskite, sophisticated crystal growth techniques with judicious con-
trol are necessary to form a vertically aligned crystal orientation of
quasi-2D perovskite.[19] In general, two main strategies have been
developed so far to improve the performance of quasi-2D PSCs. One is to
increase the numbers of inorganic layers between two adjacent organic
spacers (increase n) so that the bandgap and exciton binding energy can
be reduced, but this approach sacrifices stability to some extent and
usually the enhanced efficiency has thus far been at the cost of stability
and vice versa. Another one is to fabricate a 2D/3D hybrid system, in
which 2D layer is capping on 3D perovskite as protective layer, [20-22]
or 2D perovskite is interspersing between 3D grain.[23,24] With this
strategy and additional technique to form graded bandgap at 3D-2D
interface, a PCE up to 19.89% has been obtained.[21] Note worthily,
although various derivatives of 2D perovskite (2D, quasi-2D and hybrid
2D/3D) exhibit improved stability in air, their fabrication process,
including the spin coating and post annealing, requires strictly-
controlled condition in a glove box filled with an inert gas to obtain a
high-quality film. Therefore, it would be much easier and simpler if we
could fabricate these 2D perovskite films with very good reproducibility,
phase stability, tolerance in processing parameter fluctuations, and high
efficiency in air atmosphere conditions.

It has been known that fluorination of organic materials can improve
the efficiency of organic solar cells by optimizing energy levels of the
organic materials as well as improving the morphologies of bulk-
heterojunction in organic solar cell, [25,26] because the incorporation
of fluorine atoms can enhance the intermolecular interaction and
improve the hole mobility of an organic molecule.[27] So, it seems a
good choice to use fluorinated organic cations as a spacer to enhance the
stability and efficiency of PSCs via controlled morphology and good
charge transport comparing to its non-fluoro counterpart, which usually
inhibits the charge transport in perovskite layer and reduces the effi-
ciency [28,29].

Therefore, employing with 3-fluoro-benzyl ammonium iodide
(38FBAI) as the bulky organic cation, herein, we demonstrated a high
quality quasi-2D film obtained by appropriate control of crystal growth
and post annealing in humidity-controlled ambient air [in air glovebox
with relative humidity (RH) ~20% for spin coating step and in open air
with RH ~70-90% for annealing step]. The fluorinated quasi-2D
perovskite comprises a mixture of multiple phases (different n values)
with small n phases allocated near the substrate, while large n phases
including 3D phase populated at the top surface. The combined 2D and
3D phases could be achieved by one-step deposition without additional
treatments or usage of Nj-filled glovebox, making the fabrication pro-
cess much easier and simpler. In addition, pinhole-free films with
densely packed crystalline grains are formed, even without any grain
boundary in most regions of the film. All these facts are beneficial for
high-performance quasi-2D PSCs. As a result, the champion device
yielded a high PCE of 20.12%, with Jsc = 20.98 mA em 2, Voc=1.223V
and FF = 78.41%. The relatively high V¢ of 1.223 V is an indicative of
high-quality perovskite film and low non-radiative recombination loss.
The fabricated devices also exhibited little sensitivity to variation in
process parameter (molar ratio of precursors), which is attractive from
the manufacturing point of view. In addition, the 3FBAI-based PSC
showed a good thermal and humidity stability. The device can maintain
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93% of its initial PCE after being heated at 55°C for nearly 1062 h in
glove box and can keep 91.5% of its initial PCE after being stored in dark
and dry air (RH ~30%) without any encapsulation for nearly 700 h. This
work shed light on the development of high-quality quasi-2D perovskite
film fabricated in humidity-controlled ambient air by simple and easy
process, which is appealing for low-cost manufacturing.

2. Result and discussion

The precursor solution of 3FBAI-based quasi-2D perovskite film was
prepared by dissolving 3FBAI (its chemical structure is shown in
Fig. S1), methylammonium chloride (MACI) and Pbl, with a molar ratio
of 1.6: 2.5: 3 in N, N-Dimethylformamide (DMF). The precursor solution
of 3FBAI-based perovskite was firstly spin-coated on poly[bis(4-phenyl)
(2,4,6-trimethylphenyl)amine] (PTAA)-coated ITO glass substrate in air
glovebox (RH ~ 20%) and then annealed in open air (RH ~70-90%) for
15 min. The Nuclear Magnetic Resonance (NMR) characterizations of
3FBAI and the Fourier-Transform Infrared (FTIR) Spectrum of the cor-
responding perovskite films are shown in Fig. S1, Figs. 2 and 3. The
additional FTIR peaks of 3FBAI-based perovskite film located at 1262
em ! is from C-F bond and peaks at 1584, 789, and 690 em~!is from C-H
of benzene, clearly showing the fluorination in the compound.

To evaluate the photovoltaic properties of 3FBAI-based PSCs, we
fabricated the device with a planar structure: ITO/PTAA/3FBAI-based
PVK/PC1BM/BCP/Ag, as shown in Fig. 1a. The energy level of each
layer is shown in Fig. 1b, wherein the energy level of quasi-2D perov-
skite film was calculated from Ultraviolet Photoelectron Spectroscopy
(UPS) measurement (Fig. S4), while that of PTAA was referred to pre-
vious reports. [30] From UPS measurement, the secondary electron
cutoff edges (Ecyof) and the valence regions (Egnse) are determined to be
7.0 eV and —8.06 eV, respectively. Using the photon energy of 21.22 eV,
the valence band maximum (VBM) of the quasi-2D perovskite film was
determined to be —6.16 eV. Since the information depth of UPS is a few
nanometers from the surface, the VBM value mainly reflects that of 3D
or component with high n-values which is populated at top surface (we
will discuss it later). Although the VBM of 2D component with small n-
value cannot be independently measured, similar VBM is expected since
that of 2D perovskite shows a negligible variation with n values [14].
The Tauc plot (Fig. S5) obtained from UV-vis absorption spectrum
revealed that the optical bandgap of the film is 1.59 eV. Since the ab-
sorption edge of 2D component is overlapped with that 3D component,
the optical bandgap of the film obtained from UV-vis absorption spec-
trum mainly reflects that of 3D component only, while the actual
bandgap of 2D components with small n values, which is located near
the bottom surface, may have bandgap larger than 1.59 eV. With the
bandgap of 1.59 eV at the top surface, the conduction band minimum
(CBM) of —4.57 eV is obtained for 3FBAI-based perovskite. Although the
CBM of 3FBAl-based perovskite is lower than the lowest unoccupied
molecular orbital (LUMO) level of PCBM (-4.3 eV), the electron trans-
port and extraction between the perovskite and PCBM layer are quite
effective, which can be proved from photoluminance decay measure-
ment (Fig. S6). Fig. 1c shows the current density—voltage (J-V) charac-
teristic of 3FBAl-based device, in which the perovskite film was spin
coated and annealed in air condition with RH ~20% and ~70-90%,
respectively. As shown in Fig. S7, when the molar ratio of 3FBAI is
varied from 1.6 to 2.0, all the devices exhibit very good performance
with similar PCEs. The insensitivity of device performance on molar
ratio of 3FBAI is desirable from the manufacturing point of view because
a slight variation in process parameters due to human or machine error
would not influence so much on device performance. The best PCE of
20.12% was obtained from the device based on 3FBAI ratio of 1.6 with
Jsc =20.98 mA cm’z, Voc = 1.223 V and FF = 78.41%. The mean value
PCE obtained from 44 fabricated devices is 17.87% with standard de-
viation of +1.12% and detailed statistics are shown in Fig. 1d.

Fig. 1le presents the EQE spectra of the champion device based on
3FBAI, and the device exhibits an EQE with plateau of 80% in a broad
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Fig. 1. (a) Device structure, (b) Energy levels of individual layers in the device, (c) J-V curves (forward and reverse scans) of the best 3FBAI-based PSCs under
AM1.5G illumination, showing negligible hysteresis, (d) PCE statistics of PSCs, (e) EQE spectrum and integrated short-circuit current density, (f) the steady-state

efficiency of the champion device at the maximum power point for 300 s.

wavelength range between 415 and 650 nm, and reaches up to 91.57%
at 535 nm, suggesting a high photo-to-electron conversion efficiency of
the device. A lower EQE beyond 690 nm (<70%) could be attributed to
the insufficient light absorption nature of low-dimensional perovskite.
The integrated current density calculated from EQE spectrum is about
20.19 mA ecm ™2, which is only within 3.77% mismatch with the current
measured from J-V curve. One of the notorious characteristics of
perovskite solar cell is hysteresis in J-V curve, which is believed to be
caused by ion migration to the grain boundaries or perovskite thin-film
interfaces, and consequently induces the trap recombination and surface
recombination.[31] In order to evaluate the extent of hysteresis, we
calculated the hysteresis index (HI) using: HI = (Jrs(0.8voc) — JFS(0.8Voc))/
JRrs(0.8Voc), Where Jrs(0.8Voc) and Jrs(0.8Voc) are current density at
0.8Voc in reverse and forward scan, respectively.[9,32] The 3FBAI-
based device shows an extremely small HI of only 0.0099, indicating a
very low bulk and surface recombination in the film, which can be
attributed to pinhole-free film with less grain boundaries (we will
discuss it later). Furthermore, the steady-state photocurrent density and
PCE as a function of time at the maximum power output of 1.02 V were
measured for 3FBAI-based device for 300 s as shown in Fig. 1f. A stable
and consistent Jg. and PCE throughout the test indicates a good stability
of the devices under the working condition.

To investigate the influence of 3FBAI on PSC’s performance, the
quasi-2D perovskite devices based on benzyl ammonium iodide (BAI)
(without fluorination) and 3D perovskite devices based on MAPbI3 were
fabricated in the same condition (in air with RH ~20% for spin coating
and RH ~70-90% for annealing). The best PCEs of devices based-on BAI
and MAPDI3 are only 14.39% and 6.40%, respectively (Fig. S8). The
performance of various devices obtained from at least 10 devices from

Table 1
Performances of PSCs Based on different active layer fabricated the perovskite
film in air condition.

Active scan  Jsc (mA/ Voc FF Best PCE Average PCE”
layer cm®) ) (%) (%) (%)
3FBAI- FS 20.98 1.223 78.41 20.12 17.87+1.12
PVK RS 20.91 1.233 78.01 20.10
BAI-PVK FS 15.73 1.186 76.59 14.29 13.07+0.75
RS 15.60 1.182 78.01 14.39
MAPbDI3 FS 10.66 0.970 61.89 6.40 5.454+0.95
RS 10.75 0.979 57.00 6.00

¥ The average PCEs was obtained from at least 10 samples

each category is summarized in Table 1. The results demonstrate that
fluorination of 3FBAI improves device efficiency, especially on Jy (ca.
one third improvement comparing to that based on BAI, and almost
twice of that based on MAPDbI3) due to moisture resistance during
fabrication as well as the better charge transport ability and lower
bimolecular combination (discuss later). The enhanced moisture resis-
tance of 3FBAI-based perovskite comparing to BAl-based perovskite
were further confirmed in contact angel measurement, where water
droplets formed a contact angle of 67° on the 3FBAI-based perovskite,
which is significantly larger than that on BAI-based film (Fig. S9).

To examine the crystal structure of quasi-2D film compared with 3D
film, we measured the X-ray diffraction (XRD) and grazing incidence
wide-angle X-ray scattering (GIWAXS) of different perovskite films. As
shown in XRD spectrum (Fig. 2a), the MAPbI3 (3D) perovskite exhibits
two strong diffraction peaks at 14.08° and 28.44°, which can be assigned
to (110) and (220) planes of 3D perovskite, respectively. [29] 3FBAI-
based perovskite presents two strong peaks at the same 26, but
different from 3D perovskite, these peaks are attributed to (111) and
(202) planes of 2D (small n) components or (110) and (220) planes of
3D components due to the quasi-2D (mixed 2D with 3D) feature.
[9,15,29] It has been known that (202) peak implies the crystallo-
graphic planes of 2D perovskite aligning parallel to the substrate due to
the perfect vertical orientation of 2D structure while (111) peak pre-
sents the tilted vertical orientation. [9] The dominant (111) and (202)
peaks in XRD spectra indicates that small n components of perovskite are
oriented in preferential vertical direction, which is favourable for ver-
tical charge transport in solar cell. [31,33,34] We also found a diffrac-
tion peak at lower angle (20 = 5.04°), which can be assigned to (020)
plane of 2D perovskite with d-spacing of 17.6 A, [3,9,29] when the
3FBAI-based perovskite film was tested (Fig. S10, Supporting Informa-
tion). However, no diffraction peak was detected at low angles from the
MAPDI; film, confirming the formation of 2D perovskite in 3FBAI-based
film.

GIWAXS patterns of 3FBAl-based film measured at angle of incident
a = 0.2° exhibit the strong and discrete Bragg spots, indicating a pref-
erential orientation of perovskite crystals, rather than the diffraction
rings or arcs in pure 3D MAPbDI3 film which represents the random
orientation of crystals (Fig. 2b and c). Some peaks, which indicates the
formation of 2D components and highly ordered 2D phase, are clearly
observed in 3FBAI-based film. In particular, the peaks at ¢ = 3.5 nm ™
and 7 nm ™! represent the (020) plane of 2D component, confirming the
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Fig. 2. (a) XRD patterns of control MAPbI3 and 3FBAI-based quais-2D perovskite films. GIWAXS images of (b) control MAPDI3, (c) 3FBAI-based quais-2D perovskite
films and (d) the illustration of quais-2D perovskite crystals with 3FBAI as large cation.

formation of highly ordered and periodic layering of small n component
[9]. In addition, a very strong (11 1) plane diffraction peaks located at g
=10 nm ™! and another strong (202) plane peaks at ¢ = 20 nm ™" along
the out-of-plane g, direction suggest that the quais-2D perovskite crystal
grows preferentially along the out-of-plan direction with respect to the
substrate, agreeing well with XRD spectrum. The (11 1) and (202) peaks
at in-plane gy direction can be attributed to the titled vertical orienta-
tion of 2D crystal. Both XRD and GIWAXS patterns conclude that 2D

Absorption (a.u.)
Mormalized PL Intensity

0.0 r ; - ;
300 400 500 600 700 800
Wavelength (nm)

(small n) components are incorporated in 3D component to form quai-
2D structure and oriented in vertical direction with a slight tilt. When
we tested GIWAXS pattern at low gracing incident angles (0.05° and
0.1°) (Fig. S11), in which X-ray penetrates only top a few nanometers of
the film, merely diffraction rings pattern, which is similar to pattern in
3D film, was observed. This suggests that (near) top surface is populated
with 3D components or 3FBAI bulky ions, while 2D components with
small n values are mainly located at the bottom of the film rather than

b) .
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Fig. 3. (a) the absorption and PL spectra (front side and back side excitations) of a quaia-2D perovskite film on quartz substrate. (b) TA spectra for 3FBAI-based
perovskite film, the inset number is delay time (ns). (¢) SEM image of 3FBAI-based perovskite film and (d) the crossing section of 3FBAI-based device.
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top surface.

In general, 2D perovskites comprise the mixture of multiple perov-
skite phases with different bandgaps (n values) that spontaneously align
in the order of n along the normal to the substrate. [9,29] To further
investigate compositional phases and their distribution in quasi-2D film,
various optical spectroscopy measurements were carried out. Firstly,
photoluminescence (PL) spectra of 3FBAI-based perovskite film were
collected under the excitation of laser beam at 445 nm from the surface
of the film (front excitation) and from the substrate (back excitation).
The front excitation of 3FBAI-based perovskite film leads to a Gaussian
symmetrical PL peak at ~760 nm contributed from 3D phase of perov-
skite, whereas the back excitation causes the extra PL emission between
600 nm and 680 nm contributed from small n phases of 2D perovskite
(Fig. 3a). The different PL spectra of two configurations of excitation
side mean that the lager n values in quasi-2D perovskite are mainly
located near the top surface while the small n values are distributed near
the substrate, agreeing well with GIWAXS patterns measured at different
grazing incident angles. Similar phase distribution was also observed by
others. [9]

As shown in Fig. 3a, the UV-vis absorption spectrum displays a peak
at 547 nm and 453 nm which can be attributed to the absorption peak of
n =2 and n = 1 phases, respectively, in addition to the dominant peak at
740 nm stems from 3D phase (n = ). The various peaks in absorption
spectrum also confirms that qausi-2D comprises multiple phases with
different n values. To further verify the phase composition in quasi-2D
perovskite, femtosecond transient absorption (TA) measurement was
also carried out. A pump pulse (325 nm, 1 kHz, 100 fs) was used to excite
the perovskite film and the induced absorption changes (AA), as
functions of both time and wavelength, were recorded. As shown in
Fig. 3b, the TA spectra of quasi-2D film exhibit several photobleaching
peaks between 450 nm and 710 nm, which can be assigned to the peaks
at small n phases of quasi-2D perovskite, due to the charge carrier filling
upon excitation. The bleaching peak at 740 nm represents the 3D phase
(n = ). The photobleaching peaks from TA spectrum are consistent
with those in steady-state absorption spectrum (shown in Fig. 3a). The
TA spectra of quasi-2D are very similar to that of low-dimensional 2D
perovskite film, except that the peak from n = oo at 740 nm is absent in
2D film (Fig. S12a). In contrast, the TA spectra of MAPbI3 (pure 3D) do
not display any photobleaching peaks between 450 nm and 710 nm but
exhibit only one strong peak at 740 nm (Fig. S12b). Therefore, TA
measurement also confirm the formation of multiple phases in quasi-2D
film.

The morphology of perovskite film plays an important role in the
device performance through the grain boundaries effect and associated
properties such as ion migration and charge carrier recombination and
hence, we investigated the film morphology using scanning electron
microscopy (SEM). The top SEM image of MAPDIs-film displays the
lump-shaped perovskite crystals while that of cross-sectional image
exhibits disordered grain accumulation (Fig. S13). In contrast, a full-
coverage and pinhole-free film with densely packed micrometer-scale
crystalline grains is observed in the top view SEM of 3FBAI-based
perovskite film (Fig. 3c). Moreover, the grain boundaries are less
apparent compared to those in MAPbI3 film and the grain boundaries
even completely disappear in some region, probably due to the passiv-
ation of grain boundaries with 3FBAI ions. Less grain boundaries not
only suppress the ion migration and charge carrier recombination but
also prevent from the moisture penetration into perovskite film, which
might be a reason for achieving high PCE of device fabricated in air. In
addition, unlike MAPDI3 film, the cross-sectional SEM image of the
quasi-2D film reveals that the elongated grains are vertically aligned,
exhibiting a vertically oriented growth of the crystals, as observed in
XRD and GIWAXS spectra. From the morphology study, we can also
clearly see the effect of fluorination in perovskite film. In contract to
3FBAI-based quasi-2D perovskite film, the morphology of BAI-based
film exhibits several pinholes and grain boundaries (Fig. S14),
implying that fluorination is important for obtaining pinhole-free film
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with less grain boundaries.

We further investigated the morphology of the films with Atomic
Force Microscopy (AFM). The AFM images as shown in Fig. S15, the
3FBAl-perovskite film has a very smooth surface with a root-mean-
square roughness (R;ns) of 10.504 nm, which is lower than the
MAPDI; film (11.903 nm). From the cross-section SEM of 3FBAI-based
device as shown in Fig. 3d, the thickness of perovskite layer is around
350 nm, at which thickness, the light absorption and charge transport
are well balanced. To further confirm the electron and hole mobility of
quais-2D perovskite film, we measured the dark current-voltage of hole
and electron only device by constructing hole-only and electron-only
devices, as shown in Fig. S16. The mobility value can be obtained by
fitting the SCLC region using Mott-Gurney equation J = g,ugog,%:, where
J, 1, €0, &, V, and d stand for dark current, mobility, the vacuum
permittivity, dielectric constant, applied voltage and film thickness,
respectively. The 3FBAI-based device has hole mobility of 4.58x1073
em? V7! s71 and electron mobility of 4.69x10~2 em? V™! s71, which is
quite balanced.

Finally, we discussed the effect of introducing fluorine atoms into the
large cations on the active layer and device performance. Generally, the
bandgap-voltage offset, (Eg/q) — Voc, where q is the elementary charge,
is a useful measure to assess the electronic quality of the absorber in a
solar cell. [35,36] This offset directly scales with detrimental recombi-
nation losses in the device, such as those via deep defects or interfaces.
[37] Herein, we used Fourier transform photocurrent spectroscopy
(FTPS) to insight into the electronic quality of 3FBAI-based perovskite
film. The Urbach energy (E,) calculated from FTPS can quantify the
electronic disorder of 3FBAI-perovskite film. [2] the formula as showing
in following:

a(E) = anlexp(* %)

U

where a(E) is the absorption coefficient of the film to photons of
different energy, ao is a content, E; is the optical band gap of a semi-
conductor and the Ey is the urbanch energy. We can take the logarithm
of the above formula and then calculate the slope of the tail part of the
exponential fitting to get the Ey value. As showing in the semi-log plot of
external quantum efficiency (EQE) absorption edge (Fig. 4a), the 3FBAI-
based device shows a sharp absorption edge with an E; 23.24 meV,
which is much lower than the BAl-based device (Fig. S17).

Furthermore, the charge recombination in the devices was also
qualitatively determined by light intensity-dependent J-V characteris-
tics. Fig. 4b plots the Jgc as a function of the incident light intensity (I)
and fitted by the power law equation: Jsc « I*. The deviation of ideality
factor a = 1 indicated the degree of bimolecular recombination. [16,38]
Thus, the 3FBAI-based device with o = 0.96 suggests the lower bimo-
lecular recombination when we use 3FBAI as large cation for quais-2D
perovskite solar cell. In Fig. 4c, a plot of V¢ versus the light intensity
in logarithmic scale yields a line with the slope mkT/q, where m is the
ideality factor, k is the Boltzmann’s constant, T is the temperature, and g
is an elementary charge. The ideality factor m for BAI- and 3FBAI- based
device is 1.65 and 1.26, respectively. This indicates the trap-assisted
recombination is greatly suppressed in 3FBAl-based device. Further-
more, the ideally factor (m) calculated from the dark J-V curve of the
PSC devices by estimating the slope of the semilogarithmic J-V curve in
the diffusion-dominated current region as showing in Fig. S18. Gener-
ally, m = 1 represents the direct bimolecular recombination while m = 2
implies a Shockley-Read-Hall (SRH) recombination dominates, which
means indirect recombination by trapping of minority carriers. [39,40]
The ideality factor of 3FBAI-based device is 1.42 which is much lower
than 1.98 for BAI-based device, indicating that trap-assistant SRH
recombination in 3FBAI-based PSC was suppressed. The trend agrees
well with the Vpc evolution for different illumination intensities
(Fig. 4c).

From the dark current plot, we can clearly see that 3FABI-based
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on a double-logarithmic scale.

device exhibits a low leakage current in negative voltage regime and low
positive voltage regime but a high current in high positive voltage
regime. This indicates a high shunt resistance (Rgy) and a low series
resistance (Rg) in the device, which agrees well with Rg and Rgy calcu-
lated from the J-V curve under illumination. The Rg of 3FBAI-based PSC
is 2.69 Q.cm? that is lower than that of BAI-based device (5.92 Q.cm?)
and pure 3D-based device (17.22 Q.cmz). (Note: the series resistances of
the devices are calculated from the slope of dV/dI around V). The Rgy
of 3FBAI-based device is 2305.89 Q.cm?, while the Rgy of BAI- and pure
3D-based devices show only 1176.37 and 1618.75 Q.cm?, respectively
(Note: Rgy = calculate the slope of dV/dI in J-V curve around Jg). The
higher Rgy reduces the leakage current and hence improves FF.

To understand charge collection behavior in the photovoltaic de-
vices, the photocurrent density (Jyn) versus effective voltage (Veg)
measurement were further conducted (Fig. 4d). Jpy is calculated as Jp, =
Jp — Jp, where Jp and Jp are the current density under illumination and
in the dark, respectively. Vg is determined by Vp; — Vgpp, where Vy; is the
built-in voltage which refers to the voltage at which J,, = 0 and Vg, is
the applied bias voltage. The charge collection efficiency (1.), taking
both the charge transport in the perovskite and transfer at interface into
account, could be characterized by the ratio of Jpn/Jpn,sqc under different
Vesr, where Jpp sa¢ is the saturated photocurrent under high Veg (2 V or
more), where internal electric field is so high that all the photogenerated
carriers are swept out to the electrode without recombination, and
hence limited only by the absorbed photons. [41-43] 5. of 3FBAI-based
device is higher than that of BAI-based device under any Vg Quanti-
tively, n. of 3FBAI- and BAl-based devices are 0.997 and 0.972,
respectively, under short circuit condition, suggesting the better charge
transport and collection in 3FBAI-based device. This finding supports
our initial concept that the charge transport in the perovskite film can be
improved by fluorination in organic cations through enhanced molec-
ular interaction. In addition, fluorination in organic cations results in
pinhole-free film and less grain boundaries, consequently, the non-
radiative recombination loss (both trap-assisted recombination and

bimolecular recombination) are suppressed and a high V. of 1.223 V is
achieved in photovoltaic devices.

The long-term stability of devices based on 3D perovskite MAPbI;3
and 3FBAI-based quais-2D perovskite aged by temperature and humid-
ity were further investigated. The thermal stability test on the devices at
55°C in glove box shows that 3FBAI-based device has better thermal
stability than MAPbI3-based device; the former maintains 93% of its
initial PCE, whereas the latter drops to 31.5% of its initial PCE after 672
h (Fig. 5a). Similarly, 3FBAI-based device exhibits a better moisture
stability than MAPbI3-based device does. After being stored in ambient
condition (RH = 35%) in dark for 792 h, the unencapsulated 3FBAI-
based quasi-2D devices retain average 91.5% of their original effi-
ciency, while the pure 3D-based devices drop to 72.5% of its initial ef-
ficiency. The better moisture stability of 3FBAI-based device can be
attributed to the improved film quality with pinhole-free and less grain
boundaries and moisture-resistance nature of fluorinated large organic
cations.

3. Conclusion

In summary, we demonstrated a highly efficient quasi-2D PSCs by
employing 3FBAI as the large cation to fabricate quasi-2D perovskite
film in humidity-controlled ambient air. The quasi-2D perovskite com-
prises mixture of vertically oriented multiple phases with small n values
located at the bottom and large n values populated at the top surface.
The pinhole-free perovskite film with densely packed micrometer-size
crystalline grains and less grain boundaries leads to good charge trans-
port with balanced electron and hole mobility, low charge carrier
recombination, excellent moisture resistance and air stability. The
champion device exhibited a PCE of 20.12% with Jsc = 20.98 mA cm 2,
Voc = 1.223 V and FF = 78.41%. This work sheds light on the impor-
tance of fluorinated large cations to fabricate high-quality quasi-2D
perovskite film under ambient condition for highly efficient and air-
stable perovskite solar cells and other optoelectronic devices.
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