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Three-dimensional (3D) metal halide perovskites (MHPs) incorporated with two-dimensional (2D) MHPs have
been demonstrated to be a facile way to approach the high performance of perovskite photovoltaics (PPVs). In
this study, we report high-performance PPVs, in terms of efficiency, detectivity, stability, and photocurrent
hysteresis, based on the 3D mixed with 2D MHPs composites (termed as the 2D:3D mixed MHPs composites),
where 4-fluoro-phenethylammonium, which possesses larger dipole moment compared to phenethylammonium,

is used to create 2D MHPs. Systematically studies indicate that the 2D:3D mixed MHPs composites possess larger
crystals, higher crystallinity, and enhanced charge transport compared to 3D MHPs thin film. As a result, the
PPVs based on the 2D:3D mixed MHPs composites exhibit over 21.16 + 0.53% power conversion efficiency with
suppressed photocurrent hysteresis, over 10'® cm Hz/?W™! detectivity, and dramatically boosted stability. Our
results indicate that we provide a facile way to approach high-performance PPVs.

1. Introduction

In the past years, metal halide perovskites (MHPs) have drawn great
attention in both academic and industrial sectors due to their super
optoelectronic properties [1,2]. Over 25% power conversion efficiency
(PCEs) and 10'° Jones (1 Jones = 1 cm Hz'/?W~1) detectivity have been
reported from perovskite photovoltaics (PPVs) based on the
three-dimensional (3D) MHPs [3,4]. However, studies indicated that 3D
MHPs are sensitive to moisture, oxygen, and light, restricting their
practical applications [5-7]. Interfacial engineering [8-10], structural
and compositional engineering [11-14], and encapsulating technology
[15-17] have been attempted to boost the stability of PPVs. For
example, Fu et al. applied polyethylene glycol additive into MHPs pre-
cursor solution to prepare high-quality of MHPs thin films for
approaching the high-performance PSCs [9]. On the other hand, the
utilization of large-sized hydrophobic organic ammonium to substitute
small-sized hydrophilic organic ammonium within 3D MHPs, creating
two-dimensional (2D) MHPs, was demonstrated to be a facile way to
approve stable PPVs [18-26]. Mohite et al. reported a PCE of 12.51%
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from the perovskite solar cells (PSCs) based on the 2D (BA)2(MA)2Pbsl;q
(where BA is n-butylammonium and MA is methylammonium) thin films
[22]. Yao et al. demonstrated a PCE of 14.68% from the PSCs based on
the 2D (TEA)2(MA),Pbsly thin film (where TEA is 2-thiophene ethyl-
amine) and further found that PSCs could maintain 93% of their initial
PCEs after 500 h in an ambient condition [23]. Wang et al. reported over
20.3% PCE with improved stability from the PSCs based on the PA-based
2D MHPs over the 3D MHPs thin film (where PA is n-propylammonium)
[25]. Recently, we reported over 23% PCE from the PSCs based on the
PEA,PbBrg 3l37/MAPDBr 3l5 7 thin film (where PEA is phenethy-
lammonium) [26]. On the other hand, the perovskite photodetectors
(PPDs) based on the 2D/3D bilayer MHPs thin films have also received
great attention [27-29]. Luo et al. presented a detectivity of over 10'2
Jones from the PPDs based on the (4-AMP)(MA);Pb3Br;o/MAPbBr3
bilayer MHPs thin films (where 4-AMP is 4-(aminomethyl) piper-
idinium) [29]. We also reported a photoresponsivity of 1.38 AW}, a
detectivity of 6.52 x 104 Jones, and a linear dynamic range of over 167
dB at room temperature from the PPDs based on the PEA;Pbl,/MAPbDI3
MHPs bilayer thin film, where the MHPs bilayer thin film was
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post-treated with 1-butanol vapor [27].

In this study, we report high-performance PPVs, in terms of effi-
ciency, detectivity, stability, and photocurrent hysteresis, based on the
3D mixed with 2D MHPs composites, where the 2D MHPs are based on 4-
fluoro-phenethylammonium (4F-PEA) as the organic spacer. 4F-PEA is
selected as organic spacer to create 2D (4F-PEA)Pbl, since it has two
functionalities. One is that the F atoms within 4F-PEA could form
hydrogen bonds with H atoms, resulting in optimizing the intermolec-
ular packing [30]. Another is that the 4F-PEA cations have a large dipole
moment compared to PEA [31], which could restrict the dielectric
confinement effect and decrease the exciton binding energy. Both of
them could boost charge carrier dissociation, resulting in enhanced
device performance of PPVs [21]. Our systematic studies indicate that
the (4F-PEA),Pbl4:MAPDI3 thin film indeed possesses larger crystals,
higher crystallinity, and enhanced charge transport compared to 3D
MAPDI; thin film. As a result, the PPVs based on the (4F-PEA),Pbly:
MAPbDI; thin film exhibit a PCE of 21.16 + 0.53% % with suppressed
photocurrent hysteresis, over 10'® Jones detectivity, and dramatically
boosted stability.

2. Experimental section
2.1. Materials

Poly[bis(4-phenyl)(2,4,6-trimethylphenyl)amine] (PTAA), Gamma-
butyrolactone (GBL, 99%), 4-fluorophenethylamine (4F-PEA, 99%),
anhydrous toluene (99.8%), methylamine (33 wt % in absolute ethanol),
bathocuproine (BCP, 99.99%), anhydrous acetonitrile (ACN, 99.8%)
were purchased from Sigma-Aldrich. Cgg was bought from 1-Material,
Inc. Lead iodide (Pbly, 99.9985% metals basis) was purchased from
Alfa Aesar. Methylammonium iodide (CH3NH3slI (MAI)) was purchased
from Greatcell Solar Materials. All materials were used as acquired
without further processing.

2.2. Preparation of the MAPbIs single crystals

The inverse temperature crystallization method was used to prepare
the MAPbDI; single crystals [31]. In brief, 1 mmol MAI and 1 mmol Pbl,
were dissolved into 1 mL GBL solvent to get the precursor solution. Then
the precursor solution was kept heating and stirring until a yellow color
clear solution was obtained. Afterward, the clear solution was heated
until the temperature reaches 110 °C. At this condition, the MAPbI3
single crystals would grow naturally. After 12 h, shape-regular black--
color single crystals were formed and then washed with isopropanol
solvent (IPA), followed by drying in the oven for 10 min (mins).

2.3. Preparation of perovskite precursor solution

The preparation of the MAPbI3 ACN solution followed the previous
report [32]. Briefly, the MAPbI;3 single crystals were put into a small vial
with a cap open, and the small vial was placed into a large vial in which
there was a certain amount of methylamine ethanol solution. In this
way, the MAPbI; single crystals could be exfoliated by the methylamine
vapor and a viscous yellowish solution was obtained. Then the ACN
solvent was added to the viscous solution to acquire the 1 mol/L MAPbI3
ACN precursor solution. For the 4F-PEA-based 2D:3D mixed perovskite
solution, the specific amount of 4F-PEA (consistent with the molar ratios
of 4F-PEA to MAPbDI3) was directly added to the MAPbI3 ACN precursor
solution.

2.4. Preparation and characterizations of perovskite thin films

Both 3D MAPDI; thin film and the 2D:3D mixed perovskite thin film
were spin-coated onto the glass substrate at a speed of 6000 rpm for 30 s
(s) from their corresponding precursor solutions, followed by the ther-
mal annealing at 100 °C for 10 min. X-ray diffraction (XRD)
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measurements were conducted by applying a Bruker AXS Dimension D8
X-ray system. The photoluminescence (PL) spectra of different perov-
skite thin films were measured on a HORIBA Fluorolog-3 fluorescence
spectrophotometer. The ultraviolet-visible (UV-vis) absorption spectra
of different perovskite thin films were measured on the HP 8453 spec-
trophotometer. A field-emission scanning electron microscope (SEM)
(JEOL-7401) was conducted to acquire the top-view SEM images. The
grazing-incidence wide-angle x-ray scattering (GIWAXS) profile was
measured by using the specific beamline (Sector 8-ID-E) in the Advanced
Photon Source (APS), Argonne National Laboratory [33]. Femtosecond
laser transient absorption spectra (ultrafast systems) were obtained with
a pump beam at 400 nm and a probe beam of white light, with the de-
tails, reported elsewhere [34].

2.5. Fabrication of perovskite photovoltaics

Firstly, the pre-cleaned indium tin oxides (ITO) coated glass sub-
strates were processed in the UV/Ozone in an ambient environment for
20 min. After this treatment, approximately ~8 nm PTAA layer was
spin-coated onto the top of the ITO/glass substrate from 2 mg/mL PTAA
toluene solution at 6000 rpm for 40 s (s) and then thermal annealed at
100 °C on a hotplate for 10 min in a glovebox with a nitrogen atmo-
sphere and then cooled down to room temperature (RT). The perovskite
layer was spin-coated at a speed of 6000 rpm for 30 s from their cor-
responding precursor solutions, followed by thermal annealing at 100 °C
on a hotplate for 10 min. Lastly, a ~15 nm thick Cgp, an ~8 nm BCP, and
a ~120 nm Ag were subsequently thermally deposited in a specific
chamber at the air pressure of 1 x 10~> mbar. The complete device
active area was measured to be 0.043 cm?.

2.6. Characterization of perovskite photovoltaics

The current density versus voltage (J-V) characteristics of PSCs was
recorded on a Keithley model 2400 source measure unit in dark and
under light with a solar simulator (AM1.5 G) as the light source. The
light intensity of the source was calibrated to be 100 mW/cm? by using a
mono silicon reference cell, which was purchased from the National
Renewable Energy Laboratory (NREL). The J-V characteristics of PPDs
were conducted on the same setup under white light with a light in-
tensity of 100 mW/cm?, monochromatic light at a wavelength 1 = 500
nm with a light intensity of 0.28 mW/cm? and in dark. The external
quantum efficiency (EQE) spectra were measured on the solar cell
quantum efficiency measurement system (QEX10) with a stable xenon
lamp as the optical source at 0 or - 0.1 V bias. The impedance mea-
surements of cells were operated on an HP 4194A impedance/gain-
phase analyzer in the dark. During the measurement, the applied
voltage for PSCs was on the verge of the relevant Voc of each device.
Both the capacitor versus voltage (C-V) and the capacitor versus fre-
quency (C-F) characteristics were performed on the same setup by
applying Keithley model 82-WIN Simultaneous CV (CF) System. The
photocurrent hysteresis measurement was conducted by tuning the scan
directions including reverse scan and forward scan. The photocurrent
response time measurement during the photocurrent rising process of
PSCs was performed on a homemade setup by applying an optical
chopper-controlled laser pulse (1 = 532 nm) at a frequency of 2 kHz.

3. Results and discussion

Scheme 1 displays the top-view SEM images of the 3D MAPbI; and
(4F-PEA),Pbl4:MAPDIj3 thin films. Many small crystals with a crystal size
of ~100 nm are observed from the 3D MAPbDI3 thin film, whereas,
different film morphology and crystal size are observed from the 2D (4F-
PEA); xPblI3.x (Where x is the molar ratio of 4F-PEA, x = 0.6, 1.0, and
1.5) mixed with the 3D MAPbI3 thin film (termed as [(4F-
PEA)1 xPbpl3,x:MAPDI3] (Scheme S1). In particular, as x = 1, a rough
surface and large crystals (~500 nm) are observed from the (4F-
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Scheme 1. The top-view SEM images of (a) MAPbI; and (b) (4F-PEA),Pbl4:MAPbDI; thin films.

PEA),Pbl4:MAPDI; thin film. These results indicate that 4F-PEA organic
spacer could tune the grain size of the resultant (4F-PEA),;Pbl4:MAPbI3
thin film.

It is found that the shapes of absorption spectra of the 3D MAPbI3
thin film and the (4F-PEA); 4Pbl3,:MAPDbI3 thin films coated on the
glass substrates are nearly identical (Fig. 1a and Fig. S1a). The steady-
state photoluminescence (PL) spectra of the 3D MAPbI;3 thin film and
the (4F-PEA),Pbl4:MAPDI3 thin film coated on the glass substrates are
shown in Fig. 1b. Under the excitation from the front side of MHPs thin
film, an obvious emission peak located at the wavelength (1) of 610 nm
is observed from the (4F-PEA),Pbl4;:MAPbDI3 thin film, whereas no
emission peaked at A = 610 nm is presented in the 3D MAPDbI; thin film.
The emission peak at 4 of 610 is attributed to the (4F-PEA),Pbl, [31,35].
An emission peak located at A of 610 nm is also observed from the

(4F-PEA),Pbl4:MAPDI; thin film as it is excited from the back side (glass
side), which illustrates that the layered 2D (4F-PEA),Pbl, is formed
within the 3D MAPbI3 thin film [21,31]. Moreover, an emission peak
located at 735 nm observed from the (4F-PEA),Pbl4;:MAPDI3 thin film
indicates the existence of (4F-PEA)4(MAPDbI3); x due to multiple n values
coexisted in the MHPs [31,35]. In addition, the PL intensities at A of 610
nm from the (4F-PEA);.4Pbls,x:MAPbI3 (where x = 0.6, 1.0, and 1.5)
thin films are nearly the same as they are excited from the front side, but
are increased and then decreased for the (4F-PEA);,xPbls x:MAPbI3
thin films along with increased concentrations of 4F-PEA as they are
excited from the back side (Figs. S1b and c). However, there is an
emission peak located at 840 nm observed from (4F-PEA); (Pbls,y:
MAPDI; thin films. This peak is probably ascribed to the interface be-
tween 2D (4F-PEA);.4Pbls .y and 3D MAPbDI; [21,35]. Nevertheless,
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Fig. 1. (a) Absorption, (b) photoluminescence (PL) spectra, (c) the corrected femtosecond transient absorption (TA) spectroscopies, and (d) the TA kinetics of

MAPDI; and (4F-PEA),Pbl,:MAPbI; thin films.
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these results further indicate that the 2D (4F-PEA); xPbl3,x (where x =
0.6, 1.0, and 1.5) crystals are formed within the 3D MAPbI3 thin film,
but with different film morphologies (Scheme 1 and Scheme S1).

The corrected femtosecond transient absorption (TA) spectra of the
3D MAPbDI3 and (4F-PEA),Pbl4:MAPbDI3 thin films are shown in Fig. 1c.
Both thin films show similar ground-state bleaching (GSB) peaks, but
with different locations. The GSB peak for the 3D MAPbI;3 thin film is
located at 4 of 748.4 nm, whereas the GSB peak for the (4F-PEA);Pbl4:
MAPDI; thin film is located at 4 of 746.6 nm. Moreover, compared to 3D
MAPbDI; thin film, three peaks located at 4 of 568.7 nm, 612.1 nm, and
648 nm are observed from the (4F-PEA),Pbl4:MAPbI3 thin film, which
further indicates that 2D (4F-PEA),Pbly is formed within (4F-PEA),Pbl,:
MAPbI3 thin film.

Fig. 1d presents the TA kinetics of the 3D MAPbI3 and (4F-PEA),;Pbl4:
MAPbDI; thin films. The kinetics fitting of the 3D MAPbIj3 thin film at A of
748 nm exhibits a long lifetime of 0.9 ns (ns); whereas a slower decay
kinetic process with a long lifetime of 1.4 ns is observed from the (4F-
PEA),Pbl4:MAPDI; thin film. Such a long lifetime indicates that the (4F-
PEA),Pbl4:MAPDI; thin film possesses large crystal sizes and suppressed
defects [36], which are consistent with the SEM observation. Moreover,
such a long lifetime also indicates that the nonradioactive charge
recombination is suppressed in the (4F-PEA),Pbl4MAPbDI3 thin film
compared to the 3D MAPbIj; thin film [37]. Thus, the PPVs based on the
(4F-PEA),Pbl4:MAPDI; thin film are expected to exhibit enhanced de-
vice performance as compared to that based on the 3D MAPDI; thin film.

The XRD patterns of the 3D MAPbDI3 thin film and the (4F-
PEA); xPbl3,x:MAPDI3 (x = 0.6, 1.0, 1.5) thin films are shown in Fig. 2
(and Fig. S2). Major peaks that appeared in these thin films are identical.
Two peaks located at ~14° and ~28° correspond to the (110) and the
(220) planes, respectively, which are consistent with previous reports
and indicate that both the 3D MAPDI3 thin film and the (4F-
PEA); xPbl3x:MAPDI3 (x = 0.6, 1.0, 1.5) thin films possess the
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tetragonal crystal structure [32,38]. However, compared to the 3D
MAPDI; thin film, a small peak located at ~5.5° corresponding to the
(002) crystal plane, is observed from the (4F-PEA);,4Pbls,,:MAPbDI3 (x
=0.6, 1.0, 1.5) thin films. In addition, a tiny peak next to the (220) plane
is observed from the (4F-PEA); 4Pbl3,x:MAPbI3 (x = 0.6, 1.0, 1.5) thin
films. All these indicate that (4F-PEA); ,xPbls « are formed the 2D phase
[26].

Moreover, the full width at half maximum (FWHM) of the peak at the
(110) plane for the (4F-PEA),Pbl4:MAPDbI3 thin film is 0.146°, which is
smaller than that (0.168°) for the 3D MAPDbI3 thin film. A smaller FWHM
value indicates the crystal size of the (4F-PEA),Pbl4:MAPbI;3 thin film is
larger than that of the 3D MAPbDI3 thin film. These observations are
consistent with the SEM results.

The GIWAXS measurement is carried out to differential the crystal
orientation and crystallinity of the 3D MAPbI3 and (4F-PEA),;Pbly:
MAPDI; thin films, and the results are shown in Fig. 2b and c. The 3D
MAPDI; thin film shows strongly scattered rings all reflections along the
scattering vector, which represents the randomly oriented features of
the 3D MAPbI3. However, a mixture of scattered secondary spots and
rings are observed in the (4F-PEA),Pbl4:MAPbI; thin film, which dem-
onstrates that the (4F-PEA),Pbly thin film has a stronger crystal orien-
tation. The line cut of the GIWAXS patterns of these two thin films is
shown in Fig. 2d. The intensity at q, = 1 (corresponding to the (110)
plane) of the (4F-PEA),Pbl4:MAPbI3 thin film is higher than that of the
3D MAPbI; thin film, and the FWHM values of the peak located at 1 A™!
of the (4F-PEA),Pbl4:MAPbI; thin film is smaller (~0.04 A~!) than that
(~0.06 A1) of the 3D MAPDI; thin film. These results further demon-
strate that the (4F-PEA),PbI4:MAPbDI; thin film possesses better crys-
tallinity, which is favorable for the PPVs based on the (4F-PEA),Pbl,:
MAPDI; thin film exhibiting a boosted short-circuit current (Jsc).

Fig. 3a shows the J-V characteristics of the PSCs with a device

structure of ITO/PTAA/perovskites/Cgo/BCP/Ag (Scheme S2),
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Fig. 2. (a) The XRD patterns of MAPbI; and (4F-PEA),Pbl4:MAPbDI; thin films, the GIWAXS patterns of (b) MAPbI; and (c) (4F-PEA),Pbl4:MAPbDI; thin films, (d) the

line cut of the GIWAXS patterns of MAPbI; and (4F-PEA),Pbl,:MAPDbI; thin films.
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Fig. 3. (a) The J-V characteristics and (b) the external quantum efficiency (EQE) spectra, (c) the transient photocurrent (TPC) and (d) the photocurrent rising process
of the PSCs, where the PSCs are fabricated by either MAPbI3 thin film or (4F-PEA),Pbl;:MAPbI; thin film.

measured from both forward and reverse directions, where ITO acts as
the anode, PTAA is used as the hole extraction layer (HEL), perovskites
are either the 3D MAPbI3 thin film or the (4F-PEA),Pbl4:MAPDI3 thin
film, Cg acts as the electron extraction layer (EEL), BCP acts as the hole-
block layer, Ag acts as the cathode, respectively. The PSCs based on the
3D MAPDI; exhibit an open-circuit voltage (Voc) of 1.04 + 0.01 V, a Js¢
of 22.51 + 0.08 mA cm 2 and a fill factor (FF) of 78 + 06%, with a
corresponding PCE of 18.26 + 0.45%. These device performance pa-
rameters are consistent with those reported values [27,39]. The PSCs
based on the (4F-PEA);«Pbl3 x:MAPDI3 (x = 0.6, 1.0, and 1.5) thin
films exhibit different device performances (Fig. S3 and Table S1). The
best device performance is observed from the PSCs based on the
(4F-PEA),Pbl4:MAPDI; thin film, which exhibits a Vo of 1.08 & 0.01 V,
a Jsc of 24.48 4 0.34 mA cm’z, and a FF of 80 & 0.12%, with a corre-
sponding PCE of 21.16 + 0.53%, resulting in a more than 15%
enhancement in PCE compared to the PSCs based on the 3D MAPbI3 thin
film.

The photocurrent hysteresis index (HI) is used to evaluate the
photocurrent hysteresis of PSCs. The HI is described as HI =
[Jrs * (0.8%Voc) — Jgs * (0.8 * Voc)]/[JRS + (0.8 % Vo]’ where

(0.8*Vo) and Jps*(0.8*Voc) represent the photocurrent density at 80%
of Vo for the reverse and forward scans, respectively [40]. The HI value
for the PSCs based on the 3D MAPDI; thin film is 10.6%, which is larger
than that (3.1%) from the PSCs based on the (4F-PEA),Pbl4:MAPbDI3 thin
film. A small HI demonstrates that the PSCs based on the (4F-PEA),Pbly:
MAPbDI; thin film possess suppressed photocurrent hysteresis.

Fig. 3b presents the EQE spectra of PSCs. At 4 < 450 nm, the
reduction in EQE values for both PSCs is due to the front surface charge
recombination [41]. Compared to the PSCs based on the 3D MAPbI; thin
film, the enhanced EQE values ranging from A of 450-750 nm observed
from the PSCs based on the (4F-PEA),Pbl4:MAPDbI; thin film are ascribed
to large crystal size and superior crystallinity of the (4F-PEA),Pbly:
MAPbDI; thin film compared to the 3D MAPbI3 thin film. Moreover, the
integrated photocurrent densities of the PSCs based on either the 3D

Jrs*

MAPDI3 thin film or the (4F-PEA),Pbl4:MAPbDI;3 thin film are 21.91 and
23.86 mA/cm?, which are in good agreement with Jg¢ values obtained
from the J-V characteristics (Fig. 3a).

The transient photocurrent (TPC) measurement is conducted to
explore the charge generation and transport kinetics in PSCs [42,43].
Fig. 3c presents the normalized TPC curves of PSCs. Both PSCs possess a
similar TPC curve. In the beginning, the linear TPC curves are observed
due to the short time of charge carrier extraction [44,45]. After ~ 40 ns
(ns), a significant difference happened in two different PSCs, which is
ascribed to the trap and de-trap processes of charge carriers within the
3D MAPbI; and (4F-PEA),Pbl4:MAPbDIj; thin films [43]. By extrapolating
the linear region to zero, the lifetime of charge extraction is estimated
[46]. The PSCs based on the 3D MAPbI; thin film have a lifetime of
~130 ns, while the PSCs based on the (4F-PEA),Pbl4:MAPDbI3 thin film
have a lifetime of ~105 ns. Thus, the sweep-out process of charge carrier
within the PSCs based on the (4F-PEA),Pbl4:MAPDbI3 thin film is faster
than that of the PSCs based on the 3D MAPbI; thin film [46], resulting in
enhanced Jgc for the PSCs based on the (4F-PEA),Pbl4:MAPbI3 thin film.
Moreover, in comparison to the PSCs based on the 3D MAPDbI; thin films,
the PSCs based on the (4F-PEA),Pbl4:MAPbDI3 thin film possess boosted
photocurrent density (Fig. S4), which indicates the charge carrier
recombination within the PSCs based on the (4F-PEA),Pbl,:MAPbI3 thin
film is suppressed. As a result, the PSCs based on the (4F-PEA),;Pbly4:
MAPDI; thin film exhibit enlarged Jsc and boosted PCE.

Fig. 3d are the photo-response time of PSCs during the photocurrent
rising process. At the times for the photocurrent reaches 10% PCE (ris-
ing) and 90% (falling) PCE [47], the PSCs based on the 3D MAPDbI3 thin
film show a rising time of 3.1 ms (ms) and a falling time of 20.2 ms under
green light illumination (1 of 532 nm), indicating there is a balanced
process between the ion/vacancy migration and trap-filling phenome-
non. Under the same conditions, the PSCs based on the (4F-PEA),Pbl,:
MAPbDI; thin film have a rising time of 1.2 ms and a falling time of 3.5
ms. Such small rising and falling times indicate that the ion/vacancy
migration and trap-filling process are probably suppressed to certain
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degrees. Thus, the PSCs based on the (4F-PEA);Pbl4:MAPbDI; thin film
exhibit enhanced Jgc.

Fig. 4a displays the C-V curves of PSCs. According to the C? =
qeoemNa /Z(Vo —v (where C is capacitance, q is the value of elementary

charge (1.6 x 10°1° C), &p is vacuum permittivity (8.85 x 10712 F/m),
ey is the permittivity of the perovskite thin film, which is calculated
based on the C-F characteristics of PSCs (Fig. S5), Ny is the trap density,
Vp is the built-in potential, V is the applied voltage), the trap density
(N4) of PSCs can be estimated from the slope of the C-V curve [48-50].
The N, of the PSCs based on the 3D MAPbDI; thin film is estimated to be
1.68 x 10!, whereas, the N4 of the PSCs based on the (4F-PEA),Pbly:
MAPbDI; thin film is estimated to be 1.413 x 10!, Thus, compared to the
3D MAPDI;3 thin film, the (4F-PEA),Pbl4:MAPbDI; thin film possess sup-
pressed defects, which is beneficial for suppressing charge carrier
recombination, resulting in PSCs with enhanced Jsc and FF. On the other
hand, the built-in potential of the PSCs based on the (4F-PEA),Pbl4:
MAPbI; thin film is 1.13 V, which is slightly larger than that (1.08 V) for
the PSCs based on the 3D MAPbI;3 thin film. A large built-in potential
corresponds to the PSCs with a large Voc [51]. Thus the PSCs based on
the (4F-PEA),Pbl4:MAPbDI;3 thin film exhibit a larger Voc compared to
that based on the 3D MAPbI3 thin film.

To further explore the underlying physics of boosted device perfor-
mance for the PSCs based on the (4F-PEA),Pbl4;:MAPDI3 thin film,
charge transfer resistance (Rcr) of PSCs is investigated and the results
are shown in Fig. 4b. The Ry observed from the PSCs based on the (4F-
PEA)>Pbl4:MAPDI3 thin film is 683 Q, which is smaller than that (803 Q)
from the PSCs based on the 3D MAPDbI; thin film. Since Rcr is related to
the interfaces between the H(E)EL and the electrodes and between the H
(E)EL and the perovskite active layer [52], a smaller R¢r indicates the
charge carrier transfer process is efficient within PSCs. A smaller Rer
from the PSCs based on the (4F-PEA),Pbl4:MAPDbI; thin film is ascribed
to the high-quality thin film and suppressed charge carrier recombina-
tion. Thus, the PSCs based on the (4F-PEA);Pbl4:MAPbDI3 thin film
possess an enhanced Jsc and FF compared to the PSCs based on the 3D
MAPDI; thin films.

The light intensity-dependent Jsc and V¢ are shown in Fig. 4c. Both
PSCs follow the power law of JgcxI®. where I is the light intensity and «
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is an index associated with bimolecular recombination [53,54]. A @ of 1
indicates the bimolecular recombination is completely suppressed [53,
54]. A a of 0.82 observed from the PSCs based on the 3D MAPbI3 thin
film indicates the bimolecular recombination is suppressed, which is
probably originated from relatively large crystal size (Scheme 1);
Whereas an o of 0.88 observed from the PSCs based on the
(4F-PEA),Pbl4:MAPDI3 thin film demonstrates that the bimolecular
recombination is significantly suppressed. Thus, the PSCs based on the
(4F-PEA),PbI4:MAPDI; thin film exhibit enhanced Jsc [53,54]. On the
other hand, the slope of the fitting line for the V¢ vs. I is described as
nKT/q, where n is the ideality factor, k is the Boltzmann constant, T is the

absolute temperature and q is the elementary charge, respectively. The
value of the slope is associated with the degree of trap-assisted charge
recombination within PSCs [54,55]. The PSCs based on the
(4F-PEA),Pbl4:MAPDI3 thin film have a slope of 0.040 (1.54 kT/q),
which is smaller than that (0.048, 1.85 kT/q) from the PSCs based on the
3D MAPDI; thin films. Such small slop indicates that the trap-assisted
charge recombination within the PSCs based on the (4F-PEA),;Pblys:
MAPDI; thin film is effectively suppressed, which can be ascribed to the
reduced trap density of the (4F-PEA),Pbl4:MAPbDI; thin film. As a result,
the PSCs based on the (4F-PEA),Pbl4:MAPbDI; thin film exhibit boosted
Jsc.

The shelf stability of unencapsulated PSCs measured in the ambient
atmosphere in the air with a relative humidity of ~30% is shown in
Fig. 4d. The PSCs based on the 3D MAPbI; thin film show an apparent
degradation in PCEs and maintain 50% of their initial PCE after 430 h
(hrs). In contrast, the PSCs based on the (4F-PEA),Pbl4:MAPDI3 thin film
maintain 50% of its initial PCE for nearly 5000 h. Moreover, for the PSCs
based on the (4F-PEA),Pbl4:MAPbDI; thin film, both V¢ and FF are kept
unchanged for more than 3600 h, but Jsc is decreased along with the
aging time; whereas, for the PSCs based on the 3D MAPbI3 thin film,
Voc, Jsc, and FF are decreased along with the aging time (Fig. S6).

The device performances of the PPDs with the same device structure
as the PSCs described above are also studied. The J-V characteristics of
PPDs measured at room temperature (RT) and under a monochromatic
light at A of 500 nm with the light intensity of 0.28 mW/cm? and in dark
are shown in Fig. 5a. Compared to the PPDs based on the 3D MAPbI3
thin film, the PPDs based on the (4F-PEA),Pbl4:MAPbI; thin film possess
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Fig. 4. (a) The C-V characteristics, (b) impedance spectra, (c) Jsc, Voc versus the light intensity measurements of the PSCs, and (d) the stability of un-encapsulated
PSCs, where the PSCs are based on either MAPDI; thin film or (4F-PEA),Pbl4:MAPbDI; thin film.
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larger photocurrent density (Jpn) and smaller dark current density
(Jdark), indicating that the PPDs based on the (4F-PEA),Pbl4:MAPDI3
thin film exhibit superior responsibility (R) and projected detectivity

(D*) as well [53]. On the other hand, based on the Voc = (nKT* In

Jph / Jo) / q, where Jy is reverse saturated Jqark, ¢ is the electron charge, k

is Boltzmann’s constant, and T is the temperature [54], respectively, a
small J, observed from the PPDs based on the (4F-PEA),Pbl,:MAPbI3
thin film indicates that the PSCs based on the (4F-PEA),Pbl4:MAPbI3
thin film possess a larger Voc compared to the PSCs based on the 3D
MAPDI3 thin film, which is consistent with the J-V characteristics
(Fig. 3a).

For two-terminal diodes, J is described as J = Jy [exp (q“gk;:f*)) -

1] — Jpn, where J is the total current density, Vis the applied voltage, g is

the elementary electron charge, Rg is the series resistance, n is the ideal
factor, kp is the Boltzmann constant, T is the absolute temperature, and
Jpn is the photocurrent [56-58]. Thus, the In(Jp, + J) versus the (V - RgJ)
and their linear fittings are shown in Fig. 5b. The Jy for the PPDs based
on the 3D MAPDI; thin film is 2.53 x 10710 mA/cmz, which is larger
than that (4.99 x 10~'®> mA/cm?) observed from the PPDs based on the
(4F-PEA),Pbl4:MAPDI;3 thin film, indicating that the PPDs based on the
(4F-PEA),PbI4:MAPDI; thin film exhibit suppressed Jg, consequently,
boosted D*. According to the equation of R = % = (EQE * 1)/1240
(where g is the elementary charge, h is the Planck constant, v is the
frequency of the incident light and 4 is the wavelength) and based on the
EQE spectra (Fig. 3b) [58], the R is calculated. The R values of PPDs are
shown in Fig. 5c. The R values of the PPDs based on the 3D MAPbI3 thin
film are smaller than those based on the (4F-PEA);Pbl4:MAPbDI3 thin
film. For example, at 1 of 500 nm, the R of the PPDs based on the 3D
MAPDI; thin film is 0.378 A/W, whereas the R of the PPDs based on the

(4F-PEA),Pbl4:MAPbDI; thin film is 0.504 A/W.
The D* is described as D* = R/\z/z_ql]; [59]. Based on the Jq (Fig. 5b)

and R, the D* versus wavelength (1) is obtained, and the results are
shown in Fig. 5c. It is found that the D* values from the PPDs based on
the 3D MAPDI; thin film are smaller than those based on the
(4F-PEA),Pbl4:MAPDI; thin film. For example, at 4 of 500 nm, the D* of
the PPDs based on the 3D MAPbI; thin film is 1.33 x 10'° Jones,
whereas the D* of the PPDs based on the (4F-PEA),Pbl4;:MAPDI3 thin
film is 3.99 x 10'® Jones. Thus, the PPDs based on (4F-PEA);Pbl,:
MAPDI; thin film exhibit boosted D*.

Fig. 5d presents the linear dynamic range (LDR) of PPDs. The LDR (or
photosensitivity linearity) (typically quoted in dB), is another key
parameter used to evaluate photodetectors (PDs), which is described as
LDR = 20 log(Jy, /J4), where J*pp is the Jp, measured at the light in-
tensity of 1 mW cm 2 [59]. At RT, the LDR of the PPDs based on the
(4F-PEA),Pbl4:MAPDI; thin film is 110 dB, which is higher than that (95
dB) of the PPDs based on the 3D MAPbI; thin film. Such a large LDR is
comparable to that of Si-based PDs (120 dB, at 77 K) and is significantly
higher than that (66 dB, at 4.2 K) of InGaAs-based PDs [57].

In addition, the results shown in Fig. 3d indicate that the PPDs based
on the (4F-PEA),Pbl4;:MAPDI3 thin film exhibit a fast response time
compared to that based on the 3D MAPDbI;3 thin film.

4. Conclusion

In conclusion, we reported novel 2D perovskites, which were based
on 4F-PEA organic spacer, which possesses a larger dipole moment
compared to PEA, a widely used organic spacer, and further form the 2D
mixed 3D perovskite composites. Systematically studies indicated that
the 2D:3D mixed perovskite thin film possessed superior film
morphology, larger crystal, and higher crystallinity compared to 3D
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perovskite thin film. Moreover, we investigated the device performance
of perovskite photovoltaics based on the 2D:3D mixed perovskite com-
posite thin film, which exhibited over 21.16 + 0.53% power conversion
efficiency with suppressed photocurrent hysteresis, over 10'® cm Hz!/
2W~! detectivity, and dramatically boosted stability. Our results indi-
cated that we provided a facile way to approach high-performance
perovskite photovoltaics.
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