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A processing additive dripping (PAD) approach to forming highly efficient
(CH;3;NH;)Pbl; (MAPDI;) perovskite layers was investigated.
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A MAPDI;(CB/DIO) perovskite film fabricated by this approach, which included
briefly dripping chlorobenzene incorporating a small amount of diiodooctane
(DIO) during casting of a MAPDI; perovskite precursor dissolved in
dimethylformamide, exhibited superior smooth, uniform morphologies with high
crystallinity and large grains and revealed completely homogeneous surface

coverage.
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The surface coverage and morphology of the substrate significantly affected the
photovoltaic performance of planar heterojunction (PHJ) perovskite solar cells
(PrSCs), resulting in a power conversion efficiency of 11.45% with high
opencircuit voltage of 0.91 V and the highest fill factor of 80.87 %.
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Moreover, the PAD approach could effectively provide efficient MAPbI;(CB/DIO)
perovskite layers for highly efficient, reproducible, uniform PHIJ PrSC devices

without performance loss or variation even over larger active areas.
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Chapter 1.

Study on Improved Morphology of Photoactive
Layer for High Efficiency Perovskite Solar Cells
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A. Introduction

Organometal halide perovskite solar cells (PrSCs) have recently received
considerable attention in the scientific community because they have exhibited
breakthrough power conversion efficiencies (PCEs) of ~20 %, making them
promising alternatives to conventional silicon-based solar cells.[1] The organometal
halides, especially alkylammonium lead halides, (RNH;)PbX; (R=alkyl, X=Cl, Br,
I), are direct-band-gap materials with hybrid organic-inorganic perovskite
structures; they exhibit outstanding performance as electron and hole conductors
and also as photosensitizers.[2] Notably, both the electron and hole diffusion
lengths were determined on long-ranged scales of ~100 nm and above 1 mm in
trilodide (CH3;NH;)Pbl; (MAPbI;) and mixed halide (CH3NH;)Pbl;Cly perovskite
materials, respectively.[3] Most of the very high PCEs have been achieved in
mesoscopic PrSCs, having an n-i-p type device architecture with a mesoscopic
metal oxide layer such as TiO, and require high temperatures of above 450C to
build mesoporous structures in the metal oxide layer.[lb, 2c, 4] However,
solution-processable organometal halide planar heterojunction (PHJ) PrSCs have
been of great interest very recently because of their facile and inexpensive
manufacturing processes, including versatile methods such as inkjet, doctor-blade,
and roll-to-roll printing.[11, 5] These p-i-n type PrSCs have often been fabricated
using PHJ bilayer structures of perovskite materials and an electron-transporting
material such as [6,6]-phenyl-Cs1 o 71-butyric acid methyl ester (PCei o
mBM).[1]]

In particular, because the crystallinity, uniformity, and coverage of perovskite
materials on the substrate are critical to improving the PCEs of devices, there
has been extensive research on developing efficient methods for the fabrication of
perovskite material layers in PHJ PrSCs. The following strategies have been
adopted for this purpose: (1) interdiffusion by sequential spin-casting or

simultaneous vacuum deposition of a metal halide such as Pbl, and an
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alkylammonium halide such as CH;NH;lL,[2b, ¢, 6] and (2) direct casting of a
perovskite precursor solution with various types of thermal annealing,[7]
solvent-engineering,[4, 8] adduct,[9] processing additive treatment,[10] or
components.[11] Among them, solvent-engineering in which a solvent such as
toluene, chlorobenzene, or ether is dripped briefly during casting of he perovskite
precursor significantly improved crystallinity, uniformity, and coverage of
perovskite materials,[4, 7b, 12] Also, incorporating a small amount of a
processing additive such as dihaloalkane, chloronaphthalene, or ammonium halide
into the perovskite precursor solution induced high crystallinity and a better
morphology.[10] These methods provided sufficiently high PCEs in PHJ PrSCs.
However, the PHJ PrSCs were often fabricated with a small active area and still
suffer from a large variation in device performance because the perovskite crystal
grains were randomly formed in the solution-processed films. Thus, it is
challenging to find methods that enhance the uniformity of the film morphology
toward large area PHJ PrSCs, which are essential for commercial application.

On the other hand, very recently, we reported improved efficiency in organic
solar cells having a ternary bulk heterojunction (TBHJ) configuration consisting of
nanostructured MAPDI; perovskite-low bandgap polymer-PCBM.[13] The TBHJ
device constructed with a PCPDTBT-PCBM bulk heterojunction (BHJ) integrated
on diiodooctane (DIO)-treated MAPbDI; perovskite nanostructures exhibited better
photovoltaic performance than a BHJ device without perovskite materials. DIO
treatment of MAPbI; nanostructures played a key role in developing perovskite
crystallinity. In addition, the additive reportedly helped to form a smooth and
uniform film with flawless perovskite nanocrystals.[10] Thus inspired, we
attempted to induce a more uniform morphology in perovskite films by using the
processing additive dripping (PAD) approach, in which a solvent incorporating a
small amount of DIO processing additive is briefly dripped during casting of the
perovskite precursor. We speculated that PHJ PrSCs with perovskite materials

fabricated by the PAD method may exhibit superior performance with little
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variation and be applicable to larger area devices.

Herein, we report improved efficiency in PHJ PrSCs with a MAPbI;(CB/DIO)
perovskite film by a simple PAD approach, which was readily demonstrated by
briefly dripping chlorobenzene incorporating a small amount of diiodooctane
(DIO) during casting of a MAPbI; perovskite precursor dissolved in
dimethylformamide (DMF). These films, cast on an the indium tin oxide
(ITO)/poly(3,4-ethylenedioxythiophene):poly-(styrenesulfonate)(PEDOT:PSS)
substrate by the PAD method exhibited a superior smooth, uniform morphology
with high crystallinity and large grain and were compared with pristine MAPbI;
and MAPDI;/DIO fabricated from precursor solution without and with DIO
additive, respectively, and MAPDI;(CB) and MAPDbI;/ DIO(CB) fabricated by
briefly dripping chlorobenzene during casting of the precursor solution with and
without DIO additive, respectively.

Notably, the p-i-n type PHJ PrSC device -consisting of ITO/PEDOT:
PSS/MAPbBI;(CB/DIO)/PCs;BM/Al exhibited a improved efficiency compared those
with pristine MAPbI;, MAPbI;/DIO, MAPbI;(CB), or MAPbI;/DIO(CB). Further,
the results obtained using the PAD approach showed high batch-to-batch
reproducibility and high uniformity, with little variation between individual
devices on the substrate, which is suitable for large-area devices. Scheme 1
shows the preparation of MAPDI;(CB) and MAPbI;(CB/DIO) perovskite films
fabricated by briefly dripping a solvent with or without DIO additive and their
PHJ PrSC device architectures, in which there are five individual solar cell

devices on a substrate.
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B. Experimental Section

1. Materials

Pbl, was purchased from Aldrich and CH3;NH;l was prepared according to a
method reported previously.[1g] All solvents were purchased from Sigma-Aldrich,
TCI, and Alfa Aesar and were purified using appropriate methods. The MAPbI;
precursor solution was prepared under a nitrogen atmosphere. The PCBM was

obtained from Nano-C.

2. Solar cell fabrication

ITO-coated glass substrates were cleaned with detergent, ultrasonicated in
acetone and isopropyl alcohol, and dried overnight in an oven. PEDOT:PSS
(Heraeus, Clevios P VP.AI 4083) in an aqueous solution was spin-cast on the
ITO substrates to form a film ~35 nm in thickness. The substrate was dried for
10 min at 140C in air and transferred into a glove box for spin-casting of the
MAPDI; precursor solution. The MAPbDI; precursor solution was prepared using
Pbl, and CH3NH;I (molar ratio, 1:1) in DMF at 60 wt% and stirred at 60C for
12 h. MAPDI; perovskite films were deposited on the PEDOT:PSS/ITO substrate
a follows: (i) pristine MAPDbIs: spin-casting at 5000 rpm for 30 s using the
MAPDI; precursor solution, (ii) MAPDbI3/DIO: spin-casting at 5000 rpm for 30 s
using the MAPDI; precursor solution with DIO additive (3 vol %), (iii)
MAPDI;(CB): spin-casting at 5000 rpm for 30 s using the MAPbI; precursor
solution followed by dripping of chlorobenzene in 6 s, (iv) MAPbI;/DIO(CB):
spin-casting at 5000 rpm for 30 s using the MAPbI; precursor solution with DIO
additive (3 vol%) followed by dripping of chlorobenzene in 6 s, (V)
MAPbBI;(CB/DIO) spin-casting at 5000 rpm for 30s using the MAPDbI; precursor
solution with DIO additive (3 vol%) followed by dripping of chlorobenzene with
DIO additive (3 vol%) in 6 s. Then, the substrate was dried on a hot plate at
100°C for 10 min. The PCsBM solution were spin-cast on top of the MAPDI;

_5_
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layer followed by heat-treatment at 80°C for 10 min. Finally, an Al metal
electrode of thickness ~100 nm was deposited on top of the MAPDI;/PCs BM

PHJ film under reduced pressure (less than 10 Torr).

3. Measurements and instruments

The surface morphologies were imaged using a FESEM (NovananoSEM 450,
FEI, Netherlands). The perovskite crystallinities of MAPDbI3 films were
investigated using XRD (D/Max2500 V/PC, Rigaku Corp, Japan). The solar cells
efficiencies were characterized under simulated 100 mWem™® AM 1.5G irradiation
from a Xe arc lamp with an AM 1.5 global filter. The simulator irradiance was
characterized using a calibrated spectrometer and the illumination intensity was set
using a silicon diode with an integrated KGI1 optical filter certified by the
National Renewable Energy Laboratory. The spectral mismatch factors were
calculated to be less than 5% for each device. The short circuit currents were
also found to be within 5% of the values calculated using the integrated external
quantum efficiency spectra and the solar spectrum. The applied potential and cell
currents were measured using a Keithley model 2400 digital source meter. The
current-voltage (J-V) curves were measured at a voltage settling time of 100 ms.
The J-V curves were measured at a voltage settling time of 100 ms. The short
circuit currents were also observed to be within 5% of the values calculated
using the integrated external quantum efficiency (EQE) spectra and the solar
spectrum. The applied potential and cell currents were measured using a Keithley
2400 digital source meter. The J-V curves were measured at a voltage settling
time of 100 ms. The EQEs were measured by under filling the device area using
a reflective microscope objective to focus the light output from a 75 W Xe
lamp, a monochromator, and an optical chopper. The photocurrent was measured
using a lock-in amplifier, the absolute photon flux was determined using a
calibrated silicon photodiode and was recorded for 5 s per point (80 points)

between 350-1100 nm.
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C. Result and discussion

Figure 1 presents (a—e) field emission scanning electron microscope (FESEM)
surface images and (f) photographs of MAPbI; perovskite films fabricated by
varying methods of casting a MAPbI; perovskite precursor in DMF solvent on
ITO/PEDOT:PSS substrates: (a) pristine MAPbI;, (b) MAPbI/DIO, (c¢)
MAPbLI;(CB), (d) MAPbI;/DIO(CB), and (e¢) MAPDbI;(CB/DIO). Figure la and 1b
show the pristine MAPbl; and MAPDbI;/DIO films cast from the precursor
solution without and with DIO additive, which generally exhibited longitudinal
morphologies with sparse surface coverage on the ITO/PEDOT:PSS substrate. In
addition, a rather large number of pinholes appeared sporadically in the
MAPDBI;/DIO perovskite morphology. They might be caused by the DIO additive
in the MAPDI; precursor solution. The pristine MAPbl; and MAPbI;/DIO
perovskite films exhibited poor transparency and high turbidity, as shown in
Figure 1 f. Meanwhile, the MAPbI;(CB) perovskite film cast from the precursor
solution with solvent dripping also exhibited not only longitudinal morphologies
like those of MAPDbI; and MAPbI;/DIO, but also well-formed surface coverage on
the ITO/PEDOT:PSS substrate, as shown in Figure lc. Note that the solvent
dripping during casting of the MAPDbI; precursor solution can obviously help to
fill the gaps between the longitudinal features with sparse surface coverage on
the ITO/PEDOT:PSS substrate. However, as shown in Figure 1d and le, there
were no directional morphologies in the MAPbI;/DIO(CB) and MAPbI;(CB/DIO)
perovskite films showed more smooth and uniform surface morphologies than
MAPDI;(CB). The surface uniformity of the pristine MAPbl;, MAPbI:/DIO,
MAPbDI;(CB), MAPbI;/DIO(CB), and MAPDI;(CB/DIO) perovskite films could be
also determined in length scale of 5 mm using the surface profiling analysis,
showing in the root-mean-square roughness values of 42.94, 45.78, 2.63, 2.01,
and 0.89 nm (see Figure S1 in the Supporting Information). These were closely

correlated with their surface morphologies shown in Figure 1. Interestingly, the
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MAPDI;(CB/DIO) perovskite film revealed completely homogeneous surface
coverage on the ITO/PEDOT:PSS substrates, whereas many pinholes with large
diameters of 1~3 mm appeared throughout the MAPbI;/DIO(CB) perovskite film.
These pinholes are thought to results from washing of DIO additive from the
MAPDI;/DIO(CB)  perovskite  film  during chlorobenzene  dripping.  The
MAPbBI;(CB), MAPDbI;/DIO(CB), and MAPbI;(CB/DIO) perovskite films exhibited
much better transparency than the MAPbI; and MAPbI;/DIO perovskite films
(Figure 1 f). These results indicate that the PAD method might be very useful
and important approach with synergetic effects from DIO additive and solvent
dripping to improve the performance of PHJ PrSCs. The surface coverage and
morphology of the substrate might significantly affect the photovoltaic

performance of the PHJ PrSCs, as discussed below.
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Scheme 1. Schematic descriptions for preparation of MAPbI;(CB) and
MAPDI;(CB/DIO) films fabricated by time interval solvent-dripping with and

without DIO additive, respectively, and their PHJ PrSC device structures.
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Pristine MAPbI; MAPbl; MAPbl, MAPbDI,
MAPbI, /DIO (CB) /DIO(CB) (CB/DIO)

Figure 1. FESEM surface images of MAPDI; perovskite films that were
fabricated by varying casting method of MAPDI; perovskite precursor in the DMF
solvent on ITO/PEDOT:PSS substrates: (a) pristine MAPbI;, (b) MAPbI3/DIO, (c)
MAPbLI;(CB), (d) MAPbLI/DIO(CB), and (e) MAPDbI;(CB/DIO) and (f) their

picture images.
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(c) MAPbI;(CB), (d) MAPDbI;/DIO(CB), and (e¢) MAPbI;(CB/DIO) perovskite films

in 5 mm length scale.
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Figure 2 shows the X-ray diffraction (XRD) patterns of the pristine MAPbI;,
MAPbI;/DIO, MAPDI;(CB), MAPbI;/DIO(CB), and MAPDI;(CB/DIO) perovskite
films. The XRD patterns exhibited the typical perovskite crystallinity of MAPbI;
without the typical patterns of Pbl.[2b] The (310) directional crystallinity of
MAPDI; perovskite was observed with much lower peak intensities in the XRD
patterns of the pristine MAPDbI; and MAPDI;/DIO films than in those of
MAPbBI;(CB), MAPbI:/DIO(CB), and MAPDI;(CB/DIO). These results were in
good agreement with the structural morphologies shown in Figure 1. Notably, the
(110) peak in the XRD pattern of MAPbI3(CB) perovskite film exhibited a
somewhat lower intensity than the (220) peak compared to those in other
perovskite films, indicating that the solvent dripping approach might induce (220)
and (310) directional crystal growth of MAPbI; perovskite.

_’|2_
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Figure 2. (a) XRD patterns of pristine MAPbI; (green), MAPbI3/DIO (orange),
MAPDI;(CB) (magenta), MAPbI;/DIO(CB) (blue), and MAPDI;(CB/DIO) (red)

perovskite films.
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Next, PHJ PrSC devices were fabricated using the pristine MAPDI;,
MAPbI;/DIO, MAPDI;(CB), MAPbI;/DIO(CB), and MAPDI;(CB/DIO) perovskite
films and PCsBM. Figure 3 shows the current density-voltage (J-V) curves under
AM 1.5 irradiation (100 mWcm™), where panels (a) and (b) show the average
and best performances, respectively of 44 individual p-i-n type PHJ PrSC devices
composed of ITO/PEDOT:PSS/MAPDLI;/PCsBM/Al  fabricated using pristine
MAPbI;, MAPDbI;/DIO, MAPbI;(CB), MAPDbI;/DIO(CB), and MAPbI;(CB/DIO)
perovskite films. The corresponding values are summarized in Table 1. As shown
in Figure 3 and Table 1, the PHJ PrSC devices fabricated using pristine MAPbI;
and MAPDI;/DIO perovskite films exhibited very poor photovoltaic performance.
This might be the results of their poor morphologies and sparse surface coverages
(Figure 1). Meanwhile, most of the PHJ PrSC devices in which the films were
fabricated using the solvent dripping approach with/without DIO additive showed
significantly improved photovoltaic performance compared to those using pristine
MAPbI; and MAPbI3/DIO perovskite films because of the full coverage and good
surface ~ morphologies of the  MAPDI;(CB), MAPbI;/DIO(CB), and
MAPbBI;(CB/DIO) perovskite films. The PHJ PrSC devices with MAPbI;(CB),
MAPbLI;/DIO(CB), and MAPbLI;(CB/DIO) perovskite films exhibited a PCE
(best/average) of 10.13 %/8.84% with a short-circuit current density (Jy)
(best/average) of 16.11/14.48 mAcm?™, an open-circuit voltage (V..) (best/average)
of 0.78/0.78 V, and fill factor (FF) (best/average) of 80.60 %/78.27 %; a PCE
of 8.98 %/5.61% with J,,=15.67/11.68 mAcm™, V,=0.76/0.68 V, and FF=75.37%/
7059 %; and a PCE of 11.45/10.19% with JI,=15.56/ 1420 mAcm?
V,=0.91/0.89 V, and FF=80.87 %/80.64 %, respectively. Although these values,
especially J,, were relatively low compared to those reported previously, this is
attributed to the low thickness of the MAPbI; used in this work (~250:30 nm)
owing to the high spin-casting rate of 5000 rpm, despite the MAPbI; precursor
concentration of 60 wt% (Figure S2). As shown in Figure 3a, the best PCE of
11.45% was observed in the PHJ PrSC device with MAPbI;(CB/DIO) perovskite
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films; it showed a higher Voc of 091 V and F.F of 80.87 %, which might be
the highest record FF value compared with those of p-i-n type PHJ PrSC devices
composed of ITO/PEDOT: PSS/MAPDLI;/PCqiBM/Al reported previously,[14]
despite the slightly lower J,. value than the device with MAPbI;(CB) and
MAPDBI;/DIO(CB) perovskite films. These improvements in V,. and FF might
originate from the superior smooth morphology and surface coverage of the
perovskite film, resulting in less recombination in interfaces with PEDOT:PSS (or
PCBM).[15] Although these best PCE values in solar cell devices have been
considered the most important achievement, we often find it difficult to reproduce

the best performance.

Table 1. Photovoltaic performances of the p-i-n type PHJ PrSC devices with

pristine  MAPbL;,  MAPbIL/DIO, MAPDL(CB), MAPbL/DIO(CB), and
MAPDIL;(CB/DIO)  perovskite films."

war, MO e ek andoe

MAPbI; %.32%/ %-‘%67/ 22%25%/ 0.8%621/
MAPbL/DIO 01-})‘4“/ %.%25/ 2242})%/ 0.(()).(())(17/
wwan W W
wmmocy S48 RY 3
N R

[a] The performances are determined under simulated 100 mWcem™® AM 1.5
illumination. The light intensity using calibrated standard silicon solar cells with
a proactive window made from KGS5 filter glass traced to the NREL. The active
area of device is 4.5 mm2. [b] These values were determined from the average

of individual 44 solar cells.
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Figure 3. J-V curves under AM 1.5 irradiation (100 mWcm™) (a) average and

(b) best performances obtained from the 44 individual p-i-n type PHJ PrSC
devices composed of ITO/PEDOT:PSS/MAPDI;/PCs;BM/Al fabricated with pristine
MAPDI; (green), MAPDI;/DIO (magenta), MAPbI;(CB) (black), MAPbl;/ DIO(CB)
(blue), and MAPbI;(CB/DIO) (red) perovskite films.
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Figure S2. Cross-sectional FESEM image of PHJ PrSC device composed of
ITO/PEDOT:PSS/MAPbI3/PCs BM/Alusedinthiswork.
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Thus, we obtained these J-V curves from the average performance of 44
individual PHJ PrSC devices fabricated under the same conditions on different
dates, which might be important to demonstrate the batch-to-batch reproducibility
of the device performance. As shown in Figure 3b and Table 1, the PHJ PrSC
devices fabricated using MAPbLI;(CB) and MAPDI;/DIO(CB) perovskite films
exhibited average PCEs of 8.84% and 5.61 %, respectively, showing large
variations in J,. values with their best performances, whereas the PHJ PrSC
devices fabricated with MAPDI;(CB/DIO) perovskite films exhibited an average
PCE of 10.19 %, showing a rather small variation in all parameter values from
its best performance compared those using MAPDI;(CB) and MAPDI;/DIO(CB)
perovskite films. Also these device performances were compared from
batch-tobatch on ten different dates (see Figure S3-S5 in Supporting Information).
These results might originate in smoother surface and more complete coverage of
the MAPbDI;(CB/DIO) perovskite film compared to the MAPbLI;(CB) and
MAPDI;/DIO(CB) perovskite films as shown in Figure 1.
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Figure S3. Photovoltaic performances
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Figure S§4. Photovoltaic performances obtained from batch-to-batch on ten
different dates for the 44 individual PHJ PrSC device fabricated using
MAPbBI;/DIO(CB) perovskite films.
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Figure 4 shows the distributions of the photovoltaic performance parameters of
the 44 individual PHJ PrSC devices with MAPbI;(CB), MAPbI;/DIO(CB), and
MAPDI;(CB/DIO) perovskite films. The PHJ PrSC devices fabricated using
MAPDBI;/DIO(CB) films exhibited irregular distributions with a large variation in
all the parameters: PCEs=5.17 %-8.98 %, J,~=8.00-15.67 mAcm‘z, Vo=0.53-0.90
V, and FF=68.62 %81.87 %. These might be the results of the nonuniform
surface morphologies with large pinholes observed in the MAPDbI;/DIO(CB)
perovskite film. The PHJ PrSC devices fabricated using MAPDbI;(CB) perovskite
films exhibited a more regular distribution than those with MAPbI;/DIO(CB)
perovskite films, but rather large variation in all the parameters, especially the Jsc
values: PCEs=7.61-10.13%, J,=11.42-16.67 mAcm?, V,=0.71-0.83 V, and
FF=67.58-81.30 %. Notably, the PHJ PrSC devices fabricated using
MAPDBI;(CB/DIO) perovskite films exhibited the most regular distribution with
small variation and high performance in all the parameters: PCEs=9.0-11.45 %,
J,=12.67-15.56 mAcm?, V,=0.85-0.94, and FF=78.48-81.94 %. These results
indicate that the PAD approach can effectively provide superior surface
morphologies in perovskite films for highly efficient and reproducible PHJ PrSC

devices.
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Figure 4. Distribution of photovoltaic performances for the 44 individual PHJ
PrSC devices with MAPbI3(CB) (black), MAPbI;/DIO(CB) (blue), and MAPbDI;(
CB/DIO) (red) perovskite films.
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On the other hand, PHJ PrSCs have often shown the best performance for
device structures with a small active area, but still suffer from rather poor
performance when the active area is large. We speculated that the high
uniformity of a solutionprocessed perovskite film cast on a substrate might help
to achieve high efficiencies on large-area PHJ PrSCs without performance loss or
variation because the solution-processed PHJ PrSCs often have randomly formed
perovskite crystal grains and surface morphologies. Figure 5 shows (a) the J-V
curves of high efficiency PHJ PrSC devices fabricated using MAPbI;(CB),
MAPbBI;/DIO(CB), and MAPbBI;(CB/DIO) perovskite films having three times
larger active areas of 14 mm’ compared to those (4.5 mm?) shown in Figure 4
and (b) hysteretic J-V curve behavior under scanning in the forward and reverse
directions for PHJ PrSC devices fabricated using MAPDI;(CB) and MAPDI;(
CB/DIO) perovskite films. As shown Figure 5a, in this device architecture, there
are two individual solar cell devices on a substrate. Two PHJ PrSC devices
fabricated using MAPDI;/DIO(CB) perovskite films on a substrate presented a
large variation in the V,. and FF values and two PHJ PrSC devices fabricated
with MAPbI;(CB) perovskite films on a substrate exhibited a slight variation in
the FF values, whereas two PHJ PrSC devices fabricated using MAPbI;(CB/DIO)
perovskite films on a substrate exhibited almost the same photovoltaic
performance, showing the comparable efficiencies with those with active area of
45 mm’ on a substrate. These results indicate that the high uniformity of
MAPDI;(CB/DIO) perovskite films cast on a substrate could enable PHJ PrSCs to
achieve high efficiencies without performance loss or variation between devices,
even over a larger active area, compared to MAPbI3(CB) and MAPbI;/DIO(CB)
perovskite films. Besides, we often find large hysteretic J-V curve behavior in
PrSC devices under scanning in the forward and reverse directions, where the
forward scan generally yields better performance than the reverse scan,[16]
However, the  p-i-n  type PHJ  PrSC device configuration  of
ITO/PEDOT:PSS/MAPDI;/PCs;BM/Al  showed negligible hysteretic J-V  curve
behavior under forward and reverse scans.[17] The PHIJ PrSC devices fabricated
using MAPbI;(CB) perovskite films also exhibited a negligible hysteretic J-V
curve. Interestingly, the PHJ PrSC devices fabricated using MAPDbI;(CB/DIO)

perovskite films exhibited better photovoltaic performance with slightly enhanced
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V,. and FF values under reverse scanning compared to those under forward
scanning (Figure 5b). However this unprecedented hysteretic behavior in the PHJ
PrSC devices fabricated using MAPbI;(CB/DIO) perovskite films is not fully

understood.
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Figure 5. (a) J-V curves for two individual PHJ PrSC devices fabricated with
MAPDI;(CB) (black), MAPbI;/DIO(CB) (blue), and MAPbLI;(CB/DIO) (red),
perovskite films having large active areas of 14 mm’ on a substrate and (b)
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PC4;BM processed with DIO (3vol%).
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Figure §8. FESEM surface images for grain size of MAPbI; perovskite films
that were fabricated by varying casting method of MAPDI; perovskite precursorin
the DMF solvent on ITO/PEDOT:PSS substrates: (a) pristine MAPDbI;, (b)
MAPbI3/DIO, (c) MAPbI;(CB), (d) MAPbI;/DIO(CB), and (e) MAPbI;(CB/DIO).
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D. Conclusion

We demonstrated improved photovoltaic performance in PHJ PrSCs using a
highly efficient MAPbI; perovskite layer prepared by the PAD approach, in
which chlorobenzene incorporating a small amount of DIO is briefly dripped
during casting of a MAPbI3 perovskite precursor dissolved in DMF. The
MAPDI3(CB/DIO) perovskite film fabricated by the PAD method on an
ITO/PEDOT:PSS substrate exhibited superior smooth and uniform morphologies
with high crystallinity and large grain compared to MAPbI;, MAPbI3/DIO,
MAPDBI3(CB), and MAPDbI3/DIO(CB) perovskite films. The surface coverage and
morphology on the substrate significantly affected the photovoltaic performance of
the PHJ PrSCs. Moreover, the PAD approach could effectively provide efficient
MAPDI3(CB/DIO) perovskite layer for highly efficient, reproducible, uniform PHJ
PrSC devices without performance loss or variation, even over a larger active
area. In addition, the PHJ PrSC devices fabricated using MAPbI3(CB/DIO)
perovskite films exhibited unprecedented hysteretic behavior, showing slightly
enhanced V,. and FF values under reverse scanning compared to those under
forward scanning. We believe that the results of this study introduce a new
direction for the development of high efficiency PHJ PrSCs. Further studies of
effective PAD approaches using various processing additives for high efficiency

PHJ PrSCs are ongoing.
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