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Enhanced Efficiency of Hot-Cast Large-Area Planar
Perovskite Solar Cells/Modules Having Controlled

Chloride Incorporation

Hsueh-Chung Liao, Peijun Guo, Che-Pu Hsu, Ma Lin, Binghao Wang,
Li Zeng, Wei Huang, Chan Myae Myae Soe, Wei-Fang Su, Michael J. Bedzyk,
Michael R. Wasielewski, Antonio Facchetti, Robert P. H. Chang,*

Mercouri G. Kanatzidis,* and Tobin J. Marks*

Organic—inorganic perovskite photovoltaics are an emerging solar technology.
Developing materials and processing techniques that can be implemented in
large-scale manufacturing is extremely important for realizing the potential
of commercialization. Here we report a hot-casting process with controlled
CI- incorporation which enables high stability and high power-conversion-
efficiencies (PCEs) of 18.2% for small area (0.09 cm?) and 15.4% for large-
area (=1 cm?) single solar cells. The enhanced performance versus tri-iodide
perovskites can be ascribed to longer carrier diffusion lengths, improved
uniformity of the perovskite film morphology, favorable perovskite crystallite
orientation, a halide concentration gradient in the perovskite film, and reduced
recombination by introducing CI~. Additionally, CI~ improves the device
stability by passivating the reaction between I~ and the silver electrode. High-
quality thin films deployed over a large-area 5 cm X 5 cm eight-cell module
have been fabricated and exhibit an active-area PCE of 12.0%. The feasibility of
material and processing strategies in industrial large-scale coating techniques
is then shown by demonstrating a “dip-coating” process which shows promise
for large throughput production of perovskite solar modules.

1. Introduction

Perovskite solar cells have attracted
great interest because of their adapt-
ability to solution processing, tunability
of optoelectronic properties, achievement
of high power-conversion-efficiencies
(PCEs), etc.l¥ The ambipolar semicon-
ducting methylammonium lead tri-iodide
(MAPbI;) has dominated perovskite
research activity over the past few years
and can be employed in various device
architectures, for example, p-i-n planar
structures, oxide-based mesoporous struc-
tures, etc.l1™ The p-i-n planar structure,
specifically the inverted type in which the
p-type coated transparent conducting oxide
(TCO) lies below the perovskite absorber,
has recently shown great promise
because of its simplified fabrication and
reduced hysteresis effects in current—
voltage response.’! Although the record
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efficiencies >22% have been reached in the NREL solar cell
efficiency chart, device areas are still small, <0.1 cm?, raising
issues such as measurement contacts, film uniformity, periph-
eral effects, etc.>>”7] The availability of large-area cells/modules
and their performance characterization are thus critical to eval-
uating newly developed processing techniques and materials
for future commercialization. For successful implementation of
large-area cells, the p-i-n planar device architecture is of great
promise for its low temperature/fewer steps processing and
realization of efficiencies >19%.18% Chen et al. recently certified
a p-i-n planar perovskite solar cell of 15.0% PCE with a cell area
>1 cm? which was the first perovskite photovoltaic record listed
in the Solar Cell Efficiency Tables.®l Of various film fabrica-
tion methods introduced to the field, the solvent-engineering
process has been heavily used®'% in which the perovskite pre-
cursor solution is spin-coated onto the substrate followed by
dropping anti-solvent during the substrate spinning. Neverthe-
less, we find that spinning off of the anti-solvent greatly limits
the spin-coating technique since it is difficult to perform the
solvent washing steps with industrial scale coating techniques
such as slot-die coating, spray coating, doctor blade coating,
dip-coating, etc. In contrast, techniques based on temperature
control are more practical and mature for manufacturing scale
equipment.

Hot-casting, in which the perovskite solution is coated on a
pre-heated substrate, represents a promising processing strategy
in commercial coating techniques for large throughput, ultrafast
production.l'’~*] Conventionally, pre-heated substrates are used
to facilitate the film formation and crystallization while still
requiring post thermal treatments. Recently, Nie et al. reported
the first example where high-quality, large-sized perovskite
grains grow rapidly on a preheated substrate without post-
treatment, namely, a one-step process which promises rapid,
high throughput production, using methylammoniun chloride
(MACI) and lead iodide (PbI,).l'Y In subsequent work, these
authors also incorporated I, or methylammonium iodide (MAI)
in the precursor solution as an additive to the MACI + PbI, pre-
cursor to suppress the undesired methylammonium lead tri-
chloride (MAPDbCL;) formation. MAPbCI; has a large bandgap
(>2.97 eV)[Pl and fails to contribute to photocurrent beyond
the ultraviolet region of the solar spectrum, and can cause sig-
nificant irregularities in device performance.'!! However, in
both cases using MACI as the major precursor yield various
amounts of MAPDCl; in addition to the photoactive MAPDI;
phase. The MAPDbCIl; phase is also produced in other pro-
cessing methods utilizing CI~ precursors.'*°l In contrast, it is
known that the Cl™-derived perovskite compound (MAPbI;,,Cl,)
having small amounts of residual Cl= (x < 0.05 at%) pos-
sesses superior optoelectronic properties.?*?’l Specifically,
trace controlled CI~ incorporation into the perovskite crystals
improves the morphology,?-2>28 increases the carrier diffu-
sion length,*26 passivates trap states,*”! and enhances crystal-
linity!®! as compared to pure MAPbI;. However, control of the
Cl~ content is challenging in the aforementioned processing
approaches, owing to the poorly defined sublimation character-
istics of CI~ sources such as MACI or ambiguous crystallization
kinetics.[20-223031 Consequently, developing a reliable process
for controlling CI”~ incorporation while preventing deleterious
MAPbDCI; formation is important for achieving high PCEs and
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highly reproducible devices/modules for further scale-up. Hot-
casting is therefore promising for such compositional engi-
neering due to the ultrafast crystallization rate for preserving
the incorporated elements.

Here we report a one-step hot-casting perovskite system
with controlled CI~ incorporation to achieve a high PCE of
18.2%. The PbI, + MAI were chosen as the major precursors,
and various amounts of the CI~ precursors PbCl, + MACI in
stoichiometric ratio (3, 5, 10, and 20 at%) with respective to the
major precursors are included as additives for better controlling
the CI” incorporation (cf., Experimental Section and Table S1,
Supporting Information). Compared to the aforementioned
tri-iodide perovskite with PCE = 15.5%, the enhancement with
3-5 at% Cl~ incorporation can be attributed to longer carrier dif-
fusion lengths, improved perovskite film morphology, preferred
orientation of perovskite crystallites, a halide concentration gra-
dient throughout the perovskite film, and reduced recombina-
tion. Additionally, CI~ plays a role in increasing device stability
by passivating the reaction between I~ and the silver electrode.
Furthermore, we report scaling up the single cell area to =1 cm?
with PCE of 15.4%. A 5 cm x 5 cm eight-cell module is also
fabricated with an active-area PCE of 12.0%. Finally, a “hot dip-
coating” process is representatively chosen, among the large-
scale coating techniques, for demonstrating the viability of the
present hot-casting system in high throughput coating tech-
niques, highlighting its promise for perovskite solar module
production (Supporting Information).

2. Results and Discussion

Perovskite film processing begins with the MAPbI; tri-iodide
compound hot-cast from stoichiometric Pbl, and MAI
salts (1:1 molar ratio) instead of the conventional PbI, and
MACLM2 Various amounts (3-20 at% with respect to
PbI, + MAI) of the PbCl, and MACI chloride precursors are
additionally introduced into the PbI, + MAI pure-iodide pre-
cursor solutions. The details of the solution preparation can be
found in the Experimental Section and Table S1 (Supporting
Information). This precursor system enables a better control
of the CI” incorporation compared to the conventional PbI,
and MACI, which leads to excess undesirable MAPbCI; phase
formation The increase in light harvesting can be clearly seen
by the film color in the photographic images (Figure S1, Sup-
porting Information) where the PbI, + MAI perovskite film is
dark brown while the PbI, + MACI film is lighter and semi-
transparent at similar film thicknesses (=350 nm). Note that the
composition percentages are the incorporation ratio of the pre-
cursors and nominal for the final perovskite products.

Chloride precursors remarkably affect the crystallization
kinetics during film deposition in conventional perovskite
processing approaches.l?l Here we investigate the impact of
undesirable MAPbCl; phase formation on the morphology of
hot-cast perovskite films. Optical microscopy (OM), scanning
electron microscopy (SEM), and atomic force microscopy (AFM)
images of MAPDI; with varying amounts of added Cl~ are pre-
sented in Figure 1 top, middle, and bottom rows, respectively.
The OM images of the Cl-free MAPbI; film reveal poor sur-
face coverage with large densities of pinholes (bright regions).
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Figure 1. Morphological characterization of perovskite MAPbI; films without and with 3%, 5%, 10%, and 20 at% Cl~ incorporation by optical microscopy

(top row), SEM (middle row), and AFM (bottom row).

In contrast, Cl™ incorporation at >3 at% significantly enhances
film uniformity, with continuous coverage across the entire sur-
face. More closely examining the microstructure by SEM reveals
that all of the perovskite films have tightly packed grains with
grain sizes ranging from hundreds of nm to 1 um. Note that a
precipitate forms as seen in the SEM images (Figure 1, middle
row), spreading over the Cl -containing perovskite grains, and
their density as well as dimensions increase with increased Cl~
loading. The faceted precipitates in the heavily Cl™-incorporated
perovskite films (20 at%) create tattered and non-uniform sur-
faces. The line scans from SEM energy dispersive spectroscopy
(EDS; Figure S2, Supporting Information) on a 10 at% CI~
incorporated perovskite film indicate that these precipitates are
chlorine-rich.

To complement the bulk sensitive SEM-EDS measurements,
surface-sensitive X-ray photoelectron spectroscopy (XPS) was
also performed (Figure S3, Supporting Information) using
ion sputtering. A clear distribution gradient of the halide ele-
ments throughout the perovskite films is observed where the
top surface is Cl™-rich while the material closer to the substrate
is I"-rich. Surprisingly, such a Cl7/I" distribution is opposite to
that of conventional n-i-p device cell architectures in which CI~
preferentially distributes closer to the TiO, substrates.[3234 We
speculate that the crystallization kinetics and substrate halide
affinity play important roles in the present case. The included
CI™ precursors tend to naturally aggregate due to lower solu-
bility.l'®28 Unlike conventional processing methods in which
the Cl~-derived compounds appear to serve as a template,[?’]
in the hot-casting approach the solvent dries instantly upon
contact with the hot substrates and draws the pre-aggregated
Cl™-rich domains toward the surfaces. Consequently, the rapid
crystallization creates a gradient of halide distribution as well
as morphological changes, with small grains distributing over
the surfaces. From an electronic perspective, the Cl™ at the
perovskite—electron transporting layer interfaces (PCq;BM is on
top) is advantageous for directional electron extraction due to
the conduction band bending.*2

AFM images further assist to clarify the film surface topog-
raphy. With controlled Cl™ incorporation ranging from 3 to
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=10 at%, the perovskite films are significantly smoothed versus
the Cl™-free films, with remarkably reduced root-mean-square
(rms) roughnesses, i.e., from 216 nm for MAPbI; to 49.9, 32.2,
and 36.8 nm for 3, 5, and 10 at% Cl~ incorporation, respec-
tively. Over-loading Cl~ (20 at%) however erodes the surface
uniformity with large fragments of perovskite appearing on top
and an rms roughness of 51.9 nm, consistent with the SEM
image.

Figure 2a shows X-ray diffraction (XRD) patterns of the
tri-iodide perovskite films and perovskite films with varying
amounts of Cl™ incorporation. The simulated patterns for
MAPDI; and MAPDbCI;, and the pattern for the fluorine-doped
tin oxide (FTO) substrate are presented for comparison. Accord-
ingly, the tri-iodide perovskite exhibits a tetragonal 14 cm crystal
structure in which the Bragg peaks at 14.14°, 20.05°, 23.54°,
28.51°, and 31.96° can be assigned to the (110), (020), (121),
(220), and (130) planes of the MAPDI; crystallites, respectively.*]
Increasing the amount of Cl~ leads to remarkably enhanced
(110) scattering intensity while the (020) intensity is reduced,
indicating that Cl~ incorporation promotes a preferred perovs-
kite (110) orientation with the c-axis perpendicular to the sub-
strate. Such (110) oriented structures have also been observed
in other processing methods for high-efficiency Cl™-derived
perovskite solar cells.[?83037] Additionally, the (110) Bragg peak
shown in expanded scale in Figure 2b shows slight shifts with
Cl™ incorporation, suggesting subtle contraction of the c-axis,
and providing evidence that the CI~ is doped into the perovs-
kite crystal structure (i.e., MAPbI;_,Cl,) at apical sites in the Pb
coordination octahedron.l”38l For the CI~ doping in the MAPbI;
materials x is <0.04,'”) and the CI~ incorporation induces the
formation of two secondary phases, Pbl, and MAPbCls, as indi-
cated by the appearance of Bragg peaks at 12.70° and 15.60°,
respectively. Note that Pbl, can potentially enhance the photo-
voltaic properties by suppressing carrier recombination at grain
boundaries.3%4% In contrast, the MAPbCI; is ineffective in light
harvesting due to its large bandgap, especially at high CI~ load-
ings of =20 at%. In principle, when Cl~ precursors are used in
the perovskite solution, Cl~ can either: (1) chemically dope into
the MAPDI; to form MAPbI; Cl, or (2) form the MAPbCI,
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Figure 2. Characterization of perovskite MAPbI; films without and with 3%, 5%, 10%, and
20 at% ClI™ incorporation. a) XRD diffraction patterns. b) Expansion of XRD pattern, focusing
on the MAPbI;_,Cl, perovskite (110) Bragg reflection. ¢) TRPL curves for pristine perovskite
films. d) Representative modeling of carrier lifetimes by TRPL of the indicated pristine perovs-
kite films (black) and, respectively, in conjunction with a hole quencher (red) and an electron

quencher (blue).

phase. For Cl” concentrations <10 at%, the doping mecha-
nism (mode (1)) dominates. The two modes of CI~ incorpora-
tion are not uniformly distributed across the film according to
depth profiling, and Cl™-rich regions are close to the surface
(Figure S3, Supporting Information).

The predominant form of electrons and holes in MAPDI;
are expected to be free carriers because the excitons are weakly
bound and easily dissociated at room temperature.*!l Hence, the
decay of the radiative species measured here by time-resolved
photoluminescence (TRPL) represents the decay of free carriers
in the perovskite film. The TRPL of the present perovskite films
as a function of Cl” concentration is plotted in Figure 2c. Expo-
nential fitting gives decay times of 85.5, 105.5, 148.1, 242.1, and
138.1 ns for MAPbI;, with 3, 5, 10, and 20 at% Cl~ incorpora-
tion, respectively. Apparently, using <10 at% Cl~ enhances the
carrier lifetime by 2-3x versus MAPDI;, consistent with the lit-
erature for films fabricated by the conventional process.** Note
that the carrier lifetime depends not only on composition but
also on morphology where defects, grain boundaries, surface
states, etc., induce recombination.*?l The drop in carrier life-
time in the heavily Cl™-loaded perovskite films (=20 at%) likely
results from significant phase impurities (e.g., MAPbCI;) and
the rough morphologies (Figure 1).

The carrier diffusion lengths of perovskite films can be
determined by employing the diffusion model for a bi-layer
structure,?*?] that is, perovskite/carrier quencher. The TRPL of
MAPDI; and a perovskite film with 10% CI~ in a bilayer having
the hole quencher (poly(3,4-ethylenedioxythiophene) polysty-
rene sulfonate, PEDOT:PSS) and electron quencher (phenyl-
C61-butyric acid methyl ester, PCBM) respectively, are shown
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E (a) (b) 7 FTo in Figure 2d. Accordingly, the estimated car-
o MAPbI_ CI - rier diffusion lengths increase from 507 to
< E Pbl | IMAPbLCI :@ — MAPbI;; 661 nm for holes and from 720 to 825 nm for
[N S 2 3 A | S _3%CI electrons. The increase in both carrier life-
ol 8 n A 8 50/: cr time and carrier diffusion length achieved in
mll - N " - - o I the present work should be advantageous in
E = L N 5 —10% CI_ reducing recombination from charge extrac-
S A PUFEY N B A —20%Cl tion (CE) by electron/hole conducting layers,

}= 15 \ MAPbDI, Sim and thus enhancing device performance.
5 1'0 1'5 2'0 2'5 3'0 35 13.8 141 14.4 MAPbCI, Sim An inverted p-i-n planar architecture was
2 Theta 2 Theta employed for the solar cells as shown in
(© (d) Figure 3a. Solution-processed p-type nickel
1.0 —MAPDI, | ~1.0f MAPbI, oxide (NiO,)*)] served as the substrate, fol-
£ 3% CI E 0.5l lowed by various perovskite compositions,
s 08 NSO I -he that is, MAPbI;, 3 at% CI, 5 at% CI", 10 at%
50.6 —5%Cl | >o.0l, . i : . Cl7, and 20 at% CI” incorporation, respec-
%‘ —10% ClI “uz; 1.0f s 10% CI doping tively, an n-type electron transporting layer,

0.4 oncl| € . A imi
= 20%Cl'| § ey PCBM, and a polyethylenimine (PEI)/Ag
*g 0.2 IS 0.5¢ electrode (see the Experimental Section for
e = 00 details). Figure 3b presents a cross-sectional
o 0.0- - - - . o ™ok ' : : transmission electron microscopy (TEM)
0 100 200 300 400 500 0 10 30 40 py

Time (ns) Time (ns) image of a solar cell (10 at% CI7) with the

sample prepared by focused ion beam tech-
niques. Note that the perovskite grains are
continuous throughout the film with a thick-
ness of =400 nm and in junctions having
=60-70 nm layers of PCBM and NiO,.
Figure 3c shows the effects of Cl~ precursors
in the hot-cast perovskite films on the current
density-voltage response curves of perovskite solar cells. These
curves were measured in a reverse scan direction from V. to
the J, under simulated AM1.5 sunlight. The corresponding
photovoltaic characteristics of V., J,., and fill factor (FF), aver-
aged PCEs, and champion PCEs are summarized in Table 1.
Statistical analysis was carried out for ten devices fabricated
from at least three independent fabrication runs.

Remarkably, incorporating CI~ at 5-10 at% nominal fractions
enhances the overall PCEs from 15.5% to 17-18% (champion
device = 18.2%). The increase in device performance is mainly
attributed to the increased V,,. and FF. Over-incorporating Cl™ up
to 20 at% dramatically reduces the PCEs because of decreased
Js. Figure 3d plots the corresponding external quantum effi-
ciency (EQE) spectra which consistently show good agreement
between integrated J,'s and the values obtained from J-V
scans. Accordingly, the MAPDI; and 3-10 at% Cl~ incorporated
perovskite devices display broad EQE plateaus through the vis-
ible to near-infrared range. Note also that the CI inclusion,
even at low levels of 3 at%, leads to a blue shift of the EQE
spectrum. This indicates that the perovskite bandgap is slightly
enlarged upon CI~ incorporation,*4 supporting the XRD results
that some CI~ ions are chemically doped (mode (1)) to form the
MAPbI;_,Cl, perovskite structure. The blue shift suggests that
the bandgap MAPDI; Cl, is enlarged compared to MAPDI;,
consistent with the results of Chae et al.*Y Additionally, the
larger bandgap and increased conductance also contribute
to the enhanced V. from 1022 mV for the MAPDI; device to
1113 mV for the 20 at% CI~ incorporated devices. In sum-
mary, the substantially enhanced V,, FF, and thus PCE values
in the perovskite 5-10 at% Cl~ incorporation range reflect a

Adv. Energy Mater. 2017, 1601660
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Figure 3. Planar structure perovskite solar cells and their photovoltaic and kinetic response. a) lllustration of inverted planar device architecture,
TCO/NiO/perovskite/PCs;BM/PEI/Ag. b) Cross-sectional TEM image of a solar cell using a perovskite with 10 at% Cl~ incorporations. c) J-V curves.
d) EQE characteristics of the perovskite solar cells with the indicated CI~ incorporations. €) Recombination time constant 7 and f) carrier density n of
a MAPbI; perovskite film without and with 10 at% CI~ incorporation, and the dependence on V..

combination of effects arising from: (1) passivation of surface
recombination by PbI,, (2) band bending from the gradient
in CI” film distribution which facilitates electron injection, (3)
enhanced carrier lifetimes and carrier diffusion lengths, (4)
preferred (110) orientation with better carrier conductance, and
(5) uniform perovskite film morphology. It is noteworthy that
excess chloride (20 at%) leads to dramatically decreased PCE
and a dip in the EQE response at wavelengths >600 nm. We
speculate the reduced efficiency can be ascribed to the non-
uniform surface, the presence of the MAPbCl; phase impurity,
etc. Perovskite solar cells are notorious for hysteresis when
measurements are performed in different scanning directions.
The present high-PCE devices were examined in both scanning
directions (Figure S4, Supporting Information) and exhibit neg-
ligible hysteresis as a result of passivation by PC¢;BM.*’]

To gain further insight into the performance enhance-
ment by CI~ incorporation, we characterized the kinetics
of device response by transient photovoltage (TPV) and CE
measurements in MAPDI; devices with and without 10%
Cl” incorporation. Recombination time constants, 7z and car-
rier densities, n were extracted from the TPV and CE data,
respectively (Figure 3e,(f). The device with Cl~ incorporation
shows substantially longer 7, confirming the reduced carrier

Table 1. Photovoltaic performance of MAPbI; perovskite solar cells
without and with various levels of CI~ incorporation. Statistical analysis
was carried out for ten devices fabricated from at least three independent
preparation runs.

Perovskite Jse Ve FF PCE

[mA cm™?] (mv] [9%] (9]
MAPDbI; 21.3 1022 71.2 15.5 (14.7 £ 0.70)
3% CI- 21.2 1058 75.5 16.9 (15.8 £0.95)
5% CI~ 21.2 1085 79.2 18.2 (17.8 £0.52)
10% CI- 20.5 1101 78.1 17.8 (17.3 £0.55)
20% ClI~ 18.2 1113 73.5 14.9 (13.2+1.61)
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recombination in the perovskite, in good correlation with the
enhanced device performance (Table 1) versus MAPbDI;. The
slightly lower carrier density of the Cl™-containing perovskite
film suggests that even small amounts of the wide bandgap
MAPDCI; phase (Figure 2a) decrease the number of photo-
generated carriers under illumination. This is consistent
with the J-V results showing that the 10% CI~ device exhibits
slightly reduced current density (=20.5 mA cm™) versus that
of MAPDI; (=21.3 mA cm™?). The optimized Cl~ amount of
3%-5% is thereby critical for achieving high performance.
Based on the above results and considerations, solar cells
with areas larger than 1 cm? were fabricated using a perovs-
kite precursor solution with 5 at% Cl~ incorporation. The J-V
response of the solar cell is plotted in Figure 4a, with a device
image shown in the inset. We used a square device layout of
1 cm X 1 cm and obtained excellent photovoltaic parameters of
Je =21.0 mA cm, V. = 1.06 V, FF = 69.1%, and PCE = 15.4%.
The corresponding EQE spectrum (Figure 4b) again shows
a broad plateau and is consistent with the integrated current
density from the J-V measurements. The device shows neg-
ligible hysteresis effects as shown in Figure S4b (Supporting
Information). The reduced efficiency from 18.2% for 0.09 cm?
to 15.4% for 1 cm? cells can be attributed to the reduced elec-
trode conductivity*l and the greater possibility of defect for-
mation in large-area thin films. Further improvements can be
expected by using a metallic-doped NiO substrate or rectan-
gular cell layout to reduce the resistance loss from the FTO sub-
strate. We also fabricated a module having eight cells connected
in series (cf., Experimental Section for fabrication details and
device layout shown in Figure S5, Supporting Information).
Thus, a blade-scribed module was created on a 5 cm X 5 cm
substrate with a geometric fill factor =60%, shown in Figure 4c
inset. This module exhibits high active-area PCE parameters of
Joc=2.60 mA cm™2, V,.=7.98 V, FF = 58.2%, and PCE = 12.0%.
Preliminary cell stability tests were next performed for
the present devices using 85 °C/65 RH% thermal damping
conditions, without sealing the cell. The images of the cells
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Figure 4. Perovskite film solar cells/modules based on films with optimized Cl~ incorporation =5 at%. a) J-V response curve of =1 cm? solar cell with
its image shown in the inset. b) EQE spectrum of =1 cm? solar cell and current density integration based on the A.M. 1.5 spectrum. c) J-V curve of a
5 cm x 5 cm, eight-cell connected module with its image shown in the inset. d) Pictures of the hot dip-coating process. The entire process is shown
in the attached video in the Supporting Information. e) J-V curve of the perovskite solar cell prepared by hot dip-coating.

after aging for 40 h (Figure S6, Supporting Information) clearly
show that the silver electrode on MAPbI; turns black, whereas
the silver electrode remains shiny on the Cl~ incorporated
perovskite devices. Thus, the MAPDI; cell was significantly
degraded while the 10% CI~ incorporated devices retained
>70% of PCE after 40 h aging (Figure S6, Supporting Infor-
mation). These results indicate that CI~ incorporation, which
preferentially distributes on the perovskite surfaces, stabi-
lizes the device. It has been reported that the perovskite solar
cells are dramatically degraded by the reaction of the metal
electrode with I~ from the perovskite,*”! particularly in humid
environments. We speculate that the degradation may reflect a
combination of issues, that is, decomposition of the perovskite
material, perovskite/electrode interface degradation, degrada-
tion of the morphology, etc. The perovskite material and elec-
trode/perovskite interfacial degradation can be readily observed
(Figure S6, Supporting Information) because only parts of the
perovskite film are covered by the electrodes. The decomposi-
tion of the perovskite structure is usually clearly evident in the
color, that is, the perovskite turns from dark brown to yellow.
As seen in the photo image (Figure S6, Supporting Informa-
tion), the color of all the present CI” incorporated perovskite
films remains dark after the 85 °C/65 RH% damp heat treat-
ment. In contrast, the color of Ag electrode turns visibly dark
in the Cl -free perovskite devices. We hence surmise that the
degradation of the perovskite/electrode interface dominates
the efficiency drop. In this case the electrode may accelerate
the decomposition or degrade the morphology of the under-
lying perovskite layer, or both mechanisms may be playing an
active role. We also performed light soaking tests for both the
MAPDI; and CI” incorporated devices. However, the devices
with differing perovskite film compositions show similar deg-
radations, indicating that Cl~ incorporation has no significant
effect on the suppression of light-induced degradation. For a
12% module encapsulated with epoxy-sealed glass, a superior
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stability of >90% PCE is recorded under ambient conditions
(=70 RH% and room temperature) over 1500 h as shown in
Figure S7 (Supporting Information).

Spin-coating techniques offer the attraction of good thin
film uniformity for lab-scale cell demonstrations. How-
ever, they have limitations in large throughput production
and materials transfer efficiency, that is, high percentages
of solution are wasted during coating. For large-area, high-
speed manufacturing, coating techniques such as slot-die
coating, spray-coating, dip-coating, doctor-blade coating, etc.,
are usually employed. Here, we show the adaptability of the
present hot-casting system to these industrial large-scale
coating techniques by demonstrating a “hot dip-coating” pro-
cess. From the images shown in Figure 4d, it can be seen
that the perovskite crystallizes on the substrate instantly as
the substrate is withdrawn from the solution. The entire
process is shown as a video in the Supporting Information.
The perovskite thin film yields the photovoltaic performance
of J = 20.68 mA cm™?, V,. = 1.00 V, FF = 60.2%, and
PCE = 12.4%. Note that dip-coating is one of the mature
large-scale coating technologies in industry and compatible
with ultrafast roll-to-roll production. However, dip-coating
usually yields thicker films (=tens or hundreds of ums)
with rougher surfaces than other coating techniques, pre-
senting specific challenges for perovskites, owing to the strict
requirements for film thickness (=300 nm) and uniformity.
In the present work, the dip-coated film thickness is =1 um
by profilometry, which is =3x thicker than the spin-coated
films. From the PCE of =12% achieved here by dip-coating,
we expect even higher device performance from commer-
cial techniques such as slot-die coating with better control
film thickness and roughness. This suggests that perovskite
hot-casting can be directly implemented in high throughput
production lines using slot-die or spray-coating to commer-
cialize perovskite technology.
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3. Conclusions

Control of Cl” incorporation significantly enhances hot-cast
perovskite film optoelectronic properties, thin film quality, and
environmental stability. Excellent PCE performance of 18.2%
for small 0.09 cm? area and 15.4% for large =1 cm? area cells is
achieved. High-efficiency large-area modules with PCE =12.0%
were also demonstrated. The hot dip-coating variant demon-
strates the viability of a hot-casting system in large-throughput
coating techniques for potential commercialization.

4. Experimental Section

Spin-Coated Solar Cell Device Fabrication: FTO-coated glass substrates
(Hartford, TEC7) were cleaned by sequential sonication in detergent,
methanol, and isopropanol, followed by a 15 min UV-ozone treatment.
The hole transporter NiO, was deposited according to methodology
reported elsewhere.*8l MAPbI; perovskite solutions were prepared by
dissolving lead iodide (FrontMaterials Co. Ltd.) and methylammonium
iodide (FrontMaterials Co. Ltd.) and perovskite solutions with CI~
incorporation were additionally charged with 3, 5, 10, and 20 at%
PbCl, (Aldrich, 99.999%) and MACI (Alfa Aesar, 99%) with respect to
MAI + Pbl,. The details of the solution preparation can be found in
Table S1 (Supporting Information). All the solutions were then stirred
for 1 h at 70 °C prior to use. The FTO/NiO, substrates were next pre-
heated at 180 °C on a hot plate and transferred to a coater. Around
100 pL perovskite solution was quickly dropped onto the hot substrate
followed by spin-coating at 4000 rpm for 15 s. The solution turned
black in =4-5 s, indicating perovskite crystallization. Monitoring of
the substrate temperature was performed sequentially, that is, 2, 5,
10, and 15 s with a thermocouple as shown in Figure S8 (Supporting
Information). A PC¢BM (FrontMaterials Co. Ltd. 99.5%) solution of
20 mgmL~" in chlorobenzene was then spin-coated on the perovskite at
1000 rpm for 30 s. The work function modifier polyethylenimine (PEI)
in isopropanol was subsequently spin-coated onto the PC¢BM. Devices
were completed by thermal evaporation of 100 nm silver electrodes with
active areas of 0.09 cm?. The large-area cell =1 cm? was fabricated on a
layout of 1 cm X 1 cm as shown in the inset of Figure 4a. All the spin-
coating processes were performed in a humidity controlled box with
purged with dry air at RH =3%.

Spin-Coated Solar Module Device Fabrication: The design of eight-cell
connected modules is shown in Figure S5 (Supporting Information)
for both top and side views of P1-P3 processes. Note the figure is a
representative illustration with only five cells connected and not the
same as the dimensions of real module. For the P1 process (Figure S5a,
Supporting Information), the substrate was etched by 2 m hydrochloric
acid and Zn powder with ITO stripes being masked by polyimide tape.
The NiO,/perovskite/PCs;BM/PEI layers were spin-coated on the
substrate. For the P2 process, the isolation was performed manually
by using knife blade (Figure S5b, Supporting Information). A 100 nm
Ag layer was then thermally evaporated followed by the P3 process
of manual scribing by the knife blade again (Figure S5c, Supporting
Information).

Dip-Coated Solar Cell Device Fabrication: The concentration of
perovskite solution was diluted to 0.4 m, with other experimental
conditions the same as for spin-coating. The preheated substrate
was removed from the hot plate, dipped into the solution and quickly
pulled out. The perovskite crystallized on the heat substrate within 5 s
as indicated by the color change from yellow to dark black. The whole
process was recorded in a video shown in the Supporting Information.

Characterization of Perovskite Solar Cell/Module Devices: Solar cells
were tested in air with shadow mask of 0.09 cm? for small-area cell and
1 cm? for large-area cell under A.M. 1.5 radiation (100 m\W cm~?) using
an ABET solar simulator source and a Keithley 2400 source meter. The
light source of solar simulator is a xenon arc lamp of a Spectra-Nova
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Class A instrument, with the intensity calibrated by using an NREL-
certified monocrystalline Si diode coupled to a KG3 filter to get a
spectral mismatch to unity. The J-V curves were obtained from voltage
scans in both forward and backward directions with integration time
of INPLC: TNPLC for 60 Hz of 16.67 ms. The settling time was 0. The
backward and forward scans are set within 1.2 and 0.0 V with 100 points.
Measurements were performed in air and at room temperature. The
EQE spectrum was acquired by an Oriel model QE-PV-SI instrument
equipped with a NIST-certified Si diode.

Cross-sectional TEM samples were processed from an actual solar
cell device using an FEI Helios Nanolab Dual Beam scanning electron
and focused ion beam microscope. Briefly, a 200 nm electron beam
deposits a Pt layer, followed by a 1.5 um ion beam deposited Pt layer,
used to protect the sample from ion damage. The samples were then
cut, lifted out, mounted on a Cu TEM grid, and finally thinned to a
thickness less than 100 nm. TEM imaging was performed with a JEOL-
2100F transmission electron microscope. A Gatan CCD camera was
employed to take the bright field images. A high-angle annular dark-
field scanning TEM (STEM) detector combined with an Oxford EDS
system were utilized to take the dark-field image and the EDS spectra,
respectively.

For stability testing of the solar cells, the as-fabricated devices were
placed on an 85 °C hot plate in a humidity controlled box with a relative
humidity of 65%. The devices were kept in the dark and under open
circuit conditions. The inert atmosphere stability tests for the module
were conducted by storing the encapsulated module (UV-curable epoxy
and glass) under ambient conditions (=25 °C, =70% relative humidity)
also in the dark and under open circuit conditions.

For the CE measurements, the white light was provided by a ring of
white LEDs (Lumileds, 1 W) connected in series with a DC power supply
(BK Precision). The LEDs were controlled by a fast switching MOSFET
(Vishay, Si7116DN). The time resolution of the charge extraction
measurement is limited by the turn-off time of the LEDs, which was less
than 200 ns, tested by a silicon photodetector (Thorlabs, DET100A).
During each measurement the LEDs were on for 200 ms to ensure
charge saturation of the solar cells, and then turned off, with intensity
controlled by a neutral density filter wheel (NDC-100C, Thorlabs).
The transient voltage across a 50 Q resistor connected in series with
the solar cell was subsequently monitored and recorded using an
oscilloscope (Tektronix TDS2014C). The total charge stored in the solar
cell was obtained by integration of the decaying current. For the TPV
measurements, the white light bias was provided by a Xenon arc lamp
(Oriel), with intensity controlled by a neutral density filter wheel (NDC-
100C, Thorlabs). The light perturbation was provided by the same LED
rings used in the charge extraction measurements. The duration of the
light perturbation was controlled to be =500 ns. The intensity of the light
perturbation was varied to maintain a maximal transient photovoltage of
=10-15 mV. The photovoltage decay was monitored and recorded by an
oscilloscope with an input impedance of 1M Q. In both measurements
the light intensity was calibrated by a Rodboud University of Nijmegen
certified monocrystalline Si cell (RK5N4324).

Characterization of Perovskite Films: Morphological characterizations
were performed by OM (Nikon, L-UEPI), SEM (Hitachi SU8030, voltage:
20 kV, working distance: 5.2 mm), and AFM (Bruker Dimensional Icon).
The crystal structures of the perovskite films were characterized by a
Rigaku MiniFlex 600 X-ray diffractometer (Cu Ko, 1.5406 A) operating
at 40 kV and 15 mA. The TRPL data were collected at room temperature
using a streak camera system (Hamamatsu C4334 Streakscope). The
instrument response function (IRF) is =30 ps. After deconvolution
fitting, the temporal resolution is =10 ps. An ultrafast amplifier (Spirit,
Spectra-Physics) produces the fundamental beam of 1040 nm (100 kHz,
300 fs). It is used to pump a non-collinear optical parametric amplifier
(Spirit-NOPA-3H, Spectra-Physics) which delivers tunable high repetition
rate pulses with pulse widths as short as sub-20 fs; 575 nm laser pulses
generated by the NOPA were used as the excitation source for all
samples. Fluorescence quenching measurements were performed to
estimate the electron and hole diffusion lengths by depositing additional
quencher layers for electrons (PC¢BM) and holes (PEDOT:PSS) on
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top and bottom of the perovskite films, respectively. The fluorescence
decays of the pristine perovskite films are fit using a second-order
recombination model described by Equation (1). The fluorescence
decays of the perovskite/PCeBMTCNQ and perovskite/PEDOT:PSS
films are then fit according to a 1D diffusion model, Equation (2)

dN
T:_k] N —k,N? (M
on(x,t 92n(x,t
L P ) @
1dN
keff =—NF=I(-|+I(2N (3)

where k; is the first-order rate constant for single carrier trapping
(trap state-mediated recombination) and k, is the second-order rate
constant for free carrier (electrons and holes) recombination.l*l D is the
diffusion coefficient and k¢ is the “effective first-order” recombination
rate constant in the pristine CH3NH;3Pbl; films, defined according to
Equation (3).°% The electron and hole diffusion lengths were then
calculated by Lp =/DT = \/D/ke 2.

Supporting Information

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