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All-Scalable CH;NH;Pbl; Perovskite Solar Cells Fabricated

in Ambient Air

Yameen Ahmed, Deepak Thrithamarassery Gangadharan,” Mohammad Reza Kokaba,
Vishal Yeddu, Muhammad Awais, Dongyang Zhang, Vahid Kamraninejad,

and Makhsud I. Saidaminov*

Perovskite solar cells (PSCs) are an attractive emerging photovoltaic technology
due to their high-performance while being made by low-cost fabrication pro-
cesses. The most efficient PSCs are small area and made by nonscalable coating
method in an inert atmosphere, but these sizes and fabrication conditions are
commercially irrelevant. Herein, fabrication of PSCs is reported using only
scalable methods, that is, slot-die coating and blade coating methods, all in
ambient air. The tolerance to relaxed fabrication conditions is enabled by the use
of hydrated nonhalogenated lead source. Resurfacing strategy is then introduced
to suppress charge carrier nonradiative recombination and obtained an efficiency
of 19.91% for rigid and 17.4% for flexible PSCs by all-scalable fabrication. To the

1. Introduction

Perovskite solar cells (PSCs) have demon-
strated an unprecedented surge in power
conversion efficiency (PCE) over a decade
of their development and reached a PCE
of 25.8%, comparable to performance of
matured silicon solar technology with a
record PCE of 26.1% (after a research
and development of ~70years).! The
exceptional performance of PSCs is
attributed to their outstanding optoelec-
tronic properties such as long carrier

best of our knowledge, these are the highest efficiencies for n—i-p structured

MAPDbI;-based PSCs in ambient air using all-scalable method to date. The devices
showed excellent tolerance to oxygen and moisture (ISOS-D-1) as well as stable
maximum power point operation following burn in a dry air glove box (relative

humidity ~ 20%) without encapsulation.
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diffusion length, high-light absorption
coefficient (~10°cm '), tolerance to
structural defects, tunable bandgap, and
low-cost fabrication process.!”)

The most efficient PSCs are small-
area devices (~0.1cm?) fabricated in an
inert environment using spin coating
method, but unfortunately these sizes
and fabrication conditions are commercially irrelevant.®) Spin
coating produces inhomogeneous thin film over a large area dis-
abling the manufacture of solar modules.! Inert atmosphere is
neither sustainable environmentally nor favored by industry.
Therefore, there is a growing demand for scalable fabrication
of PSCs in relaxed manufacturing conditions. Researchers
including us have demonstrated promising approaches for fab-
rication of small-area PSCs in ambient air;"! it is now important
to do just that, but for scalable fabrication strategies. Among scal-
able fabrication techniques (e.g., blade coating, slot-die coating,
spray coating, and inkjet printing),'® slot-die coating offers high
reproducibility and industrial-scale adaptability,”! as it can be
directly applied for sheet-to-sheet and roll-to-roll processes.®!

In this work, we report slot-die coated methylammonium lead
iodide (MAPDI;) thin film using dual-lead source precursor.”) We
then show fabrication of all-scalable PSCs by combining blade coat-
ing with slot-die coating. We then introduce isopropanol (IPA)
washing step to induce excess lead iodide (PbI,) at the grain bound-
aries and passivate the defects. We achieve a PCE of 20.87% for
slot-die coated perovskite devices (where hole transport layer
(HTL) and electron transport layer (ETL) were spin coated, and
perovskite layer was slot-die coated; abbreviated as “slot-die coated”
from here in the manuscript) and 19.91% and 17.4% for
all-scalable (where HTL, ETL, and IPA were blade coated and perov-
skite layer was slot-die coated) rigid and flexible PSCs, respectively.
To the best of our knowledge, these are the highest efficiencies for
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all-scalable n—i—-p MAPDI;-based PSCs in ambient air. Abate et al.
showed a PCE of 21.44% for PSCs with slot-die coated perovskite
layer, and spin-coated hole-transporter and passivation layers.'”

2. Results and Discussion

2.1. Choice of Precursors

The nature of lead counter-ions plays a critical role in the
crystallization and hence the morphology of perovskite films.
In conventional spin coating fabrication of perovskite films, lead
halide precursors are used in combination with an antisolvent
(e.g., diethyl ether, chlorobenzene) treatment to produce dense,
pinhole free perovskite films. In a scalable fabrication approach,
however, antisolvent treatment is not compatible, but the use of
lead halide salts without antisolvent leads to poor coverage of
perovskite film (Figure S1, Supporting Information).

We hence turned our attention to lead acetate (Pb(Ac),) as a pri-
mary lead source in slot-die coating of perovskite film. Pb(Ac), is
known to offer a high rate of nucleation which enables compact
pinhole free perovskite film without applying antisolvents.!
In contrast, the rapid nucleation leaves no time for the growth of
crystalline grains; thus formed small crystallites offer short charge
carrier diffusion and inferior performing solar cells.? We added
lead chloride (PbCl,) into Pb(Ac), precursor ink to balance nucle-
ation versus growth aiming pinhole free and 500+ nm grain size
(comparable to the thickness of perovskite film); the balance, we
found, was at Pb(Ac),:PbCl, molar ratio of 8:1, twice larger than
previously suggested (8:2) (Figure S2, Supporting Information).””’

For perovskite composition, we chose MAPbI; composition,
as it requires low annealing temperature (~100 °C) and can be
applied on flexible substrates. We hence chose methylammo-
nium iodide (MAI) as our methylamine (MA) source whose role
is to provide enough halogen ion to build perovskite structure, as
well as enough counter-ion (MA) to remove Ac and Cl

27MAI(solution) + 8PbAc2(solution) + PbCIZ(solution)

1
— 9MAPbI3(so]id) + 16MA.ACT =+ ZMACU ( )

Slot-die coating of these precursor salts in a single solvent of
N,N-dimethylformamide (DMF) in ambient air led to a mirror-
like perovskite film (Movie S1, Supporting Information). In this
refined perovskite ink, we posit, that the following factors aid in
the ambient air fabrication of perovskite film. First, methylam-
monium acetate (MAAc), which, is formed in situ as a side prod-
uct, aids in ambient air fabrication of PSCs.’""*! Second, the
strong bond of Pb>" with Ac™ in PbAc, reduces the density
of under-coordinated Pb aids in ambient air fabrication.*
Third, the use of PbAc,-3H,0 instead of anhydrous PbAc, sig-
nificantly improved the efficiency and reproducibility of PSCs
(Figure S3, Supporting Information). Perovskite hydrate
MAPDI3-xH,0 which forms during the film processing hinders
external water ingression enabling reproducible device in ambi-
ent condition.™ The small amount of water in PbAc,-3H,0 reg-
ulates the nucleation and crystal growth of perovskite films, but
eventually leaves the reaction medium through evaporation!'®
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271v[AI(solu‘rion) + 8PbAC2 '3H20(501uti0n) + PbC12(solution)

— 9MAPDI;(so4) + 16MAAC! + 2MACI' + 3H,0' @
It is worth noting that the perovskite ink we developed is made
of only four components (PbAc,-3H,0, MAI, PbCl,, and DMF)
with no extra complexation or surfactant additives which are con-
ventionally added into perovskite inks. Nevertheless, the ink is
able to produce performing PSCs as we demonstrate below.

2.2. Film Resurfacing

When a nonhalide lead precursor like Pb(Ac),-3H,0 is used to
produce MAPDI; films, an over-stoichiometric ratio of MA over
lead precursor (3:1) is required as can be seen in the chemical
Equation (1). The over-stoichiometric amount of MA can lead
to the presence MA-based products (methylammonium chloride
(MACI), MAAC) on the film. IPA can selectively wash off these,['”)
as well as MAI from perovskite film forming surface PbI, which
was shown to be beneficial for obtaining high efficiency PSCs.!*®!
Conventionally, excess Pbl, is introduced by incorporation of
nonstoichiometric addition of Pbl, in the precursor solution.
However, as we completely replaced Pbl, with other lead sources
in the precursor ink, we instead posited to obtain it on the surface
by posttreatment. Excess Pbl, on the surface and grain bound-
aries is beneficial as compared to that in the bulk of the perovskite
film."® We note that lead-poor or lead-rich surfaces were
addressed by chemical®®® and mechanical polishing in the past.*!

We instead introduced IPA posttreatment to wash the perov-
skite surface in both slot-die coating and all-scalable methods.
'Hydrogen nuclear magnetic resonance (*H NMR) spectra of
MALI in IPA shows MA resonance peak at 2.39 ppm; this peak
is absent in pure IPA as expected, but it is present in the IPA
solvent collected after the perovskite film treatment
(Figure 1a). This confirms removal of MA-based reaction prod-
ucts from the surface.

X-Ray diffraction (XRD) of the perovskite films further con-
firms the formation of excess Pbl, after IPA washing
(Figure 1b). The diffraction intensity of the Pbl, peak increased
after IPA washing while that of perovskite remains unchanged.
The PbI, to perovskite diffraction intensity ratio has increased
from 0.0095 to 0.0124 after IPA washing step.

We observed, surprisingly, an improved surface coverage after
the IPA treatment likely due partial surface rearrangement
(Figure 1d,e). We observed that the density of cracks and
pinholes has significantly decreased after IPA treatment
(Figure 1e), while the density of brighter grains, which we attri-
bute to Pbl,, also indicated by XRD (Figure 1b) has increased.
Cross-sectional scanning electron microscope (SEM) images of
the perovskite films with and without IPA washing step show
excellent vertical grain alignment as a result of balanced nucle-
ation and growth as discussed above (Figure 1f).

We then studied photophysical properties of the films before
and after IPA washing. Perovskite film on bare glass with IPA
washing showed an increased photoluminescence (PL)
(Figure 1c-inset). Time resolved PL (TRPL) profiles (Figure 1c)
exhibited bi-exponential decay kinetics: the fast decay component
(t1) is attributed to the charge carrier trapping induced by trap
states at surfaces and grain boundaries, while the slow decay

© 2023 The Authors. Solar RRL published by Wiley-VCH GmbH
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Figure 1. a) 'HNMR spectra of IPA, MAI dissolved in IPA and sample-washed IPA. b) XRD spectra of perovskite films with and without IPA washing
(inset shows Pbl;, peak). c) TRPL and PL (inset) spectra of perovskite films on bare glass. d,e) Surface SEM (red circles indicate pinholes while the red
ovals——crack sat grain boundaries), and f) cross-sectional SEM of perovskite films on SnO, with and without IPA washing step.

component (t,)—to bulk radiative recombination (Table S1,
Supporting Information).”” Following IPA washing step, the
films displayed a significant improvement in carrier lifetime
from 1;=38ns and 1,=106ns to 7t;=143ns and
T, = 465 ns, respectively, implying reduced nonradiative recom-
bination.!*! PL spectra of the perovskite film on SnO, with and
without IPA washing step are shown in Figure S4, Supporting
Information. When using SnO, substrate instead (which we used
as an electron transport layer in fabricating solar cells), the perov-
skite film showed prominent PL quenching after IPA washing,
indicating enhanced charge transport/transfer between perov-
skite and SnO,.

2.3. Solar Cells

Inspired by these observations, we fabricated planar n—i—p struc-
tured PSCs with a configuration of indium tin oxide (ITO)/tin
(IV) oxide (SnO,)/MAPbI;/Spiro-OMeTAD/gold (Au), in which
perovskite was deposited by slot-die coating method (Figure 2a).
We obtained a champion PCE of 20.87% for slot-die coated
perovskite layer (with IPA washing by spin coating) with a short
circuit current density (Js), open circuit voltage (V,.), and fill fac-
tor (FF) of 23.77mAcm 2 1.06V, and 82.6%, respectively
(Figure 2b). To demonstrate the scalability of the fabrication pro-
cess, we made devices only using scalable methods such as slot-
die coating and blade coating methods (where perovskite layer
was slot-die coated and, SnO,, Spiro-OMeTAD, and IPA were
blade coated) and obtained a champion PCE of 19.91% with a
Jso Voo and FF of 23.36mA cm™?, 1.04V, and 81.6%,

Sol. RRL 2023, 7, 2300288 2300283 (3 of 8)

respectively. To the best of our knowledge, this is the highest
efficiency achieved so far for all-scalable n—i-p structure
MAPDI3-based PSCs where no spin coating is involved
(Figure 2c, Table S2, Supporting Information). For PSCs pre-
pared with all-scalable method without IPA washing, we obtained
a champion PCE of 17.82% with a J,, V,, and FF of
21.72mAcm %, 1.02V, and 79.9%. The current voltage (J-V)
curves of the champion devices for all-scalable method with
and without IPA washing are shown in Figure 2b.

The J,. obtained from integrating external quantum efficiency
(EQE) and from JV characteristic showed a good agreement
(Figure S5a, Supporting Information).** The devices showed
no change in performance as a function of different scan rates
(Figure S5b—d, Supporting Information). IPA-washed devices
showed less hysteresis (9.5%) than the control devices (14.3%).

Figure 3 shows the performance of 55 PSCs with an active area
of 0.049 cm? fabricated with all-scalable method with and without
IPA washing. The results show clear increase of performance,
largely due to V., after IPA washing step.

For flexible PSCs fabricated with all-scalable method, we
obtained a PCE of 17.4% with a Ji, Vo, and FF of
22.9mAcm™? 1.02V, and 74.4%, respectively. The J-V curve
for champion flexible PSC is shown in Figure S6, Supporting
Information.

To check the uniformity of the film with slot-die coating and
all-scalable methods, we fabricated devices with different active
area (Figure 4a-inset). The highest photovoltaic parameters of the
PSCs with different active areas are shown in Figure 4a,b. We
obtained PCEs of 15.28%, 15.28%, 18.11%, and 18.74% for active

© 2023 The Authors. Solar RRL published by Wiley-VCH GmbH
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Figure 2. a) Schematic illustration of slot-die coating process. b) J-V curves of champion devices for slot-die and all-scalable (AS) methods. c) Summary
of performance metrics achieved for all-scalable n—i—p structure MAPbl;-based PSCs. Data points are taken from Table S2, Supporting Information.

areas of 1.03, 0.503, 0.189, and 0.049 cm?, respectively. With
increased devices area, FF loss becomes dominant which can
be addressed by engineering conductivity of electrodes.

The PSCs showed excellent tolerance to oxygen and moisture
(ISOS-D-1)!**! with negligible loss in fill factor when stored in
ambient air with no encapsulation for 88days (Figure S7,
Supporting Information). The PSCs exhibited good operational
stability under continuous illumination at maximum power
point (MPP) for 100 h without encapsulation inside a dry air
glove box (RH~20%) (Figure 4c). After burn-in period, the
MPP of the IPA-washed device stabilized, even showing minor
positive slope (Figure S8, Supporting Information). In contrast,
the control PSC showed continuous negative PCE slope
throughout the MPP test. We observed limited burn-in period
in the control device, likely because its PCE has already dropped
to ~12%.

Sol. RRL 2023, 7, 2300288 2300238 (4 of 8)

3. Conclusion

We demonstrated MAPbI; PSCs fabricated by scalable methods
(i-e., slot-die coating and all scalable) in ambient air from non-
halide lead source. We showed that washing perovskite surface
with IPA significantly improved the performance of PSCs due
to the defect passivation. As a result, we reported nearly 20%
for all-scalable n—i—p MAPDI; devices, the highest for fully scalable
fabrication of MAPDI; to date. We also obtained a PCE of 17.4%
for flexible PSCs using all-scalable method. Future works should
focus on fabricating PbAc,-based formamidinium lead iodide
(FAPDI;) PSCs, as this composition shows highest efficiencies
reported to date. Earlier attempts demonstrated that simply replac-
ing MAI with FAI led to formation of nonperovskite phase due to
aminolysis. This has been recently addressed by the use of ammo-
nia to form mixed cation (FACs)-based PSCs from PbAc,

© 2023 The Authors. Solar RRL published by Wiley-VCH GmbH
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Figure 3. Statistical data of PSCs fabrication with all scalable with and without IPA washing step. The boxes indicate the 25th and 75th percentiles. The
whiskers indicate the 5th and 95th percentiles. The median and mean are represented by the line dividing the boxes and the open square symbols,
respectively. The cross symbols represent the maximum and minimum values.

precursor.”® We envision that the similar strategy can be applied
to make FAPDbI; PSCs.

4. Experimental Section

Materials: ITO coated glass substrates were purchased from Shang
Yang Solar (X07-10 A). Tin (IV) oxide (SnO;) 15% in H,O colloidal disper-
sion solution, lead acetate trihydrate (PbAcy-3H,0, 99.995%), and lead
chloride (PbCl,, 99%) were purchased from the Alfa Aesar.
Methylammonium iodide (MAI, >99.99%) was purchased from Great
Cell. N, N-dimethyl formamide (DMF, 99.5%), chlorobenzene (99.5%),
and acetonitrile (ACN, >99.9%) solvents were parched from Milipore
Sigma. Cobalt salt (FK 209 Co(lll) TFSI), 4-tert-Butylpyridine (tBP,
98%), and bis (trifluoromethane) sulfonimide lithium salt (Li-TFSI
99.95%) were purchased from Milipore Sigma. Sprio-OMeTAD was pur-
chased from Xi’an Polymer Light Technology Co., Ltd.

Preparation of Perovskite Precursor Solution: The MAPbI; perovskite pre-
cursor solution was prepared by dissolving MAI and PbX; (where X = Ac,
Cl) in 3:1 ratio, and PbAc,:PbCl, in 8:1 ratio dissolved in DMF to make
0.75 m solution.

Preparation of Spiro-OMeTAD: Spiro-OMeTAD (0.1 g) was dissolved in
chlorobenzene (1.1 mL). Additionally, 23 pL of Li-TFSI solution
(520 mgmL™" in acetonitrile), 39 pL of tBP and 10 pL of FK 209 Co(lll)

Sol. RRL 2023, 7, 2300288 2300288 (5 of 8)

TFSI solution (375mgmL™" in acetonitrile) was mixed in the Spiro
solution and filtered it before use.

Device Fabrication: Patterned 3.25 x 7.5 cm glass/ITO substrates were
cleaned successively with deionized water, acetone, and IPA by sonication
for 15 min each and dried them in oven. The cleaned substrates were then
ozone treated for 15 min before depositing the SnO; layer. For slot-die coat-
ing method, ETL, and HTL were deposited by spin coating method while
for all-scalable method, ETL and HTL were deposited by blade coating
method.

For Spin Coated Electron Transport Layer: SnO, colloidal solution diluted
with deionized water was spin coated at 3000 rpm for 30's followed by
annealing at 150 °C for 30 min.

For Blade Coated Electron Transport Layer: SnO, solution was drop cast
in the middle of the ITO substrate and blade coated on a heated substrate.
The SnO, coated substrates were then transferred to the hot plate for
annealing at 150 °C for 30 min.

Slot-die coater was used for the deposition of perovskite layer for both
slot-die and all-scalable methods. The SnO, coated substrates were
treated with UV ozone for 15 min before depositing the perovskite layer.
The perovskite precursor solution was coated onto the SnO, layer at a
coating speed of 15 mm s~ with a gap of ~100 pm between the substrate
and the meniscus. The solution feed was maintained at 0.5 mLs™' with a
syringe pump, and a continuous nitrogen flow was supplied at a speed of
10 ms~". The base heat of the slot-die coater was set to 60 °C before the

© 2023 The Authors. Solar RRL published by Wiley-VCH GmbH
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Figure 4. a,b) Photovoltaic parameters for different active area devices, (a-inset). Photograph of PSCs with different active area pixels and 1cm?,
c) Maximum power point tracking in a dry box without encapsulation at 25 °C.

perovskite deposition. Perovskite coated substrate was thermally annealed
at 100 °C for 10 min. For flexible devices, the base heat was increased to
70 °C and annealing temperature was set to 140 °C. 3.25 x 7.5 cm polyeth-
ylene terephthalate (PET) flexible substrates with ITO and a sheet resis-
tance of 15Qsq™" was used. Due to the large size of these substrates,
they curved making it challenging to anneal. We then sticked the
substrate on a screen protector to flatten them. This led to &35 °C differ-
ence between hot plate displayed temperature and the actual temperature
on the surface. Therefore, we increased the hot plate displayed tempera-
ture to 140 °C, thus reaching actual 100 °C on the substrate.

The perovskite films were washed with IPA by spin coating for slot-die
coating method and blade coated for all scalable and annealed them at
100 °C for 10 min.

For Spin Coated Isopropanol Washing: |PA washing step was performed
by dropping 400 pL of IPA on the rotating perovskite film at a rotation
speed of 3000 rpm per second for 30s.

For Blade Coated Isopropanol: 50 pL of IPA was drop casted on the
perovskite film and blade coated at between the perovskite film and
the blade.

For Spin Coated Hole Transport Layer: Spiro-OMeTAD solution was spin
coated dynamically onto the perovskite film at a speed of 2000 rpm for
30s.

For Blade Coated Hole Transport Layer: 50 pL of Spiro-OMeTAD solution
was drop cast on the perovskite film and blade coated at a heated
substrate.

All the above-mentioned steps were performed in ambient air.

Sol. RRL 2023, 7, 2300288 2300288 (6 of 8)

Last, 80 nm gold electrodes were deposited by thermal evaporation
under vacuum at 107 Torr.

Characterization: PSCs were fabricated in the air. XRD measurements
were done with a PANalytical Empyrean system using a Cu (Ka, 1.5406 A)
source. SEM images were obtained with a Hitachi S-4800 field emission
SEM. PL spectroscopy was carried out by UV-Vis AVENTES spectrometer
(AvaSpec-ULS2048CL-EVO-RS) in the reflection mode ranging from
500 to 780nm in a dark room every 2s. TRPL measurement were
performed on an Edinburgh Instruments OB920 Single Photon
Counting system. The samples were excited using a 510 nm pulsed laser
diode. Emission was collected at 780 nm using a 16 nm bandwidth mono-
chromator. "H NMR spectra were acquired with a Bruker AVANCE-1Il Neo
500 MHz spectrometer. Photovoltaic parameters were measured with
Newport Oriel sol-3 A (class AAA) solar simulator at standard 1.5a.m.
solar irradiance, and data were recorded with Ossila source meter by
scanning the cell from 1.2 to —0.100V. Similarly, for operational stability
measurements, PSCs were placed in a custom-designed LED simulator,
and data were recorded with Ossila source meter with time interval of
15 min between each measurement. EQE measurements were performed
with PTS-1-SR (Sciencetech Inc.).

Supporting Information

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