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ABSTRACT: Low-cost and solution-processed perovskite solar cells have
shown great potential for scaling-up mass production. In comparison with the
spin coating process for fabricating devices with small areas, the blade coating
process is a facile technique for preparing uniform films with large areas. High-
efficiency perovskite solar cells have been reported using blade coating, but
they were fabricated using the toxic solvent N,N-dimethylformide (DMF) in
nitrogen. In this work, we present highly efficient blade-coated perovskite solar
cells prepared using a green solvent mixture of y-butyrolactone (GBL) and
dimethyl sulfoxide (DMSO) in an ambient environment. By carefully
controlling the interface, morphology, and crystallinity of perovskite films
through composition variations and additives, a high power conversion
efficiency of 17.02% is achieved in air with 42.4% reduction of standard
deviation in performance. The findings in this work resolve the issues of
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scalability and solvent toxicity; thus, the mass production of perovskite solar cells becomes feasible.

KEYWORDS: perovskite solar cell, blade coating, morphology, interface, large-area, ambient, green solvent

B INTRODUCTION

Compared to the conventional silicon and copper indium
gallium selenide (CIGS) solar cells, organic—inorganic perov-
skite solar cells (PSCs) exhibit a competitive edge in the
market due to their certified power conversion efliciency
(PCE) of 25.2% and solution processability. The perovskite
has a high absorption coefficient, long carrier diffusion length,
low exciton dissociation energy, and good char§e carrier
mobility, which result in high device performance.' ™ The spin
coating process is not scalable for commercialization, although
it can obtain highly efficient PSCs. The structure of planar
PSCs can be divided into normal (n-i-p) and inverted (p-i-n)
structures, depending on the transportation direction of
electrons and holes. The commonly used configuration of n-
i-p-type PSCs is fluorine-doped tin oxide (FTO)/c-TiO,/
meso-TiO,/perovskite/ Spiro-OMeTAD/Ag,é’7 and that of p-i-
n-type PSCs is FTO/NiO,/perovskite/[6,6]-phenyl-C¢;-buty-
ric acid methyl ester (PCBM)/polyethyleneimine (PEI)/Ag.””
Recently, many techniques have been developed to manu-
facture large-area PSCs, including inkjet printing,'”'" spray
coating,"> ™" electrodeposition,'°~"* slot-die coating,'’~** and
blade coating.”*~*° Blade coating is different from spin coating
in the drying mechanism and can be transferred to a roll-to-roll
continuous mass production process. Huang et al. reported a
PCE of 15.1% of p-i-n planar PSCs using a doctor-bladed
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perovskite layer.”* However, the device was fabricated using
the toxic solvent N,N-dimethylformamide (DMF) in a N,
atmosphere. The two limiting factors for the mass production
of PSCs are the use of a toxic solvent and the need to process
in a N, atmosphere. Guerrero et al. showed that blade-coated
n-i-p PSCs achieved the PCEs of 18.0 and 15.6% when the
devices were fabricated with a nontoxic solvent in a dry box
and in ambient conditions, respectively.29 They demonstrated
that the blade coating process can cause spherulitic growth in a
supersaturating regime and promote the growth of highly
crystalline perovskites. However, there is still a PCE gap
between the blade-coated PSCs fabricated in an ambient
environment (RH ~ 45 + 10%) and the spin-coated PSCs
fabricated in dry air (RH < 0.01%). In addition, n-i-p structure
PSCs usually use a high-temperature-processed TiO, layer as
an electron transport layer (ETL) and exhibit a hysteresis issue
in the device.”*> This high-temperature-processed layer
increases the cost of manufacturing and limits the chances of
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flexible PSC manufacturing. Although many low-temperature-
processed ETLs are also efficient in transporting electrons and
blocking holes in the n-i-p structure PSCs,””** the commonly
used hole transport layer (HTL), spiro-OMeTAD, requires
doped salts to have good hole transport mobility.’**
However, doping salts are considered to be the main reason
for the poor operating lifetime of PSCs.””*® The PSCs with the
p-i-n structure is derived from the organic solar cells, exhibiting
the great potential for low-temperature fabrication on flexible
substrates and no hysteresis issue in the device. In addition, the
used ETL and HTL in the p-i-n structure PSCs usually exhibit
sufficient charge mobility without salt doping, which implies
that PSCs with a p-i-n structure exhibits improved operating
stability as compared with n-i-p structure PVSCs.

Many studies have reported that the morphology and
nanostructure of the perovskite film are critical to the PCE of
PSCs. The perovskite film quality is strongly dependent on the
coating atmosphere, precursor formulation, and additional
treatment (antisolvent). However, these studies mainly focus
on the devices fabricated by the spin coating process in a N,
environment. In our previous study, we have noticed that the
film formation mechanisms are different between spin coating
and large-area coating processes such as slot-die coating.’
Unlike the spin coating process, we can manipulate the early-
stage film crystallization during the transformation of a wet film
into a solid-state film by additional heat treatment in the large-
area coating process. We have proven that manipulation has a
considerable impact on the performance of thin-film solar cells.
Furthermore, we use near-infrared irradiation to rapidly
fabricate PSCs using the large-area coating process in an
ambient environment.”> Our previous results have demon-
strated that the control of film crystallinity and morphology at
the early stage is essential to the quality of large-area films.
However, a detailed understanding of how to control the
formation of the blade-coated perovskite film in ambient
conditions is still lacking.

In this study, we systematically investigate the effect of
perovskite precursor composition variations on the perform-
ance of blade-coated p-i-n PSCs using nontoxic solvents in an
ambient environment. First, we applied theories of the Hansen
solubility parameter (HSP)** and donor number (DN) of the
solute and the solvent*"** to explore the relationship between
a relatively less harmful solvent and a perovskite precursor. A
blend of y-butyrolactone (GBL) and dimethyl sulfoxide
(DMSO) was determined as the host solvent of the perovskite
precursor. We optimize the PCE of blade-coated PSCs by
varying the blend ratio of GBL and DMSO. In addition, we
clarify how the compositions of the solvent blend affect the
morphology and crystallization of the blade-coated perovskite
film. Our results reveal that the nanostructure of blade-coated
perovskite films and the power conversion efficiency of devices
are influenced greatly by the solvent composition. Moreover,
the devices exhibited a larger standard deviation of PCE when
they were fabricated by the blade coating process than those by
the spin coating process. We speculate that the large PCE
standard deviation mainly results from the nonuniformity of
the perovskite film and poor interfacial contact between the
perovskite film and the top electrode. By adding poly(ethylene
glycol) (PEG) into the perovskite precursor solution, a
uniform perovskite film can be obtained with a 34.3%
reduction of the standard deviation of PCE. The standard
deviation is reduced further to 42.4% by improving the
interfaces among the electron transport layer, work function

layer, and electrode using thermally evaporated C60/bath-
ocuproine (BCP) instead of solution-processed PCBM/PEIL
Thus, the current record-high PCE of 17.02% is achieved for
blade-coated p-i-n PSCs using relatively less harmful solvents
in ambient conditions. This study provides insights into the
fabrication of high-efficiency PSCs via the scalable blade
coating process.

B EXPERIMENTAL SECTION

Preparation of the Solution. In ambient conditions (25—30 °C,
40—60% RH), 0.5 M acetate tetrahydrate (Ni(CH;COO),-4H,0,
99.0%, SHOWA Chemical) was dissolved in ethanol (anhydrous,
Fisher Chemical) to prepare a NiO, precursor solution. The solution
was then stirred at 60 °C until it became transparent. After adding 1
M equivalent of ethanolamine (99%, Acros Organics), the solution
was filtered with 0.22 pm poly(1,1,2,2-tetrafluoroethylene) (PTFE).
The following three solutions were prepared in a N, glovebox for 4 h
before using them. The perovskite precursor solution 0.6 M
CH;NH,Pbl; was prepared by mixing CH;NH,I (MAI, STAREK
Scientific Co. Ltd.) and lead iodide (Pbl,, 99.9985%, Alfa Aesar) with
a stoichiometric ratio of different solvents such as dimethylformamide
(DMF, anhydrous, Acros Organics), y-butyrolactone (GBL, >99%,
Acros Organics), and dimethyl sulfoxide (DMSO, >99.7%, Acros
Organics) or GBL/DMSO mixture. For the perovskite precursor of
the polymer additive system, the solution contained 0.0S wt % PEG
(average M,, 6k; Acros Organics). [6,6]-Phenyl-Cg -butyric acid
methyl ester (PCBM, 99.5%, Solenne B.V.) was dissolved in
chlorobenzene (20 mg/mL). The work function modifier contained
0.1 wt % polyethyleneimine (PEI linear, Average M, 10k, Sigma-
Aldrich) in isopropanol (IPA, 99.5%, Acros Organics).

Device Fabrication. The 4 cm X 4 cm FTO-coated glass
substrates (Hartford, TEC7) were cleaned by sequential sonication in
detergent, hydrogen peroxide/ammonia aqueous solutions, methanol,
and isopropanol. The substrates were treated with UV-Ozone for 15
min. The p-type layer NiO, was spin-coated on the FTO at 4000 rpm
for 20 s and annealed for 30 min at 300 °C. Then, 200 xL of the
perovskite precursor solution was blade-coated on a 150 °C heated
NiO,-coated substrate at a rate of 1 m/min in an ambient
environment. The gap between the blade and substrate was in the
range of 190—200 pm. For the solution-processed ETL, the following
coating processes were performed in a N, glovebox: 150 L of PCBM
solution and 300 xL of PEI solution were deposited by spin coating at
1000 rpm for 30 s and at 3000 rpm for 30 s in sequence. For the
thermal-evaporated ETL, 30 nm of C4 and S nm of BCP were
thermally evaporated in sequence. Finally, 100 nm of silver (Ag)
electrodes was vacuum deposited on the coated substrate at 5.0 X
107 mbar to make devices with an active area of 0.09 cm?.

Characterization of Perovskite Films and Devices. Scanning
electron microscopy (SEM) (S3000N, Hitachi) and atomic force
microscopy (AFM) (Dimension-3100 Multimode, Digital Instru-
ments) were used for the morphology studies. The crystal structures
of perovskite films were characterized using an X-ray diffractometer
(XRD, TTRAX iii, Rigaku). Grazing-incident wide-angle X-ray
scattering (GIWAXS) measurements were performed using a
monochromatic X-ray beam with a wavelength of 1.33 A and an
incidence angle of 0.2° at the 17A beamline of the National
Synchrotron Radiation Research Center (NSRRC), Taiwan. The
photoluminescence (PL) spectra and time-resolved PL (TRPL) were
performed by exciting perovskite with a $32 nm diode laser (LDH-P-
C-40S, PicoQuant). The TRPL was recorded by a system
(UniDRON-plus, UniNano Tech). Electrochemical impedance spec-
troscopy (EIS) was measured by an impedance measurement unit
(elektrik PP210, ZAHNER) under illumination. The frequency
ranging from 10 kHz to 100 MHz was used. The I-V characteristics
of the device were measured using a voltage source meter (Keithley
2410) under an AM 1.5 solar simulator (YSS-150A, YAMASHITA
DENSO) with an irradiation intensity of 100 mW/ cm?. The statistical
distribution of the photovoltaic parameters was calculated using at
least 20 devices.
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Table 1. Summary of the Calculated Hansen Solubility Parameters and Donor Numbers for Different Solvents

solvent” toxic 8D 5P 6H Hansen distance (R,) donor number (kcal/mol) dissolution bp (°C)
DMEF yes 17.4 13.7 113 0 26.6 yes 153
DMAC yes 17.0 11.6 10.2 2.60 27.8 yes 165
NMP yes 18.0 12.3 7.2 4.50 27.3 yes 202
acetonitrile yes 15.3 18.0 6.1 7.95 14.1 no 82
TEA no 158.5 0.4 1.0 17.45 61.0 yes 89
DMSO no 18.4 16.4 10.2 3.54 29.8 yes 189
GBL no 18.0 16.6 7.4 S5.01 18.0 yes 204
DEF no 16.4 10.9 6.0 6.20 309 no 176
1-butanol no 16.0 5.7 15.8 9.60 29.0 no 118

“N,N-Dimethylformamide (DMF), N,N-dimethylacetamide (DMAC), N-methyl-2-pyrrolidone (NMP), triethylamine (TEA), dimethyl sulfoxide

(DMSO), y-butyrolactone (GBL), and N,N-diethylformamide (DEF).

B RESULTS AND DISCUSSION

The perovskite precursor solvent of DMF is Widelgv used for
obtaining high-efficiency blade-coated PSCs;** %% however,
the DMF solvent is carcinogenic to humans. Therefore,
alternative solvents to DMF are necessary to ensure a safe mass
production process. In addition, the raw materials of the
perovskite film, i.e., methylamine iodide (MAI) and lead iodide
(Pbl,), should be easily dissolved in the perovskite precursor
solvent.”™* We use the semiexperimental theory of the
Hansen solubility parameter to predict the dissolution
relationship between the solute and solvent, which is expressed
as the Hansen distance (R,).”” The R, is calculated as the
follows

(Ra)z = 4(éD, — 5D1)2 + (6B, — 5P1)2 + (6H, — 5H1)2

(1)
where 6D is the van der Waals force, 6P is the intermolecular
dipole moment, and 6H is the hydrogen bond. Thus, R, is
calculated based on the change in 6H, 6P, and 6D between two
different solvents. We set the R, of a commonly used solvent,
DMF, at zero. The smaller the value of R, of a given solvent,
the better the solubility of the perovskite precursor materials in
this solvent. However, perovskite materials are hybrid materials
consisting of organic and ionic materials. The interactions
between the ionic material and the solvent, such as solvation
and adducts formation, are not considered in the HSP
model.”> The HSP model cannot be applied well to the
selection of a suitable solvent for perovskite solar cells due to
the ionic content. Thus, we used the donor number (DN) in
addition to quantify the possibility of adduct formation and
represent the ease and the energy of adduct formation.*"** We
can select the proper solvents for the perovskite precursor by
considering both HSP and DN simultaneously.

Table 1 lists the calculated R, and DN of the commonly
used solvents, including toxic solvents and relatively less
harmful solvents, in the perovskite precursor. Figure la shows
a plot of DN versus Hansen distance for various solvents. The
solvents represented by the open symbols and solid symbols
indicate whether they can dissolve the perovskite precursor or
not, respectively. These solvents can be divided into three
regions; the solvents located in region 1 exhibit a low Hansen
distance and they can dissolve perovskite materials well,
regardless of their DN values. With increasing Hansen
distance, the effect of the DN values on the solubility of
perovskite materials became obvious gradually. The solvents
located in region 2 show an acceptable solubility for perovskite
materials with a DN value larger than 30. The solvents with a
high Hansen distance (>6) and low DN (<30), which are
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Figure 1. (a) Plot of donor number versus Hansen distance of
different solvents related to dimethylformamide (DMF). (b)
Photographs of the perovskite precursor solutions and films prepared
using different solvents.

located in region 3, reveal a poor solubility for perovskite
materials. According to the results of the solubility experi-
ments, we can determine the critical values of the Hansen
distance and DN of suitable solvents for perovskite materials.
We selected four relatively less harmful solvents, GBL, 1-
butanol, DMSO, and triethylamine (TEA) from Figure la. The
solubility of CH;NH;I (MAI) and Pbl, in these solvents is
evaluated.

Figure 1b shows the four perovskite precursor solutions and
their related films. The solutes form a clear solution in the
solvents of GBL, DMSO, and TEA. The results indicate that
both CH;NH;I and Pbl, have good solubility in these solvents.
The high R, (9.60) of 1-butanol indicates that it is a poor
solvent for Pbl, that results in a nonclear black solution. TEA
exhibits very high R, (17.45) and high DN (61 kcal/mol) as
compared to other solvents. The high R, of TEA exhibits poor
solubility toward the perovskite precursor, but the solubility
can be increased by its high DN. TEA can form easily with HI
that improves the solubility of the precursor in TEA. Then,
Pbl, is easily attracted by the adduct in the solution,* and the
chemical reactions of dissolution are described below

Pbl, + CH,NH,] ——— X  (C,H;),N-HI + Pbl
2 3 3 dissolve in (C,H;);N ( 2 5)3 2

+ CH,NH, @)

https://dx.doi.org/10.1021/acsami.0c06211
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(C,H,);N-HI + Pbl, + CH,;NH, - (C,H,),NHPbI,
()
We deposited the film using the precursor in TEA and then
annealed the film. The annealed film appears red, which
indicates that the stable adduct of (C,H);NHPbI; cannot be
transformed into perovskites. In summary, the low Hansen
distance (less than 6) is critical for the good solubility of MAI
and Pbl, in nontoxic solvents with the DN lower than 30 kcal/
mol, as shown by the red dash line in Figure 1a. Therefore, the
most suitable less harmful solvents are GBL and DMSO, and
they are used in the following study.
We first investigated the effect of solvent type and
deposition atmosphere on the surface morphologies of blade-
coated perovskite films. Figure 2a,b shows the SEM images of
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Figure 2. Top-view SEM images of perovskite films prepared using
different solvents (a) in nitrogen and (b) in ambient conditions. (c)
XRD patterns of perovskite films prepared using different solvents in
ambient conditions.

these films. The perovskite films deposited in N, show
relatively smooth surfaces and small crystallites compared to
those deposited in ambient conditions (45—55% RH). The
results imply that humidity affects the crystallization behavior
of the blade-coated perovskite films. For the films deposited in
ambient conditions, the perovskite film based on the DMEF-
based precursor shows a dense film with concentric circle
crystallinities. The film deposited from a DMSO-based
precursor shows a wrinkled morphology from the center of
the crystal domain, but the film is still dense without excessive
pinholes. The film prepared using GBL as the host solvent
shows a large domain size and isolated crystal domains. Figure
2¢ shows the different crystallization behaviors of these
perovskite films coated in ambient conditions using X-ray
diffraction. The crystal planes of CH3;NH;Pbl, are (110),
(112), (220), (310), (224), and (314), corresponding to
angles 14.14, 19.94, 28.50, 31.94, 40.52, and 43.13°,
respectively.”” The X-ray diffraction (XRD) patterns of the
perovskite and FTO appear in the film fabricated using a
DMF-based precursor in ambient conditions. The results
indicate the film is not dense as appeared in the SEM image
due to the strong affinity of the amino group of DMF to water
in high humidity. The perovskite films fabricated from GBL
and DMSO-based precursors do not reveal the FTO phase.
Therefore, we studied the effects of solvent type and
composition variation of GBL and DMSO on the blade-coated
films and the PCE of the PSCs, and the results are summarized
and discussed below.

To find the optimum condition, we evaluate the effect of the
mixed solvents on the characteristics of photovoltaics directly.
Various devices were fabricated and their performances were
compared. To obtain the best PCE for blade-coated PSCs, we
first adjusted the mixing ratio of GBL to DMSO, which was
expected to be the key determining factor of the quality of
blade-coated perovskite films. We named the devices by the
mixing ratio of the two solvents; for example, for a 9:1 mixing
ratio of GBL to DMSO, the devices were named as G9D1. The
devices fabricated from the precursors using pristine GBL and
DMSO were named as G1DO0 and GOD1, respectively.
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Figure 3. Statistical distribution of PCE, J,, FF, and V. of the PSCs
fabricated using a solvent mixture of DMSO and GBL at different
volume ratios.

Figure 3 and Table 2 summarize the characteristic
distribution of blade-coated PSCs obtained from more than
ten devices. The related J—V curves are shown in Figure S1
(Supporting Information). Throughout the optimization, the
GID9 devices exhibited an average PCE of 9.55% with the
highest PCE of 12.30%. Basically, for different solvent
compositions, the trend of PCE is roughly consistent with
the trends of open-circuit voltage (V,.), short-circuit current
density (J.), and fill factor (FF); however, the effect on FF is
the most significant. The FF is mainly affected by the charge
loss behavior such as trap density, charge recombination, and
charge transport, which is highly related to the surface
morphology and crystallization of the perovskite films.*
Therefore, we further investigated the surface morphology
and crystallinity of these blade-coated perovskite films.

Figure 4 shows the surface morphology and roughness of
perovskite films fabricated from different compositions of the
solvent mixture using SEM (Figure 4a) and AFM (Figure 4b),
respectively. The SEM images captured at high magnification
(less than 10 ym) reveal complete perovskite crystals in a small
area, which are shown in Figure S2. The root-mean-square
(RMS) roughness data are shown in Figure S3 for blade-coated
films fabricated from different solvent compositions The
morphology of the perovskite film fabricated from pristine
GBL is consistent with the SEM image, as shown in Figure 3.
There appears to be a large crystal domain and long crack on
the film, with an RMS roughness of 82.56 nm. With 10 vol %
DMSO added in the GBL, the film becomes dense and shows
no cracks, but the roughness is still high. When the blending
amount of DMSO increases, the film morphology becomes

https://dx.doi.org/10.1021/acsami.0c06211
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Table 2. Performance of PSCs Fabricated Using Different Solvent Mixtures in Ambient Conditions

perovskite solution J.. (mA/cm?) V.. (V) FF (%) PCE (%)
G1Do0 5.05 + 5.08 0.65 + 0.10 27.51 + 11.44 1.35 + 1.44 (2.83)
G9D1 13.07 + 2.49 0.85 + 0.07 34.31 + 7.20 3.69 + 0.67 (4.81)
GSDS 11.46 + 2.20 0.95 + 0.03 5375 + 422 5.89 + 1.54 (8.70)
G1D9 15.09 + 2.94 1.03 + 0.05 60.86 + 5.53 9.55 + 2.44 (12.30)
GOD1 13.60 + 2.10 0.99 + 0.0S 53.14 + 8.16 7.31 + 2.03 (10.56)

“Champion values are listed in the parentheses.
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Figure 4. Morphologies of the perovskite films prepared using a
solvent mixture of DMSO and GBL at different volume ratios in
ambient conditions: (a) top-view SEM images and (b) AFM images.

much smoother and shows no pinholes. In comparison to the
film deposited from pristine DMSO, the G1D9 film does not
show the flowerlike wrinkles with a clear domain boundary in
the film. The film exhibits the lowest roughness of 15.57 nm.
According to our previous studies,””*” the morphology of the
slot-die coated film is greatly influenced by the early stage of
film formation from a wet film to a solid film, and the film
drying rate is directly related to the boiling point of the
perovskite precursor solution. In addition, previous literature
works also pointed out that the morphology of blade-coated
films is affected by the surface tension of the perovskite
precursor solution. They added a suitable surfactant to reduce
the surface tension of the perovskite solution and improve the
affinity of the perovskite solution with the substrate.”®
Therefore, we also evaluated the surface tension of the
perovskite solution using various mixing ratios of the two
solvents (GBL and DMSO) by measuring the contact angle of
the perovskite solution on a nonwetting substrate. Figure S4
shows the contact angle measurements of the perovskite
precursor solution based on pristine DMSO (GOD1) and
mixed solvent (10 vol % GBL and 90 vol % DMF, G1D9) on
FTO/NiO, substrates. Reduced surface tension is confirmed
by the decreasing contact angle when G1D9 was used as the
host solvent for the perovskite precursor. This result implies
that the affinity between the perovskite solution and the
underlying layer can be improved by tuning the mixing ratio of
two solvents, and thus, the morphology of perovskite films
strongly depends on the ratio of the mixed solvents.

In addition, we evaluated the crystallization behaviors of
perovskite films deposited from different compositions of
perovskite precursors using XRD and GIWAXS, as shown in
Figures SS and 5. The XRD patterns (Figure SS) indicate that
the orientation of perovskite crystals varies greatly with the
precursor solvent composition. As the blending amount of
DMSO increases, the preferred orientation switches from the
(110) plane to (112) and (224) planes, representing angles of
14.1, 19.8, and 40.5° respectively. In addition, the two-
dimensional (2D) GIWAXS patterns of GBL-dominated films
(GIDO and G9D1) exhibit diffraction rings, which imply the

GIWAXS
Area Detector

9z

X-ray
source

Figure S. Characteristics of perovskite films prepared using a solvent
mixture of DMSO and GBL at different volume ratios in ambient
conditions by two-dimensional (2D) GIWAXS patterns.

random orientation of the perovskite crystals within the blade-
coated films. In contrast, the GIWAXS patterns of the DMSO-
rich films (GSDS, G1D9, and GOD1) show pronounced
diffraction spots, indicating a high degree of the crystalline
order. High donor number (DN) solvents, such as DMSO,
interact with perovskite precursors to form an adduct and
reduce the surface energy of the lead atom in the perovskite
precursor. For a precursor with low surface energy, perovskite
crystals gprefer to grow along the (110) plane rather than along
(112).* By increasing the ratio of DMSO in the mixing
solvents, the surface energy of the perovskite precursor can be
further reduced, leading to the crystallization of perovskite
crystals in a preferred orientation along (112). Thus, the
smooth surface morphology and high crystallinity of the blade-
coated films (G1D9) are contributed to fast charge transport
and high power conversion efficiency in PSCs. The results are
consistent with the literature.*” Therefore, one of the key
factors for high-efficiency blade-coated PSCs is the composi-
tion of the perovskite precursor for achieving a smooth and
crystalline perovskite film.

Although we have recognized the effect of the perovskite
precursor solvent on the PCE of blade-coated PSCs, it is worth
noting that these devices exhibit a relatively large standard
deviation in the PCE. For example, the best PCE of the devices
based on G1D9 films is 12.3%; however, the average PCE is
only 9.55% with a high standard deviation of 2.44%. The issue
of large standard deviation in PCE is especially critical in the
realization of mass production in the large-area deposition
process. We speculate two factors resulting in the large
standard deviation in PCE: (i) the uniformity of the blade-
coated perovskite film is still lacking and (ii) the interfacial
contact is poor between the electron transport layer and blade-
coated perovskite film. Previously, we demonstrated that the
addition of PEG can effectively tune the film morphology by
retarding the growth of perovskite crystals in the spin-coated
perovskite films.’® Therefore, we first added PEG in the
perovskite precursor solution to promote the formation of the
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continuous uniform blade-coated film. We have used the in
situ synchrotron scattering technique to discover the role of
PEG in the formation of the perovskite layer from a solution to
a solid film fabricated by drop casting.”’ The film formation
mechanism in the blade coating process is similar. During the
film formation, the PEG additive retards the growth of the
intermediate phase. The size of the intermediate crystallites in
the perovskite film with PEG is smaller than in the pristine
perovskite film. The formation of the perovskite crystallites can
be maintained by inhibiting the splitting of the intermediate
grains. Therefore, the domain size of the perovskite film with
PEG is larger than that of the pristine perovskite film, as shown
in the SEM image (Figure S6). The corresponding current
density—voltage curves and PCE with standard deviation are
shown in Figure 6 and listed in Table 3. In comparison to the
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Figure 6. Performance of the perovskite solar cell: (a) J—V curves of
the best-performing devices and (b) statistical distribution of PCEs of
these devices (without PEG, PEG, and C60/BCP).

devices without PEG, the average PCE of the devices with
PEG is more than 13%, and the highest PCE of 15.64% is
achieved. In addition to the improvement of average PCE, the
standard deviation of PCE is decreased from 2.33 to 1.53%
(34.3% improvement). These results imply that the addition of
PEG can effectively tune the morphology and improve the
uniformity of the blade-coated perovskite films. We further
measured the trap density and photoluminescence (PL)
spectra of these perovskite films to clarify the role of the
PEG additive. The trap density can be calculated by the trap-
filled limit (TFL) equation, and the voltage at which all traps
are filled is known as the trap-filled-limit voltage (Vg ). For
the Vig measurement, the following device structure is
adopted: FTO/NiO,/perovskite/PTAA/Au. We can obtain
the Vig by fitting the slopes of the space-charge-limited
current (SCLC) curve with the following Vip equation in the
trap-filled limit regime, as shown in Figure S7a.

eN,d*
2¢eg, (4)

TFL —

where N is the trap density of the film, &, and d represent the
vacuum permittivity and the film thickness, respectively, and &
is the average relative dielectric constant of the perovskite film.
The thickness of the perovskite layer is around 350 nm, which
was measured based on the cross-sectional SEM image (Figure

S7b). The calculated Vg and trap density are listed in Table
S1, and the trap density of the perovskite film was reduced
from 3.82 X 10" to 2.76 X 10'® (carriers/cm?®) by adding the
PEG additive. The PL spectra shown in Figure S8a indicate
that a higher PL intensity for the perovskite film with PEG
than that for the pristine perovskite layer, which implies that
the perovskite film with PEG exhibits fewer defects and a more
homogeneous surface. In addition, time-resolved PL (TRPL)
was conducted to demonstrate the charge carrier lifetime of
these perovskite layers (Figure S8b). The decays follow a
second-order exponential decay trend, which is shown below,
and the data are fitted accordingly

_/ —
y(ac)=yo+A1ele+A2e’C/T2 ()

A, and A, are the decay amplitude fractions and 7, and 7, are
the fast and slow decay times, respectively. Moreover, 7,,, is
introduced to represent the carrier lifetime of the perovskite
film and calculated using the following formula

_ At + Ay,
A+ A, (6)

an
All of these parameters are listed in Table S2, and the 7,
values of the pristine perovskite film and the perovskite film
with PEG are 25.68 and 48.36 ns, respectively. The long carrier
lifetime of the perovskite film implies that the PEG additive
passivates the defects inside the perovskite film. In addition to
the defects, charge recombination in the perovskite film can
also be effectively reduced with the addition of PEG.
According to these results, we conclude that the PEG additive
can control crystallization and passivate defects, such as grain
boundaries within the perovskite films, and thus, larger grain
size can be formed.”” The increase in the grain size of the
perovskite film is expected to have long-term stability. We
measured the stability of the blade-coated devices by
monitoring the changes in PCE with time, as shown in Figure
S9. The measurements were done in ambient conditions
without encapsulation (25 °C and 50—60 RH%). After 100 h,
the PCEs of PSCs prepared using the GOD1 and G1D9
solvents were reduced to 80 and 85% of the initial PCEs,
respectively. It indicated that the stability is affected by the
various morphologies of the perovskite films resulting from
using different solvent compositions. Furthermore, the Ty
lifetime of PSCs of the two samples without the PEG additive
is below 200 h. However, the Ty, lifetime of PSC with PEG
additive is more than 350 h. The results suggest that the
improved stability of PSCs with the PEG additive is due to the
reduced number of defects in the film. In addition, we
demonstrate the performance of a large-area device and
module shown in Figure S10. Figure S10a shows the J—V
curves of the PSC with a device area of 1 cm* The achievable
PCE can be up to 12.36%. The blade-coated module (4 cm X
4 cm) is interconnected by five subcells (0.3 cm X 2.5 cm) and
exhibits a PCE of 9.81% (Figure S10b), which is compatible

Table 3. Performance of PSCs Fabricated Using Perovskite Films with or without PEG

perovskite solution Jo (mA/cm?) V,. (V) FF (%) PCE (%)“
without PEG 1545 + 2.52 1.03 + 0.04 62.86 + 7.59 9.92 + 2.31 (12.31)
with PEG 18.15 + 1.18 107 + 0.03 70.93 + 6.02 1378 + 1.53 (15.64)
C60/BCP 20.56 + 0.77 1.06 + 0.02 67.70 + 5.77 14.80 + 1.33 (17.02)

“Champion values are listed in the parentheses.
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with that of the large-area device. Furthermore, the interfacial
contact between the blade-coated perovskite layer and the
adjacent layer is another key factor influencing the standard
deviation of PCE. The adjacent layers, including ETL and
WFL, are sequentially deposited on the blade-coated perov-
skite layer. Therefore, the interfacial contact between them is
strongly affected by the surface morphology of the under layer.
To form a better contact layer on the perovskite layer, we
replaced the solvent-processed PCBM and PEI with thermal-
evaporated fullerene (C60) and bathocuproine (BCP). The
related J—V curve and PCE are presented in Figure 6 and
Table 3. These devices show that the standard deviation is
further reduced to 1.33% (42.4% cumulative reduction). The
average PCE can be further improved to 14.80%, and the
highest PCE of 17.02% can be achieved. The enhanced PCEs
mainly result from the increasing ], which implies that the
improvement in the interfacial contact can effectively facilitate
the charge transport.””** Electrochemical impedance spectros-
copy (EIS) was able to disclose the interfacial charge transport
properties between the perovskite film and the upper layer. EIS
spectra of PSCs were measured at V. of each device under
illumination conditions, as shown in Figure S11. The
equivalent circuit model consisted of a series resistance (R,),
a charge-transfer resistance (Rcp) at the interface, and a
recombination resistance of the perovskite (R,.). The
differences in Ry stem mainly from the interfacial resistance
of the PSC with C60/BCP and PCBM/PEL R of PSCs with
C60/BCP is smaller than that with PCBM/PEI, revealing more
efficient charge transfer in PSC with C60/BCP. Thus, PSCs
with C60/BCP exhibit increasing J,. because of the improved
interfacial contact. To the best of our knowledge, this is a
record-high PCE for the blade-coated PSCs using less harmful
solvents in ambient conditions. Our study has successfully
verified the impact of surface morphology and interfacial
contact on the performance and PCE distribution of the blade-
coated PSCs.

B CONCLUSIONS

In this study, we used the Hansen distance and donor number
to select green solvents DMSO and GBL to fabricate
perovskite films using blade coating in ambient conditions.
The blending ratio of 9/1 by volume of DMSO and GBL was
determined to obtain the best perovskite film with high density
and crystallinity. In addition, we successfully fabricated blade-
coated PSCs with a high average PCE and a small PCE
distribution by adding PEG to modify the surface morphology
of the blade-coated films and using thermally evaporated ETL
and WEFL to exhibit good interfacial contact. The highest PCE
of 17.02% can be obtained from the blade-coated PSCs in
ambient conditions. Our study provides a simple and feasible
method for the manufacturing of less harmful solvents and
large-area and air-processed PSCs and paves the way for their
future commercialization.
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