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ABSTRACT: Low-cost and solution-processed perovskite solar cellghave e serection o sol (. _Polymer additive
shown great potential for scaling-up mass production. In comparison .mm} e | ==
spin coating process for fabricating devices with small areas, the bladg €oating === || e =
process is a facile technique for preparing unifoswith large areas. High S 100 ym wf ‘
e ciency perovskite solar cells have been reported using blade coating, but i iiad
they were fabricated using the toxic soNgitimethylformide (DMF) in —— — A d
nitrogen. In this work, we present highlgient blade-coated perovskite sqlar T ° 212 e f
cells prepared using a green solvent mixturbubyrolactone (GBL) and EFI =t 2 71| Ve 109V
dimethyl sulfoxide (DMSO) in an ambient environment. By carefully b:: e
controlling the interface, morphology, and crystallinity of perousisitg * ¢ g:zo Skl
through composition variations and additives, a high power conversi “‘"
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e ciency of 17.02% is achieved in air with 42.4% reduction of st
deviation in performance. Thedings in this work resolve the issues of
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

INTRODUCTION perovskite layéf.However, the device was fabricated using
nI]he toxic solvenN,N-dimethylformamide (DMF) in a,N
atmosphere. The two limiting factors for the mass production
h%f PSCs are the use of a toxic solvent and the need to process
In a N, atmosphere. Guerrero et al. showed that blade-coated
§—i—p PSCs achieved the PCEs of 18.0 and 15.6% when the
evices were fabricated with a nontoxic solvent in a dry box

Compared to the conventional silicon and copper indiu
gallium selenide (CIGS) solar cells, orgarocganic perov-
skite solar cells (PSCs) exhibit a competitive edge in t
market due to their cemid power conversion eency
(PCE) of 25.2% and solution processability. The perovski

has a high absorption caéent, long carrier dision length, ; . " :
low exciton dissociation energy, and good charge carr%?d in ambient conditions, respectieljrey demonstrated

mobility, which result in high device performaricghe spin that the blad(_a coating process can cause spherulitic growth ina
coating process is not scalable for commercialization, altho ersaturating regime and promote the growth of highly

. A ; talline perovskites. However, there is still a PCE gap
it can obtain highly eient PSCs. The structure of planar ys ; . .
PSCs can be divided into normal (n-i-p) and inverted (p-i-n etween the blade-coated PSCs fabricated in an ambient

: : . nvironment (RH 45+ 10%) and the spin-coated PSCs
:Lucﬁggis’an%eﬁggi'nghgncotr?]ﬁ,' c)t:]?.; Sug%g;gt]i O(rj]ugfcg?n 0abricated in dry air (RH < 0.01%). In addition, n-i-p structure
i-p-type PSCs isuorine-doped tin oxide (FTO)/c-TiD PSCs usually use a high-temperature-processddy€iCas
meso-TiQ/perovskite/Spiro-OMeTAD/AY, and that of p-i- an electron transport layer (ETL) and exhibit a hysteresis issue

n-type PSCs is FTO/Nigperovskite/[6.6].phenyl-gbuty- I the devicé>* This high-temperature-processed layer
ric acid methyl ester (PCBM)/polyethyleneimine (PEIjfAg. increases the cost of manufacturing and limits the chances of
Recently, many techniques have been developed to mars
facture large-area PSCs, including inkjet prifitingpray ~ Received: April 4, 2020 L
coating;” *° electrodepositioft, *® slot-die coatiny, “and ~ Accepted: May 21, 2020 N
blade coating’ *° Blade coating is dirent from spin coating Published:May 21, 2020
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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exible PSC manufacturing. Although many low-temperatudeyer, and electrode using thermally evaporated C60/bath-
processed ETLs are als@ient in transporting electrons and ocuproine (BCP) instead of solution-processed PCBM/PEI.
blocking holes in the n-i-p structure PS€&she commonly  Thus, the current record-high PCE of 17.02% is achieved for
used hole transport layer (HTL), spiro-OMeTAD, requiresblade-coated p-i-n PSCs using relatively less harmful solvents
doped salts to have good hole transport mobifity. in ambient conditions. This study provides insights into the
However, doping salts are considered to be the main readafrication of high-eiency PSCs via the scalable blade
for the poor operating lifetime of PSE&The PSCs with the  coating process.
p-i-n structure is derived from the organic solar cells, exhibiting
the great potential for low-temperature fabricatioexhle EXPERIMENTAL SECTION
substrates and no hysteresis issue in the device. In addition, thereparation of the Solution. In ambient conditions (230 °C,
used ETL and HTL in the p-i-n structure PSCs usually exhib#to 60% RH), 0.5 M acetate tetrahydrate (NKCEO),-4H,0,
su cient charge mobility without salt doping, which implie€99.0%, SHOWA Chemical) was dissolved in ethanol (anhydrous,
that PSCs with a p-i-n structure exhibits improved operatirfgsher Chemical) to prepare a Niecursor solution. The solution
sablly a5 compaTed Wi v e Py e o e e
. b, ,

e D S ot wih 022 bt 122 eraostiens (PTFe)

- L The following three solutions were prepared ingtoMebox for 4 h
PSCs. The perovskiten quality is strongly dependent on the petore using them. The perovskite precursor solution 0.6 M

coating atmosphere, precursor formulation, and additiongH.NH,Pbl, was prepared by mixing {His (MAI, STAREK
treatment (antisolvent). However, these studies mainly focgsientic Co. Ltd.) and lead iodide (B99.9985%, Alfa Aesar) with
on the devices fabricated by the spin coating process in a &lstoichiometric ratio of dirent solvents such as dimethylformamide
environment. In our previous study, we have noticed that t{EMF, anhydrous, Acros Organicshutyrolactone (GBL, >99%,

Im formation mechanisms areedent between spin coating Acros Organics), and dimethyl sulfoxide (DMSO, >99.7%, Acros
and large-area coating processes such as slot-die®%coatirfgrganics) or GBL/DMSO mixture. For the perovskite precursor of

Unlike the spin coating process, we can manipulate the eaffif Polymer additive system, the solution contained 0.05 wt % PEG
stage m crystalization during the transformaton of amet _\teer 20 B¢, hcies Orgenes) [0GHPIembu oo
into a solid-statdm by additional heat treatment in the large- chiorobenzene (20 mg/mL). The work function mevdéontained

area coating process. We have proven that manipulation hagiawt % polyethyleneimine (PEI, linear, AveragkOM Sigma-
considerable impact on the performance oflthiselar cells.  Aldrich) in isopropanol (IPA, 99.5%, Acros Organics).

Furthermore, we use near-infrared irradiation to rapidly Device Fabrication. The 4 cmx 4 cm FTO-coated glass
fabricate PSCs using the large-area coating process in shpstrates (Hartford, TEC7) were cleaned by sequential sonication in
ambient environmefit. Our previous results have demon- degefgent, hydrcl)gerr]\ per%Xide/ammO”ia aque(?us_ ?]olutions, me:{hanol,
strated that the control dfn crystallinity and morphology at nd isopropanol. The substrates were treated with UV-Ozone for 15
the early stage is essential t)(/) the qﬁality of Iaegdm%a min. The p-type layer Nj@vas spin-coated on the FTO at 4000 rpm

H detailed derstandi fh t trol thfor 20 s and annealed for 30 min at 300Then, 200 L of the
owever, a detalled understanding ol how 1o contro Serovskite precursor solution was blade-coated on°@ hgated

formation of the blade-coated perovskite in ambient  Njo,-coated substrate at a rate of 1 m/min in an ambient

conditions is still lacking. environment. The gap between the blade and substrate was in the
In this study, we systematically investigate twt of range of 190200 m. For the solution-processed ETL, the following

perovskite precursor composition variations on the performeating processes were performed ingéodebox: 150L of PCBM

ance of blade-coated p-i-n PSCs using nontoxic solvents ins@hition and 300L of PEI solution were deposited by spin coating at

ambient environment. First, we applied theories of the Hans@fC0 rpm for 30 s and at 3000 rpm for 30 s in sequence. For the

solubility parameter (HS®)jand donor number (DN) of the ~hermal-évaporated ETL, 30 nm gf @nd 5 nm of BCP were

2 . . thermally evaporated in sequence. Finally, 100 nm of silver (Ag)
solute and the solvétit® to explore the relationship between elégtrodes was vacuum deposited on the Coated substrate at 5.0

a relatively less harmful solvent and a pe_:rovskite Precursory % mpar to make devices with an active area of G209 cm
blend of -butyrolactone (GBL) and dimethyl sulfoxide characterization of Perovskite Films and DevicesScanning
(DMSO) was determined as the host solvent of the perovskitgectron microscopy (SEM) (S3000N, Hitachi) and atomic force
precursor. We optimize the PCE of blade-coated PSCs hycroscopy (AFM) (Dimension-3100 Multimode, Digital Instru-
varying the blend ratio of GBL and DMSO. In addition, wements) were used for the morphology studies. The crystal structures
clarify how the compositions of the solvent bleadt dhe  Of perovskitelms were characterized using an X-ragaometer
morphology and crystallization of the blade-coated perovskitéRD: TTRAX iii, Rigaku). Grazing-incident wide-angle X-ray
Im. Our results reveal that the nanostructure of blade-coatfteling (GIWAXS) measussts were performed using a

Kitel dth L f devi monochromatic X-ray beam with a wavelength of 1.33 A and an
perovskiteims an € POWEr CONVErSIOITIENCY O GEVICES  ngigance angle of 0.at the 17A beamline of the National

are inuenced greatly by the solvent composition. Moreovegynchrotron Radiation Research Center (NSRRC), Taiwan. The
the devices exhibited a larger standard deviation of PCE whgibtoluminescence (PL) spectra and time-resolved PL (TRPL) were
they were fabricated by the blade coating process than thosepbsformed by exciting perovskite with a 532 nm diode laser (LDH-P-
the spin coating process. We speculate that the large PCE05, PicoQuant). The TRPL was recorded by a system
standard deviation mainly results from the nonuniformity dfUniDRON-plus, UniNano Tech). Electrochemical impedance spec-
the perovskitelm and poor interfacial contact between thetroscopy (EIS) was measured by an impedance measurement unit
perovskitelm and the top electrode. By adding poly(ethylene(e'ekt”k PP210, ZAHNER) under illumination. The frequency

. : : ranging from 10 kHz to 100 MHz was used.I Thecharacteristics
glycol) (PEG) into the perovskite precursor solution, % the device were measured using a voltage source meter (Keithley

uniform perovskite Im can be obtained with a 34.3% 5410) ynder an AM 1.5 solar simulator (YSS-150A, YAMASHITA
reduction of the standard deviation of PCE. The standargenso) with an irradiation intensity of 100 mWicTie statistical
deviation is reduced further to 42.4% by improving theistribution of the photovoltaic parameters was calculated using at
interfaces among the electron transport layer, work functideast 20 devices.
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Table 1. Summary of the Calculated Hansen Solubility Parameters and Donor NumbersdmnbiSolvents

solverit toxic D P H Hansen distanc&{ donor number (kcal/mol) dissolution b))
DMF yes 17.4 13.7 11.3 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 7.95 141 no 82
TEA no 155 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 5.01 18.0 yes 204
DEF no 16.4 10.9 6.0 6.20 30.9 no 176
1-butanol no 16.0 5.7 15.8 9.60 29.0 no 118

2N ,N-Dimethylformamide (DMFN,N-dimethylacetamide (DMAQY-methyl-2-pyrrolidone (NMP), triethylamine (TEA), dimethyl sulfoxide
(DMSO), -butyrolactone (GBL), aridN-diethylformamide (DEF).

RESULTS AND DISCUSSION

The perovskite precursor solvent of DMF is widely used for
obtaining high-eciency blade-coated PSE$%*° 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
perovskitelm, i.e., methylamine iodide (MAI) and lead iodide
(Pbl,), should be easily dissolved in the perovskite precursor
solvenf? *°> We use the semiexperimental theory of the
Hansen solubility parameter to predict the dissolution
relationship between the solute and solvent, which is expressed GBL Butanol DMSO TEA
as the Hansen distand®)(*° The R, is calculated as the '
follows

(R’=4 DS D?+( BS P+( B N

1)
. . . Figure 1.(a) Plot of donor number versus Hansen distance of
where D is the van der Waals force,is the intermolecular  4i"crent solvents related to dimethylformamide (DMF). (b)

dipole moment, andH is the hydrogen bond. Thig, is Photographs of the perovskite precursor solutiongmadrepared
calculated based on the chang#linP, and D betweentwo  ysing dierent solvents.

di erent solvents. We set Rgof a commonly used solvent,
DMF, at zero. The smaller the valuRaif a given solvent,

the better the solubility of the perovskite precursor materials in

this solvent. However, perovskite materials are hybrid materi@lsated in region 3, reveal a poor solubility for perovskite

consisting of organic and ionic materials. The interactionfiaterials. According to the results of the solubility experi-

between the ionic material and the solvent, such as solvatigints, we can determine the critical values of the Hansen
and adducts formation, are not considered in the HSRHistance and DN of suitable solvents for perovskite materials.
model:®> The HSP model cannot be applied well to the\we selected four relatively less harmful solvents, GBL, 1-
selection of a suitable solvent for perovskite solar cells dueggtanol, DMSO, and triethylamine (TEA) fiigure &. The

the ionic content. Thus, we used the donor number (DN) insolubility of CHNH;l (MAI) and Pb}, in these solvents is
addition to quantify the possibility of adduct formation anckygjuated.

—_
[
-

Donor number (kcal/mol)
n w » o o
8 8 & & 8
T T T T T

-
o
n

Hansen distance

G

Solution

represent the ease and the energy of adduct foritiare Figure b shows the four perovskite precursor solutions and
can select the proper solvents for the perovskite precursor @gjr related Ims. The solutes form a clear solution in the
considering both HSP and DN simultaneously. solvents of GBL, DMSO, and TEA. The results indicate that

Table llists the calculateld, and DN of the commonly  poth CHNH,I and Pbj have good solubility in these solvents.
used solvents, including toxic solvents and relatively lepge highR, (9.60) of 1-butanol indicates that it is a poor
harmful solvents, in the perovskite precufgpne & shows  sovent for Phithat results in a nonclear black solution. TEA
a plot of DN versus Hansen distance for various sol\_/ents. TBenibits very higR, (17.45) and high DN (61 kcal/mol) as
solvents represented by the open symbols and solid sym pared to other solvents. The iRgbf TEA exhibits poor
indicate whether they can dissolve the perovskite precursorgyjjpijity toward the perovskite precursor, but the solubility
not, respectively. These solvents can be divided into threg, he increased by its high DN. TEA can form easily with HI
regions; the solvents located in region 1 exhibit a low Hansgiy, improves the solubility of the precursor in TEA. Then
distance and they can dissolve perovskite materials w b is easily attracted by the adduct in the softftamd tHe '

rggardless of their DN values. With increasing._Hanset{hemical reactions of dissolution are described below
distance, the ect of the DN values on the solubility of

perovskite materials became obvious gradually. The solven%

located in region 2 show an acceptable solubility for perovskite bl + CHyNH! dissolve in (¢ B3 N (CoHIN M P

materials with a DN value larger than 30. The solvents with a

high Hansen distance (>6) and low DN (<30), which are + CHNH, @
26043 https://dx.doi.org/10.1021/acsami.0c06211
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To nd the optimum condition, we evaluate tieeteof the
mixed solvents on the characteristics of photovoltaics directly.
Various devices were fabricated and their performances were
annealed thelm. The annealedim appears red, which compared. To obtain the best PCE for blade-coated PSCs, we

indicates that the stable adduct oHg:;NHPbl, cannot be rst adjusted the mixing ratio of GBL to DMSO, which was
transformed into perovskites. In summary, the low Hanséhipected to be the key determining factor of the quality of
distance (less than 6) is critical for the good solubility of MAPlade-coated perovskitens. We named the devices by the
and PbJ in nontoxic solvents with the DN lower than 30 kcal/ mixing ratio of the two solvents; for example, for a 9:1 mixing
mol, as shown by the red dash lirféignre a. Therefore, the  ratio of GBL to DMSO, the devices were named as G9D1. The
most suitable less harmful solvents are GBL and DMSO, agélices fabricated from the precursors using pristine GBL and

they are used in the following study. DMSO were named as G1D0 and GOD1, respectively.
We rst investigated the ect of solvent type and

deposition atmosphere on the surface morphologies of blade-
coated perovskitéms.Figure a,b shows the SEM images of

(CoH9 NHI +Pbl,+ CHNH, (C H yNHPbI,
3
We deposited thdm using the precursor in TEA and then

Figure 2.Top-view SEM images of perovsKites prepared using  Figure 3.Statistical distribution of PCE, FF, and/, of the PSCs
di erent solvents (a) in nitrogen and (b) in ambient conditions. (c)fabricated using a solvent mixture of DMSO and GBLesemti
XRD patterns of perovskitens prepared using drent solvents in  volume ratios.

ambient conditions.

Figure 3 and Table 2 summarize the characteristic
distribution of blade-coated PSCs obtained from more than
these Ims. The perovskitelms deposited in Nshow ten devices. The relatdadV curves are shown fifigure S1
relatively smooth surfaces and small crystallites compared($upporting Information). Throughout the optimization, the
those deposited in ambient conditions g8%6 RH). The G1D9 devices exhibited an average PCE of 9.55% with the
results imply that humidity ects the crystallization behavior highest PCE of 12.30%. Basically, foeret solvent
of the blade-coated perovskites. For thelms deposited in  compositions, the trend of PCE is roughly consistent with
ambient conditions, the perovskiia based on the DMF- the trends of open-circuit voltadg), short-circuit current
based precursor shows a derse with concentric circle density 49, and Il factor (FF); however, theect on FF is
crystallinities. Thelm deposited from a DMSO-based the most signcant. The FF is mainly ected by the charge
precursor shows a wrinkled morphology from the center édss behavior such as trap density, charge recombination, and
the crystal domain, but thien is still dense without excessive charge transport, which is highly related to the surface
pinholes. Thelm prepared using GBL as the host solventmorphology and crystallization of the perovshites:>
shows a large domain size and isolated crystal déigairs. Therefore, we further investigated the surface morphology
2c shows the derent crystallization behaviors of theseand crystallinity of these blade-coated peroviskige
perovskite Ims coated in ambient conditions using X-ray Figure 4shows the surface morphology and roughness of
di raction. The crystal planes of fHsPbk are (110), perovskite Ims fabricated from d@irent compositions of the
(112), (220), (310), (224), and (314), corresponding to solvent mixture using SEMdure 4) and AFM Figure b),
angles 14.14, 19.94, 28.50, 31.94, 40.52, and, 43.1Bspectively. The SEM images captured at high cadigni
respectivelf. The X-ray diraction (XRD) patterns of the (less than 10m) reveal complete perovskite crystals in a small
perovskite and FTO appear in tHm fabricated using a area, which are shown kigure S2The root-mean-square
DMF-based precursor in ambient conditions. The resulf®RMS) roughness data are showFignire Sfor blade-coated
indicate the Im is not dense as appeared in the SEM imagelms fabricated from dirent solvent compositions The
due to the strong anity of the amino group of DMF to water morphology of the perovskitem fabricated from pristine
in high humidity. The perovskitens fabricated from GBL GBL is consistent with the SEM image, as showigure 3
and DMSO-based precursors do not reveal the FTO phaskhere appears to be a large crystal domain and long crack on
Therefore, we studied theeets of solvent type and the Im, with an RMS roughness of 82.56 nm. With 10 vol %
composition variation of GBL and DMSO on the blade-coateBMSO added in the GBL, thbn becomes dense and shows

Ims and the PCE of the PSCs, and the results are summarizedcracks, but the roughness is still high. When the blending
and discussed below. amount of DMSO increases, the morphology becomes
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Table 2. Performance of PSCs Fabricated Usingi2int Solvent Mixtures in Ambient Conditions

perovskite solution 1. (mA/cn) Vye (V) FF (%) PCE (%)
G1DO0 5.05 5.08 0.6% 0.10 27.5% 11.44 1.3% 1.44 (2.83)
G9D1 13.0% 2.49 0.8% 0.07 34.3% 7.20 3.6% 0.67 (4.81)
G5D5 11.46 2.20 0.9% 0.03 53.7% 4.22 5.8% 1.54 (8.70)
G1D9 15.0% 2.94 1.0% 0.05 60.8& 5.53 9.55 2.44 (12.30)
GOD1 13.6& 2.10 0.9% 0.05 53.14 8.16 7.3% 2.03 (10.56)

#Champion values are listed in the parentheses.

Figure 4.Morphologies of the perovskitins prepared using a

solvent mixture of DMSO and GBL atedént volume ratios in

ambient conditions: (a) top-view SEM images and (b) AFM imagegsigure 5.Characteristics of perovskitas prepared using a solvent
mixture of DMSO and GBL at drent volume ratios in ambient
much smoother and shows no pinholes. In comparison to tleenditions by two-dimensional (2D) GIWAXS patterns.

Im deposited from pristine DMSO, the G1D8 does not
show the owerlike wrinkles with a clear domain boundary inrandom orientation of the perovskite crystals within the blade-
the Im. The Im exhibits the lowest roughness of 15.57 nmcoated Ims. In contrast, the GIWAXS patterns of the DMSO-
According to our previous studi&s,the morphology of the rich Ims (G5D5, G1D9, and GOD1) show pronounced
slot-die coatedim is greatly iruenced by the early stage of di raction spots, indicating a high degree of the crystalline

Im formation from a wetm to a solid Im, and the Im order. High donor number (DN) solvents, such as DMSO,
drying rate is directly related to the boiling point of theinteract with perovskite precursors to form an adduct and
perovskite precursor solution. In addition, previous literatureduce the surface energy of the lead atom in the perovskite
works also pointed out that the morphology of blade-coatgutecursor. For a precursor with low surface energy, perovskite

Ims is aected by the surface tension of the perovskiterystals prefer to grow along the (110) plane rather than along
precursor solution. They added a suitable surfactant to redudd 2)*® By increasing the ratio of DMSO in the mixing
the surface tension of the perovskite solution and improve tkelvents, the surface energy of the perovskite precursor can be
a nity of the perovskite solution with the substfate. further reduced, leading to the crystallization of perovskite
Therefore, we also evaluated the surface tension of theystals in a preferred orientation along (112). Thus, the
perovskite solution using various mixing ratios of the twsmooth surface morphology and high crystallinity of the blade-
solvents (GBL and DMSO) by measuring the contact angle obated Ims (G1D9) are contributed to fast charge transport
the perovskite solution on a nonwetting subskigtere S4  and high power conversioncgency in PSCs. The results are
shows the contact angle measurements of the perovskiensistent with the literatdreTherefore, one of the key
precursor solution based on pristine DMSO (GOD1) andactors for high-eciency blade-coated PSCs is the composi-
mixed solvent (10 vol % GBL and 90 vol % DMF, G1D9) ortion of the perovskite precursor for achieving a smooth and
FTO/NIO, substrates. Reduced surface tension isveah crystalline perovskitém.
by the decreasing contact angle when G1D9 was used as thalthough we have recognized thect of the perovskite
host solvent for the perovskite precursor. This result impliggecursor solvent on the PCE of blade-coated PSCs, it is worth
that the anity between the perovskite solution and thenoting that these devices exhibit a relatively large standard
underlying layer can be improved by tuning the mixing ratio afeviation in the PCE. For example, the best PCE of the devices
two solvents, and thus, the morphology of perovékise  based on G1D9ms is 12.3%; however, the average PCE is
strongly depends on the ratio of the mixed solvents. only 9.55% with a high standard deviation of 2.44%. The issue

In addition, we evaluated the crystallization behaviors of large standard deviation in PCE is especially critical in the
perovskite Ims deposited from dirent compositions of realization of mass production in the large-area deposition
perovskite precursors using XRD and GIWAXS, as shownprocess. We speculate two factors resulting in the large
Figures Sand5. The XRD patterns-(gure Spindicate that  standard deviation in PCE: (i) the uniformity of the blade-
the orientation of perovskite crystals varies greatly with tlomated perovskitdm is still lacking and (ii) the interfacial
precursor solvent composition. As the blending amount @bntact is poor between the electron transport layer and blade-
DMSO increases, the preferred orientation switches from tieeated perovskitdm. Previously, we demonstrated that the
(110) plane to (112) and (224) planes, representing angles afidition of PEG can ectively tune thelm morphology by
14.1, 19.8, and 40.5respectively. In addition, the two- retarding the growth of perovskite crystals in the spin-coated
dimensional (2D) GIWAXS patterns of GBL-domindted perovskite Ims>® Therefore, we rst added PEG in the
(G1DO0 and G9D1) exhibit diaction rings, which imply the perovskite precursor solution to promote the formation of the
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continuous uniform blade-coatdah. We have used the in S7§). The calculate®;r and trap density are listedTiable
situ synchrotron scattering technique to discover the role &, and the trap density of the perovskite was reduced
PEG in the formation of the perovskite layer from a solution tirom 3.82x 10* to 2.76x 10'° (carriers/cr) by adding the

a solid Im fabricated by drop castifigilhe Im formation PEG additive. The PL spectra showRigure S8andicate
mechanism in the blade coating process is similar. During ttfgt a higher PL intensity for the perovsHite with PEG

Im formation, the PEG additive retards the growth of théhan that for the pristine perovskite layer, which implies that
intermediate phase. The size of the intermediate crystallitestive perovskitelm with PEG exhibits fewer defects and a more
the perovskitelm with PEG is smaller than in the pristine homogeneous surface. In addition, time-resolved PL (TRPL)
perovskitelm. The formation of the perovskite crystallites carwas conducted to demonstrate the charge carrier lifetime of
be maintained by inhibiting the splitting of the intermediatéhese perovskite layersigre S8b The decays follow a
grains. Therefore, the domain size of the perovskiteith second-order exponential decay trend, which is shown below,
PEG is larger than that of the pristine perovskiteas shown and the data ardted accordingly

in the SEM imageF(gure Sp The corresponding current &y &y

. . ) = 1 2
density voltage curves and PCE with standard deviation are XX = ¥+ Ae> '+ Ae (5)

shown inFigure Gand listed iMable 3 In comparison to the
g P A, andA, are the decay amplitude fractions amhd , are

the fast and slow decay times, respectively. Morggyier,
introduced to represent the carrier lifetime of the perovskite
Im and calculated using the following formula

_ At Arn
AT A (6)

All of these parameters are listedable S2and the ;4
values of the pristine perovskita and the perovskitédm
) , with PEG are 25.68 and 48.36 ns, respectively. The long carrier
Fk:gubre G'Pe;formancg’ of the pe(;o(\t/skute _so_larlcde_lll .Qﬁ)c‘?”’esf (I)DfCE lifetime of the perovskitém implies that the PEG additive
the best-performing devices an statistical distribution o SB . P . )
; ; assivates the defects inside the perovskiten addition to
th thout PEG, PE BCP). T . )
ese devices (without PEG, PEG, and CE0/BCP) the defects, charge recombination in the peroviskitean
; : . 0 be eectively reduced with the addition of PEG.
devices without PEG, the average PCE of the devices w H;cording to these results, we conclude that the PEG additive

PEG is more than 13%, and the highest PCE of 15.64%’] o ; !
an control crystallization and passivate defects, such as grain

achieved. In addition to the improvement of average PCE, t ; 2> / .
standard deviation of PCE is decreased from 2.33 to 1.5 Oundanes within the perovskibms, and thus, larger grain

(34.3% improvement). These results imply that the addition oz Call(r.] ble fo_rmé%i.'l’he (IanI’EF;SG Inl the grain S'ZE.I.Of the
PEG can ectively tune the morphology and improve thePErOVSKite Im is expected to have long-term stability. We
uniformity of the blade-coated perovsKites. We further measured the stability of the blade-coated devices by

measured the trap density and photoluminescence (PUg"ic™ TR BRI T (B0E BTSSR
spectra of these perovskitms to clarify the role of the

PEG additive. The trap density can be calculated by the tra;ﬁfl'-thom encapsulation (26 and 50 60 RH9%). After 100 h,

o : ; e PCEs of PSCs prepared using the GOD1 and G1D9
alrlgdllltlergI?s(-ll;lr:]t%viqggt;ﬁg't?gr?e;[jhﬁn\]/i(t)l:/%?gg é\\zl hShF%”rtrapssolvents were reduced to 80 and 85% of the initial PCEs,
- TFL)-

the Vi, measurement, the following device structure iéespectively. It indi.cated that the stat_)ility és:taq by the
adopted: FTO/NiQ/perc;vskite/PTAA/Au. We can obtain 'arnous morphologies of the perovsKites resulting from

. ... using dierent solvent compositions. Furthermore,Tthe
the Vig by tting the slopes of the space-charge-limiteqd;, .. . .
current (SCLC) curve with the followiig, equation in the ql:fetlme of PSCs of the two samples without the PEG additive

oy : : is below 200 h. However, thg lifetime of PSC with PEG
trap- lled limit regime, as shownfigure S7a additive is more than 350 h. The results suggest that the
eN d improved stability of PSCs with the PEG additive is due to the
VgL = CEN 4 reduced number of defects in tHen. In addition, we
0 “) demonstrate the performance of a large-area device and
wherel, is the trap density of thém, ,anddrepresentthe module shown irfrigure S10Figure S10a&hows thel V
vacuum permittivity and thkm thickness, respectively, and curves of the PSC with a device area of.1Téra achievable
is the average relative dielectric constant of the perduskite PCE can be up to 12.36%. The blade-coated modulex(4 cm
The thickness of the perovskite layer is around 350 nm, whidircm) is interconnected bye subcells (0.3 cn2.5 cm) and
was measured based on the cross-sectional SEMFigmage (  exhibits a PCE of 9.81%idure S10b which is compatible

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

perovskite solution L. (mA/cn) Ve (V) FF (%) PCE (%)
without PEG 15.45% 2.52 1.0% 0.04 62.8& 7.59 9.9 2.31 (12.31)
with PEG 18.1% 1.18 1.0% 0.03 70.9% 6.02 13.7& 1.53 (15.64)
C60/BCP 20.5& 0.77 1.06 0.02 67.7& 5.77 14.8& 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 TRPL spectra, stability test, and EIS measurement
contact between the blade-coated perovskite layer and the (PDP

adjacent layer is another key factaneincing the standard

deviation of PCE..The adjac_ent layers, including ETL and A\ jTHOR INFORMATION

WEFL, are sequentially deposited on the blade-coated pergv- .

skite layer. Therefore, the interfacial contact between themGg/reésponding Authors . o .
strongly aected by the surface morphology of the under layer. YU-Ching Huang Department of Materials Engineering, Ming
To form a better contact layer on the perovskite layer, we Chi University of Technology, New Taipei City 24301,
replaced the solvent-processed PCBM and PEI with thermal- Taiwan;e orcid.org/0000-0003-4772-3050

evaporated fullerene (C60) and bathocuproine (BCP). The . Emailhuangyc@mail.mcut.edu.tw .

relatedd V curve and PCE are presentedFigure 6and Wei-Fang Su Department of Materials Science and

Table 3 These devices show that the standard deviation is ENgineering, National Taiwan University, Taipei 10617,
further reduced to 1.33% (42.4% cumulative reduction). The 1aiwan;e orcid.org/0000-0002-3375-4@mailsuwf@
average PCE can be further improved to 14.80%, and the Ntu-edu.tw

highest PCE of 17.02% can be achieved. The enhanced PGEg ors

mainly result from the increasikg which implies that the Shih-Han Huang Department of Materials Science and
improvement in the interfacial contact cactevely facilitate Engineering, National Taiwan University, Taipei 10617
the charge transport.* Electrochemical impedance spectros-  Taiwvan ' ’ ’
copy (EIS) was able to disclose the interfacial charge transpori,o_vy Tian Department of Materials Science and

properties between the perovskiteand the upper layer. EIS Engineering, National Taiwan University, Taipei 10617
spectra of PSCs were measured, aof each device under Tai%van g ¥, 1aip ’

illumination conditions, as shown fHgure S11 The Hung-Che Huang Department of Materials Science and
equivalent circuit model consisted of a series resi®gnce ( gpgineering, National Taiwan University, Taipei 10617,
a charge-transfer resistanBg;)( at the interface, and a Taiwan

(rj?ceorrgr?(i:relzgtiigrmz ;etzi;t?::;ﬁ] Iyo;rotgethgei:\c:\efrsflgéi@gl.(rF;—sk;gtance Chia-Feng Li Department of Materials Engineering, Ming Chi
CT > University of Technology, New Taipei City 24301, Taiwan
of the PSC with C60/BCP and PCBM/PEdy of PSCs with Wei-Cheng Chu Department of Chemical and Materials

C60/BCP is smaller than that with PCBM/PEI, revealing more ' Eqqineerina. Chana Guna University. Taovuan 33302. Taiwan
e cient charge transfer in PSC with C60/BCP. Thus, PSCs Kun-?vlu Leeg’Departgment gf Chemicgl’ and >I/\/Iaterials '
with C60/BCP exhibit increasidgbecause of the improved Engineering, Chang Gung University, Taoyuan 33302, Taiwan;

interfacial contact. To the best of our knowledge, this is @ pivision of Neonatology. Department of Pediatrics. Chana Gun
record-high PCE for the blade-coated PSCs using less harmful \jamorial Hospital Tgc})/)’/uarﬁ)33305 T iwmhd.org/' 9 9

solvents in ambient conditions. Our study has successfully 0000-0002-5911-9386
veri ed the impact of surface morphology and interfacial

contact on the performance and PCE distribution of the blad&omplete contact information is available at:
coated PSCs. https://pubs.acs.org/10.1021/acsami.0c06211

Author Contributions

CONCLUSIONS The manuscript was written through the contribution of all
In this study, we used the Hansen distance and donor numbaithors.
to select green solvents DMSO and GBL to fabricatggies
perovskite Ims using blade coating in ambient conditionsne authors declare no competingncial interest.
The blending ratio of 9/1 by volume of DMSO and GBL was
determined to obtain the best perovskitewith high density ACKNOWLEDGMENTS

and crystallinity. In addition, we successfully fabricated bla%e-

coated PSCs with a high average PCE and a small P Eqancial support obtained from the Ministry of Science and

distribution by adding PEG to modify the surface morphoIogR//le‘:hmlogy of Taiwan (MOST 108-3116-F-002-002-CC2 and

of the blade-coatedms and using thermally evaporated ETL %S5T5 107'2512'5'131'(207"\/'{/'3)’ Ac_aclier;'wia SfinilcaL(Ai—SS—
and WFL to exhibit good interfacial contact. The highest PCF&M-RP)IﬁZg(]BOZ _anﬁ]_ hlung eF“Oféa osprtal, Linkou
of 17.02% can be obtained from the blade-coated PSCs ) is highly appreciated.

ambient conditions. Our study provides a simple and feasible
method for the manufacturing of less harmful solvents and REFERENCES .

large-area and air-processed PSCs and paves the way for tlBjSnaith, H. J. Perovskites: The Emergence of a New Era for Low-

future commercialization Cost, High-Efficiency Solar Céldhys. Chem. L2813 4, 3623
' 3630.
(2) Park, N.-G. Organometal Perovskite Light Absorbers Toward a
ASSOCIATED CONTENT 20% Efficiency Low-Cost Solid-State Mesoscopic Soldr Bejls.

*  Supporting Information Chem. LetR013 4, 2423 2429.
- . . . 3) Kojima, A.; Teshima, K.; Shirai, Y.; Miyasaka, T. Organometal
The .Supportlng Inforrr_latlon IS ava|lab_le free of charge alide Perovskites as Visible-Light Sensitizers for Photovoltaic Cells.
https://pubs.acs.org/doi/10.1021/acsami.0c06211 J. Am. Chem. Sp@09 131, 6050 6051.
. : p i (4) Chen, Q.; De Marco, N.; Yang, Y.; Song, T.-B.; Chen, C.-C.;
Additional experimental detailsV curves, top-view Zhao, H.; Hong, Z.; Zhou, H.; Yang, Y. under the Spotlight: the

and cross-sectional SEM images, roughness o the Organic Inorganic Hybrid Halide Perovskite for Optoelectronic
contact angle test, XRD, SCLC measurement, PL aprlicationsNano Todag015 10, 355 396.

26047 https://dx.doi.org/10.1021/acsami.0c06211
ACS Appl. Mater. Interfac2620, 12, 2604126049


http://pubs.acs.org/doi/suppl/10.1021/acsami.0c06211/suppl_file/am0c06211_si_001.pdf
https://pubs.acs.org/doi/10.1021/acsami.0c06211?goto=supporting-info
http://pubs.acs.org/doi/suppl/10.1021/acsami.0c06211/suppl_file/am0c06211_si_001.pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Yu-Ching+Huang"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
http://orcid.org/0000-0003-4772-8050
mailto:huangyc@mail.mcut.edu.tw
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Wei-Fang+Su"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
http://orcid.org/0000-0002-3375-4664
mailto:suwf@ntu.edu.tw
mailto:suwf@ntu.edu.tw
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Shih-Han+Huang"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Kuo-Yu+Tian"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Hung-Che+Huang"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Chia-Feng+Li"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Wei-Cheng+Chu"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Kun-Mu+Lee"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
http://orcid.org/0000-0002-5911-9386
http://orcid.org/0000-0002-5911-9386
https://pubs.acs.org/doi/10.1021/acsami.0c06211?ref=pdf
https://dx.doi.org/10.1021/jz4020162
https://dx.doi.org/10.1021/jz4020162
https://dx.doi.org/10.1021/jz400892a

ACS Applied Materials & Interfaces WWW.acsami.org

(5) Dong, Q.; Fang, Y.; Shao, Y.; Mulligan, P.; Qiu, J.; Cao, L.(21) Lee, D.; Jung, Y.-S.; Heo, Y.-J,; Lee, S.; Hwang, K.; Jeon, Y.-J,;
Huang, J. Electron-Hole Diffusion Lengths> hiSn Solution- Kim, J.-E.; Park, J.; Jung, G. Y.; Kim, D.-Y. Slot-Die Coated Perovskite
Grown CH3NH3PbI3 Single Cryst&@sienc2015 347 967 970. Films Using Mixed Lead Precursors for Highly Reproducible and

(6) Zhang, Y.; Kim, S.-G.; Lee, D.; Shin, H.; Park, N.-G. Bifacidlarge-Area Solar CeACS Appl. Mater. Interfa2@Es 10, 16133
Stamping for High Efficiency Perovskite Solar Eedisgy Environ.  16139.

Sci.2019 12, 308 321. (22) Galagan, Y.; Di Giacomo, F.; Gorter, H.; Kirchner, G.; de Vries,

(7) Lee, K.-M.; Lin, C.-J.; Liou, B.-Y.; Yu, S.-M.; Hsu, C.-C.1.; Andriessen, R.; Groen, P. Roll-to-Roll Slot Die Coated Perovskite
Suryanarayanan, V. Effect of Anti-Solvent Mixture on the Perforfor Efficient Flexible Solar Cellsdv. Energy Mate2018 8,
ance of Perovskite Solar Cells and Suppression Hysteresis BehaMor.1801935.

Org. ElectroB019 65, 266 274. (23) Huang, Y.-C.; Li, C.-F.; Huang, Z.-H.; Liu, P.-H.; Tsao, C.-S.

(8) Liao, H.-C.; Guo, P.; Hsu, C.-P.; Lin, M.; Wang, B.; Zeng, L.Rapid and Sheet-to-Sheet Slot-Die Coating Manufacture of Highly
Huang, W.; Soe, C. M. M.; Su, W.-F.; Bedzyk, M. J.; Wasielewski, Bfficient Perovskite Solar Cells Processed under Ambi&uiakir.

R.; Facchetti, A.; Chang, R. P. H.; Kanatzidis, M. G.; Marks, T. Bnergp019 177 255 261.

Enhanced Efficiency of Hot-Cast Large-Area Planar Perovskite Sol@4) Deng, Y.; Peng, E.; Shao, Y.; Xiao, Z.; Dong, Q.; Huang, J.
Cells/Modules Having Controlled Chloride Incorporatiuaiv. Scalable Fabrication of Efficient Organolead Trihalide Perovskite
Energy Mate2017 7, No. 1601660. Solar Cells with Doctor-Bladed Active Layarsrgy Environ. Sci.

(9) Lee, P.-H,; Li, B.-T.; Lee, C.-F.; Huang, Z.-H.; Huang, Y.-C.; S@015 8, 1544 1550.

W.-F. High-Efficiency Perovskite Solar Cell Using Cobalt Doped25) Tang, S.; Deng, Y.; Zheng, X.; Bai, Y.; Fang, Y.; Dong, Q.; Wei,

Nickel Oxide Hole Transport Layer Fabricated by NIR PrS8oéss. H.; Huang, J. Composition Engineering in Doctor-Blading of
Energy Mater. Sol. C&0i2Q 208 No. 110352. Perovskite Solar Celglv. Energy Mat2017 7, No. 1700302.

(10) Wei, Z.; Chen, H.; Yan, K.; Yang, S. Inkjet Printing and Instant(26) Wu, W.-Q.; Wang, Q.; Fang, Y.; Shao, Y.; Tang, S.; Deng, Y.;
Chemical Transformation of a CH3NH3PbI3/Nanocarbon Electrodé.u, H.; Liu, Y.; Li, T.; Yang, Z.; Gruverman, A.; Huang, J. Molecular
and Interface for Planar Perovskite Solar @efjew. Chem., Int. Ed. Doping Enabled Scalable Blading of Efficient Hole-Transport-Layer-
2014 53 13239 13243. Free Perovskite Solar Cellat. Commur2018 9, No. 1625.

(11) Gheno, A.; Huang, Y.; Boude Ratier, B.; Rolland, A.; Even, (27) Zhong, Y.; Munir, R.; Li, J.; Tang, M.-C.; Niazi, M. R.; Smilgies,
J.; Vedraine, S. Toward Highly Efficient Inkjet-Printed Perovskite.-M.; Zhao, K.; Amassian, A. Blade-Coated Hybrid Perovskite Solar
Solar Cells Fully Processed Under Ambient Conditions and at Lo@ells with Efficiency> 17%: An in Situ Investigaios. Energy Lett.
TemperatureSolar RRI2018 2, No. 1800191. 2018 1078 1085.

(12) Ramesh, M.; Boopathi, K. M.; Huang, T.-Y.; Huang, Y.-C.;(28) Deng, Y.; Zheng, X.; Bai, Y.; Wang, Q.; Zhao, J.; Huang, J.
Tsao, C.-S.; Chu, C.-W. Using an Airbrush Pen for Layer-by-Laygurfactant-Controlled Ink Drying Enables High-Speed Deposition of
Growth of Continuous Perovskite Thin Films for Hybrid Solar CellsPerovskite Films for Efficient Photovoltaic Modiat. Energy
ACS Appl. Mater. Interfe@@E5 7, 2359 2366. 2018 3, 560 566.

(13) Das, S.; Yang, B.; Gu, G.; Joshi, P. C.; lvanov, I. N.; Rouleau, @9) Bi, Z.; Rodriguez-Martinez, X.; Aranda, C.; Pascual-San-Jose
M.; Aytug, T.; Geohegan, D. B.; Xiao, K. High-Performance Flexibie; Gom A. R.; Campoy-Quiles, M.; Xu, X.; Guerrero, A. Defect
Perovskite Solar Cells by Using a Combination of Ultrasonic Spraelerant Perovskite Solar Cells from Blade Coated Non-Toxic
Coating and Low Thermal Budget Photonic Culi@g Photonics  Solvents]. Mater. Chem.2Q18 6, 19085 19093.

2015 2, 680 686. (30) Wu, W.-Q.; Yang, Z.; Rudd, P. N.; Shao, Y.; Dai, X.; Wei, H.;

(14) Mohamad, D. K.; Griffin, J.; Bracher, C.; Barrows, A. T.Zhao, J.; Fang, Y.; Wang, Q.; Liu, Y.; Deng, Y.; Xiao, X.; Feng, Y.;
Lidzey, D. G. Spray-Cast Multilayer Organometal Perovskite Soluang, J. Bilateral Alkylamine for Suppressing Charge Recombination
Cells Fabricated in Aikdv. Energy Mat2016 6, No. 1600994. and Improving Stability in Blade-Coated Perovskite SolaG€ells.
(15) Bishop, J. E.; Smith, J. A.; Greenland, C.; Kumar, V.; Vaenaglv.2019 5, No. eaav8925.

N.; Game, O. S.; Routledge, T. J.; Wong-Stringer, M.; Rodenburg, O31) van Reenen, S.; Kemerink, M.; Snaith, H. J. Modeling
Lidzey, D. G. High-Efficiency Spray-Coated Perovskite Solar Ceflsomalous Hysteresis in Perovskite Solar Ldlhys. Chem. Lett.
Utilizing Vacuum-Assisted Solution Procesad§. Appl. Mater. 2015 6, 3808 3814.

Interface2018 10, 39428 39434. (32) Kang, D.-H.; Park, N.-G. On the Curréfaltage Hysteresis

(16) Cui, X.-P.; Jiang, K.-J.; Huang, J.-H.; Zhou, X.-Q.; Su, M.-J.; In, Perovskite Solar Cells: Dependence on Perovskite Composition
S.-G.; Zhang, Q.-Q.; Yang, L.-M.; Song, Y.-L. Electrodeposition axfid Methods to Remove Hysteregidv. Mater.2019 31,

PbO and its in Situ Conversion to CH3NH3PbI3 for MesoscopidNo. 1805214,
Perovskite Solar Celthem. Commu2015 51, 1457 1460. (33) Liu, C.; Cai, M.; Yang, Y.; Arain, Z.; Ding, Y.; Shi, X.; Shi, P.;

(17) Huang, J.-H.; Jiang, K.-J.; Cui, X.-P.; Zhang, Q.-Q.; Gao, MMa, S.; Hayat, T.; Alsaedi, A.; Wu, J.; Dai, S.; Cao, G. A C60/TiOx
Su, M.-J.; Yang, L.-M.; Song, Y. Direct Conversion of CH3NH3PbBilayer for Conformal Growth of Perovskite Films for UV Stable
from Electrodeposited PbO for Highly Efficient Planar Perovskiteerovskite Solar Cells.Mater. Chem.2@19 7, 11086 11094.

Solar CellsSci. Ref2015 5, No. 15889. (34) Dong, H.; Yue, M.; Pang, S.; Zhu, W.; Chen, D.; Xi, H.; Lin, Z.;

(18) Chen, H.; Wei, Z.; Zheng, X.; Yang, S. A ScalableChang, J.; Zhang, J.; Hao, Y.; Zhang, C. A Modulated Double-
Electrodeposition Route to the Low-Cost, Versatile and ControllabRassivation Strategy Toward Highly Efficient Perovskite Solar Cells
Fabrication of Perovskite Solar Chléso Energ®015 15 216 with Efficiency Over 21%olar RRI2019 3, No. 1900291.

226. (35) Shi, D.; Qin, X.; Li, Y.; He, Y.; Zhong, C.; Pan, J.; Dong, H.;

(19) Jung, Y.-S.; Hwang, K.; Heo, Y.-J.; Kim, J.-E.; Lee, D.; Lee, ®u4, W.; Li, T.; Hu, W.; Bdas, J.-L.; Bakr, O. M. Spiro-OMeTAD
H.; Joh, H.-I.; Yeo, J.-S.; Kim, D.-Y. One-Step Printable PerovskBengle Crystals: Remarkably Enhanced Charge-Carrier Transport via
Films Fabricated under Ambient Conditions for Efficient andviesoscale Ordering§ci. Adv016 2, No. €1501491.

Reproducible Solar CellaCS Appl. Mater. Interfa@8d7 9, (36) Namatame, M.; Yabusaki, M.; Watanabe, T.; Ogomi, Y.;
27832 27838. Hayase, S.; Marumoto, K. Direct Observation of Dramatically

(20) Di Giacomo, F.; Shanmugam, S.; Fledderus, H.; Bruijnaers, Bnhanced Hole Formation in a Rskite-Solar-Cell Material
J.; Verhees, W. J. H.; Dorenkamper, M. S.; Veenstra, S. C.; Qiu, B8pjro-OMeTAD by Li-TFSI Dopingppl. Phys. Le2017 11Q
Gehlhaar, R.; Merckx, T.; Aernouts, T.; Andriessen, R.; Galagan,N6. 123904.

Up-Scalable Sheet-to-Sheet Production of High Efficiency Perovski(@7) Lamberti, F.; Gatti, T.; Cescon, E.; Sorrentino, R.; Rizzo, A.;
Module and Solar Cells on 6-in. Substrate Using Slot Die Coatinlenna, E.; Meneghesso, G.; Meneghetti, M.; Petrozza, A.; Franco, L.
Sol. Energy Mater. Sol. gell§ 181 53 59. Evidence of Spiro-OMeTAD De-doping by tert-Butylpyridine

26048 https://dx.doi.org/10.1021/acsami.0c06211
ACS Appl. Mater. Interfac2620, 12, 2604126049



ACS Applied Materials & Interfaces www.acsami.org

Research Article

Additive in Hole-Transporting Layers for Perovskite Solar Cells.
Chen?019 5, 1806 1817.

(38) Sun, K.; Wang, Y.; Xu, H.; Zhang, J.; Zhu, Y.; Hu, Z. Short-
Term Stability of Perovskite Solar Cells Affected by in Situ Interface
ModificationSolar RR[2019 3, No. 1900089.

(39) Huang, Y.-C.; Cha, H.-C.; Chen, C.-Y.; Tsao, C.-S. A Universal
Roll-to-Roll Slot-Die Coating Approach Towards High-Efficiency
Organic Photovoltaiddrog. Photovolta®€sl 7, 25 928 935.

(40) Hansen, C. MThe Three Dimensional Solubility Parameter
Danish Technical Press: Copenhagen, 1967; p 14.

(41) Gutmann, V. Solvent Effects on the Reactivities of Organo-
metallic Compound€oord. Chem. R&976 18 225 255.

(42) Cramer, R. E.; Bopp, T. T. Great E and C Plot. Graphical
Display of the Enthalpies of Adduct Formation for Lewis Acids and
Bases). Chem. EdU@77, 54, 612.

(43) Tait, J. G.; Merckx, T.; Li, W.; Wong, C.; Gehlhaar, R.; Cheyns,
D.; Turbiez, M.; Heremans, P. Determination of Solvent Systems for
Blade Coating Thin Film Photovoltafdv. Funct. Mat@015 25,

3393 3398.

(44) Gardner, K. L.; Tait, J. G.; Merckx, T.; Qiu, W.; Paetzold, U.
W.; Kootstra, L.; Jaysankar, M.; Gehlhaar, R.; Cheyns, D.; Heremans,
P.; Poortmans, J. Nonhazardous Solvent Systems for Processing
Perovskite Photovoltaiéglv. Energy Mat2016 6, No. 1600386.

(45) Wang, J.; Di Giacomo, F.; Bru.; Gorter, H.; Katsouras, |.;
Groen, P.; Janssen, R. A. J.; Andriessen, R.; Galagan, Y. Highly
Efficient Perovskite Solar Cells Using Non-Toxic Industry Compat-
ible Solvent Systeolar RRI2017 1, No. 1700091.

(46) Chen, H.; Ye, F.; Tang, W.; He, J.; Yin, M.; Wang, Y.; Xie, F.;
Bi, E.; Yang, X.; Geal, M.; Han, L. A Solvent- and Vacuum-Free
Route to Large-Area Perovskite Films for Efficient Solar Modules.
Nature2017 55Q 92 95.

(47) Stoumpos, C. C.; Malliakas, C. D.; Kanatzidis, M. G.
Semiconducting Tin and Lead lodide Perovskites with Organic
Cations: Phase Transitions, High Mobilities, and Near-Infrared
Photoluminescent Propertiegrg. Chen2013 52, 9019 9038.

(48) Foley, B. J.; Girard, J.; Sorenson, B. A.; Chen, A. Z.; Scott
Niezgoda, J.; Alpert, M. R.; Harper, A. F.; Smilgies, D.-M.; Clancy, P.;
Saidi, W. A.; Choi, J. J. Controlling Nucleation, Growth, and
Orientation of Metal Halide Perovskite Thin Films with Rationally
Selected Additives. Mater. Chem.2817, 5, 113 123.

(49) Cho, N.; Li, F.; Turedi, B.; Sinatra, L.; Sarmah, S. P.; Parida, M.
R.; Saidaminov, M. I.; Murali, B.; Burlakov, V. M.; Goriely, A,;
Mohammed, O. F.; Wu, T.; Bakr, O. M. Pure Crystal Orientation and
Anisotropic Charge Transport in Large-Area Hybrid Perovskite Films.
Nat. Commur2016 7, No. 13407.

(50) Chang, C.-Y.; Chu, C.-Y.; Huang, Y.-C.; Huang, C.-W.; Chang,
S.-Y.; Chen, C.-A.,; Chao, C.-Y.; Su, W.-F. Tuning Perovskite
Morphology by Polymer Additive for High Efficiency Solar Cell.
ACS Appl. Mater. Interfa2@k5 7, 4955 4961.

(51) Chang, C.-Y.; Huang, Y.-C.; Tsao, C.-S.; Su, W.-F. Formation
Mechanism and Control of Perovskite Films from Solution to
Crystalline Phase Studied by in Situ Synchrotron Sca®éiBg.
Appl. Mater. Interfa@€d 6 8, 26712 26721.

(52) Chang, C.-Y.; Wang, C.-P.; Raja, R.; Wang, L.; Tsao, C.-S.; Su,
W.-F. High-Efficiency Bulk Heterojunction Perovskite Solar Cell
Fabricated by One-Step Solution Process Using Single Solvent:
Synthesis and Characterization of Material and Film Formation
Mechanism]. Mater. Chem.2Q@18 6, 4179 4188.

(53) Tan, H.; Jain, A.; Voznyy, O.; Lan, X.; Garcia de Arquer, F. P;
Fan, J. Z.; Quintero-Bermudez, R.; Yuan, M.; Zhang, B.; Zhao, Y.;
Fan, F.; Li, P.; Quan, L. N.; Zhao, Y.; Lu, Z.-H.; Yang, Z.; Hoogland,
S.; Sargent, E. H. Efficient and Stable Solution-Processed Planar
Perovskite Solar Cells via Contact Passivat@anc2017, 355
722 726.

(54) Courtier, N. E.; Cave, J. M.; Foster, J. M.; Walker, A. B.;
Richardson, G. How Transport Layer Properties Affect Perovskite
Solar Cell Performance: Insights from a Coupled Charge Transport/
lon Migration ModelEnergy Environ. €119 12, 396 409.

26049

https://dx.doi.org/10.1021/acsami.0c06211
ACS Appl. Mater. Interfac2620, 12, 2604126049



