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ABSTRACT: Anionic and cationic defects are considered as one of~thel
crucial factors that ect carrier transport property and degradation of LL .
¢

. \

.........

perovskite photovoltaic materials. Herein, we demonstrate a simple pasgivation 15.44%
of hot casted perovskitdm in air by a dipolar ion, 2-thiophene "Sf ¢€ L )‘\
ethylammonium chloride (TEACI), showing enhanced power convegsio T & Jcr

circuit voltage\(,) by 50 mV. The dipolar ion of TEACI can simultaneougy
passivate both cationic and anionic defects. Space charge limited Burggn
model, Urbach energy analysis, and photoluminescence spectrosco €LQ—Without passivation
conducted and revealed that the defects passivated by TEACI reduced thed— TEACI passivation \
defects density of perovskitas, nonradiative recombination, and electrodic 00 0z 04 06 08 10
disorder. In addition, the device with TEACI passivation exhibited outstanding Voltage (V)
stability of power output (<0.1% decay) as compared with the device without

passivation (>8% decay) from the 300 s measurement of current verse tiln& plots)(at 65% relative humidity and 50

°C in air. The 80% of initial PCE was maintained after 700 h storage. As compared to conventional passivation approaches
which are typically carried out at complicated crystallization step of perovskite, this post-treatment process can be easily done
on the crystallized perovskii®. This facile approach is upscale and compatible with conventional coating techniques such as
slot-die coating, spray, etc. for high-quality perouvskite

KEYWORDS:perovskite, solar cell, hot casting, dipolar ion, solution process, passivation, stability
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1. INTRODUCTION Nowadays, many research groups are improving the power
conversion eciency (PCE) of OIHP devices and anticipate
bringing this technology into industt@ver the past decade,

the PCE of perovskite solar cell has been increased from 3.8% in

e : . DR 2009'" to 23.3% in 2018, which is among the best
the visible light regidmelatively low exciton binding enérdy, performance ob’Fained by thifm photovolta?cs and is

and long carrier lifetimenake it a potential candidate for the comparable to the well-developed Si solar cells. Up to now,

next generation photovoltaic technology. In the OIHP photog, most high eciency OIHP photovoltaics, the light absorbing

voltaic, there are two types of device architectures includingyiye perovskite layer is deposited based on solvent engineering
conventional (ni p) and inverted (pi n) architectures. The  girategy, which creates a smooth and compadhitiip using

n i parchitecture means the device is assembled in the ordgftisolvent during the spin coating process. However, the
of electron transport layer/perovskite active layer/hole trangomplexity of solvent dripping procedure, the requirement of
portlayef;’ whereasthe p narchitecture is assembled in the critical drip timing, and the excessive use of antisolvent limit the
reserved ordé&r. For our work, we adapted theipn
architecture because of the ease of device fabrication, IWceived: March 6, 2019
temperature process (T8I, and no hysteresis issue of device Accepted: June 25, 2019
performance. Published: June 25, 2019

The organicinorganic hybrid perovskite (OIHP) photovoltaic
has drawn lots of attention since it debut in 2009. The
unique properties of OIHP such as high absorptiocien in
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potential of upscale manufacture by this process. With the ot EXPERIMENTAL SECTION

casting process, highly crystalline perovskitelrthican be Material Synthesis. For dipolar ions synthesis, 2-thiophene
formed within a few seconds by depositing precursor solution gfhylammonium iodide, bromide, and chloride were synthesized by
heated substrate in air. The hot casted perovskiexhibits reacting with equal molar 2-thiophene ethylamine (Tokyo Chemical
high device performaric&he process is promising for scaling Industry Co., Ltd. 98%) and hydroiodic acid (Acros, 57% HI in

up from lab-scale small area to industry-scale large a@8anol). hydrobromic acid q@s, 33% HBr in acetic_acid),
hydrochloric acid (Fisher, 36% Ol respectively. Take TEAI for

h\ﬁ@mple, the equal molar 2-thiophene ethylamine and hydroiodic acid
. - : ] e rst transferred into a three-neakk. After vigorous stirring of
crystalline perovskite thim for high e ciency solar celldueto  the mixture for 2 h in an ice bath, the solvent was removed by a rotary
the fast evaporation of solvent on heated substrate.  evaporator to obtain a pale yellow powder. The powder was washed
Several research groups are dedicated to exploring the growith diethyl ether (Fisher, 99%) until the color turned white. The white
kinetics of perovskite thilm made by hot casting process and Powder was further pued by recrystallization using anhydrous.
anticipate unveiling the relationship between crystallinity arg?ano! (Sigma-Aldrich, 99.5%). Subsequently, the white disk-like
device performanl:%l.7 Nevertheless, the study of hot-casting-p-OWder was dried in a vacuum oven &C7@vernight and stored in
' nitrogen lled glovebox.

derived perovskite thinim mostly focused on increasing  pevice Fabrication.The deposition protocol of p n hot casting
crystallinity or enlarging crystal size, while it is imperative {grovskite device was followed by the previous work in litefahere.

delicately passivate perovskite this to realize high eiency uorine-doped tin oxide (FTO)-coated glass substrates (Pilkington, 7
and stable devices. /sq) were cleaned in the order of DI water, base solution, methanol,

Despite the high crystallinity of silicon solar cell, the dang”gd isopropanol in ultrasonic bath for 15 min. Prior to the deposition of
n

I N - hole transport layer, the Wdzone treatment was carried out to
bond at the surface of silicon is still regarded as a detrime ain clean the FTO substrate. The hydrophilic substrate surface helps

issue for deteriorating the device performléﬁ%eTo to obtain uniform nickel oxide, acting as hole transport layer. The
annihilate dangling bond as well as increase PCE, surfag&pby perovskite solution was prepared by dissolving lead iodide
passivation is a common approach in silicon solar cell, while(Aifa Aesar, 99.9985%) and methylammonium iodide (FrontMaterials
OIHP thin Im, the uncoordinated lead tHtand halide (X) Co. Ltd.) in equal stoichiometric mole in a cosolvent system of
induce positive and negative charge defects. Therefore, varigiethy! sulfoxide (Acros, 99.7%) abdtyrolactone (Acros, 99+9%)

: ; in 3:7 volume ratio. The mixture was stirred for 12 h°al Before
molecules such as electron-donating Lewis base or electr ng. For perovskitien deposition, the as-prepared substrates (FTO/

accepting LeW|s'aC|d were used to passivate the ionic defectﬁi@) and precursor solution were preheated at 150 &@iof0the
OIHP. The Lewis base molecules are good candidates, exgtplate, respectively, for 10 min to reach thermal equilibrium. Around
thiophene and pyridine, for surface passivation and trap state L of perovskite precursor solution was quickly dropped onto the
reduction of perovskite thidim due to their donor-like hot substrate followed by spin coating at 4000 rpm for 15 s. The
behavior%c,’ 24 \whereas the Lewis acid molecule, e.g., phengpnsparentyellow perovskite precursor became a blatksolide

e

: : ginning of the spin coating procedure that indicated the precursor
C61 butyric acid methyl ester M), acts as electron turn to crystallized perovskiten immediately. For passivating the

acceptor ;[30 pa_s_s“/ate the uncpordmated _hal'de induced de[%?ovskitelm, the passivation molecules, which were TEACI, TEABT,
trap staté> Additionally, the halide vacancies tend to degradgng TEAI, at 120 mM in isopropanol were preheated &C7and
perovskite materials, in which the oxygen can be trapped in tihen spin-coated on the top of crystallized peroviskig 3000 rpm
halide vacancies to induce superoxide radical under illumirier-20 s. Prior to capping electron transport layer, here it WaMPC

tion?® As a result, the photoinduced radicals degrade thige baking step (AT for 15 min) was carried out to remove residual
perovskite into small volatile moleclleEherefore, the solvent (IPA). Subsequently, 20 mg/ml;;B®! (FrontMaterials Co.

L . . d. 99%) in chlorobenzene was spin-coated on passivated perovskite
passivation of the relevant defect-induced trap state in Ol m at 1000 rpm for 30 s, whereas for the devices without passivation,

thin Im is an eective method to improve PCE as well as thehe pGBM was directly deposited on the crystallized perowskite

stability of OIHP solar céfl. Then, the work function moer polyethylenimine (PEI) of 0.1 wt %
However, few of these molecules have the ability tdissolved inisopropanol was eventually spin_-coated onto the electron

simultaneously passivate both cationic and anionic defectsi/@nsportlayer at 4000 rpm for 30 s. The device was completed by the

OIHP and most of these passivation approaches aim at Ol'_gf_»ermal evaporation of 100 nm silver electrode with an active area of
thin Im made from a complicate and ilt control .09 cr For the results of device performance, they were summarized

: . . . og from the measurements of 24 devices made frorardndibatches.

antisolvent deposition during the crystallizatioR’sté®s a  Tne electron-only and hole-only devices for space charge limited

result, the corresponding passivation engineering with potentiatrent (SCLC) modeltting were fabricated with the structure of

to large scale fabricated OIHP will be an issue. FTO/compacted Ti@perovskite with or without passivation/
Here in this work, we demonstrate a simple dipolar ion po&tCe:BM/PEI/Au and FTO/NiO/perovskite with or without passiva-

treatment approach for hot casted perovskitewhich can ~ tON/Au, respectively.

. . S L haracterization of Materials and Devices.The curves of
simultaneously passivate cationic and anionic defects tocurrent density)( voltage ) of solar cell devices were

improve the carrier mobility, thus enhancing te@ecy and  easured in air under A.M. 1.5 irradiation (100 m¥ysha solar
stability of pi n planar solar cell. Among evaluated dipolakimulator source (YAMASHITA DENSO, YSS-200A, class AAA)
ions, 2-thiophene ethylammonium chloride (TEACI) showsquipped with a 1600 W xenon short arc lamp and a Keithley 2400
enhanced power conversioriency (PCE) of solar cell from source meter. For e_ach run of the test, the Iight_intensity was calibrated
15.44% to 18.84% and over 80% of initial PCE is maintainé‘ﬁfh a monocrystalline silicon standard cell having K& adjust

: matched spectra to unity. Th¥ curves of devices with 0.0% cm
after 700 h storage. Spectroscopy, electronic, and dev ive area were obtained from both forward (ffbéito 1.2 V) and

characterizations were systematically investigated to show §8yard (from 1.2 t0.2 V) scans. The step voltage of the test was
e ective suppression of nonradiative recombination in perovked at 40 mv, and the delay time wasi at 10 ms. Absorption
skite Im after the treatment of TEACI. spectra of thelms were measured using a \¥ spectrometer
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(TEAI) (TEABr) (TEACI)

Figure 1.Chemical structures of passivation molecules.

Table 1. Photovoltaic Performance of Perovskite Solar Cells with/without Passivation Molecules

sample Voe (V) 1. (mA/cm?) FF (%) PCE (%)
W/O passivation 1.050.01 19.3% 0.48 73.26 1.19 14.0& 0.26
WI/IPA 0.92+ 0.03 16.4 0.86 50.8& 4.02 7.6% 0.41
W/MAI 0.94+ 0.03 16.54 0.67 56.4a@ 2.70 8.7& 0.79
W/PEAI 1.09 0.00 18.0& 0.50 73.59 1.68 14.5@ 0.31
WITEAI 1.09+ 0.01 19.2& 0.38 74.0% 1.15 15.49 0.38

(Hitachi, U-4100). To observe Urbach tail of perovskite, the surface potential dirence, the samples were mapped in the dark or
sensitive measurement using an integrating sphere to circumvent tineler =550 nm LED light source (WLS-LED, Mightex) illumination
light scattering from thinms was employed. The Urbach tail energy at an angle of around®45

(E,) calculation was followed witlr exph /E)). As we take the

logarithm of this equation, the equation becomgsiir{(( o) +(h / 3. RESULTS AND DISCUSSION

E). The term of i / E,) can be obtained from the slope of the straight . . . . .
line of plotting In() against the incident photon enetgy.(Finally, The properties of perovskite can be manipulated vetirti

the Urbach energy() can be obtained from the reciprocal of the Stoichiometry of ammonium salt and lead halide because of the
tting slope, which is detailed in the main text of this paper. Steady-st8ie€rent contribution of p orbital of lead from lead iodide and of
photoluminescence (PL), continuous PL, and time-resolved Pp orbital of halide from ammonium salt. The slight over ratio of
(TRPL) were performed by exciting samples with a 440 nmammonium salt or lead halide can facilitate the carrier
continuous-wave diode laser (DONGWOO, PDLH-440-25). Theransportation and improve the imbalance of carrier transfer
transient TRPL was recorded by a time-correlated single photqgate due to a slight band shift of perovskite, which is closed to p-
counting (TCSPC) (WELLS-001 FX, DONGWOO OPTRON) type or n-type propert§To maintain the ambipolar properties
spectrometer at a 312.5 MHz frequency with 2 ms duration,s e oy skite thirlms, the hot casting starts with stoichiometric

Electrochemical impedance spectroscopy (EIS) measurement r\% ount of methylammonium iodide and lead iodidey Fide

done by using impedance measurement unit (ZAHNER, elekt . .
PP210) under 1 sun illumination (100 mWiwith the same solar 1Ot casting perovskitens, the as-prepared substrates (FTO/

simulator as described before. The applied direct current (dc) voltahiO) and precursor solution (methylammonium lead triiodide,
was xed at 1.05 V for devices with FTO/NiO/perovskite with or CHsNH3Pbk) were preheated at 150 and°@on the hot
without passivation/R@M/PEI/Au with a 10 mV perturbation  plate, respectively. Around 50 of perovskite precursor
alternating current (ac). The frequency ranging from 10 kHz to 0.1 Hgolution was quickly dropped onto the hot substrate followed by
was used. Cross-sectional FE-SEM samples were prepared fromsihie coating at 4000 rpm for 15 s. The crystallized perovskite
actual device by mechanical glass cutter. The SEM images of devitags was formed immediately (details in ERperimental

were acquired by eaeld emission scanning electron micrOSCOpeSectioDl The organoammonium iodide dipolar ion will be a

(Hitachi, SU8000, voltage 10 kV, working distance 8.0 mm). X-r . : : :
di raction (XRD) patterns were obtained using high power (18 kW) Xa-dOOd candidate to passivate both cation and anion defects

ray di ractometer (Rigaku TTRAX 3) under Cu #adiation ( = p.resent. in perovskitdm. Three organoammonium iodide
1.5406 A). The grazing-incidence wide-angle X-ray scatteriffolar ions were selected as passivation molecules: methyl-
(GIWAXS) spectra of samples were obtained using synchrotron RInmonium iodide (MAI), phenylethylammonium iodide
ray spectroscopy= 1.239 810 A) at BL23A1 SWAXS end station of (PEAI), and 2-thiophene ethylammonium iodide (TEAI).

the National Synchrotron Radiation Research Center (NSRRC) ifheir chemical structures are showhidnire 1 In order to
Hsinchu, Taiwan. The trap density and carrier mobility were calculatelissolve the dipolar ions such as MAI, PEAI, and TEAI, one
followed by space charge limited current (SCLC) model. For electroghould use polar solvent such as methanol (MeOH), ethanol
only device, the architecture was FTOAMAPDI; with and without (EtOH), or isopropyl alcohol (IPA). However, the content of
passivation/PEBM/PEI/Au, whereas for hole-only device, the ctive hydrogen is high for MeOH (3.12 atom %) and EtOH
architecture was FTO/NiO/perovskite with and without passivation/(a2 17 atom %) as compared with IPA ('1 67 atom %). The active

Au.Thd Vcurve for the SCLC modéfing was measured in the dark . . .
from 0 to 3 V for electron-only device and from 0 to 5 V for hoIe-onI>hydr0(~:]en of MeOH and EtOH quickly reacted with crystallized

device with a scan rate of 10 ms. The surface potential mappingR§rOVskite to form Volatllggmethylaml_n_e (MA), hydroiodic acid
perovskite Ims with or without passivation was examined by Kelvi{H!), and lead iodide (PBI™as shown ifigure S1dhus, the

probe atomic force microscopy (KPFM, Dimension-3100 MultimoddPA was used as the solvent to dissolve dipolar ions. Various
Digital Instruments) with a Pt/Ir-coated tip in tapping mode. Forconcentrations of IPA solutions 20 mM) of dipolar ions

4823 DOI:10.1021/acsaem.9b00486
ACS Appl. Energy Mat@019, 2, 48214832


http://pubs.acs.org/doi/suppl/10.1021/acsaem.9b00486/suppl_file/ae9b00486_si_001.pdf
http://dx.doi.org/10.1021/acsaem.9b00486

ACS Applied Energy Materials

Table 2. Photovoltaic Performance of Solar Cells with and without TEA Series Passivation

sample Voe (V) 1. (mA/cm?) FF (%) PCE (%) Champ.PCE (%)
W/O passivation 1.050.01 19.42 0.56 71.7& 2.27 14.62 0.45 15.44
WITEACI 1.11+ 0.00 20.4% 0.67 78.3a@ 2.11 17.7& 0.46 18.84
W/TEABr 1.10+ 0.01 19.6a@ 0.78 76.4& 2.69 16.4& 0.75 17.32
WITEAI 1.09+ 0.01 19.43 0.77 76.8& 1.55 16.2% 0.42 17.09
(a) (b) 12 [ Without passivation Slope =40.08 s
8.0x10° g S o 90 p2:as S BB | bach =24.95 meV
@ Without passivation ea% 4 PR RN RV . rbach energy = 24.95 me
o TEACI %9 10
@ Slope = 44.15
| e Temsr ag::" ~ g TEAC P .
o SO e TEAI gJ0d £ sf .
E 0003000 ‘9’ al 3\9&?‘% ] Urbach energy = 22.65 meV
o L
"E aoxo'} s G 1: [ TEABr Slope = 42.64___ s
c ~ & R
o~ £ . v‘:?oow 88 Yrbach energy = 23.45 mev
) P A 1 1 I
% 2.0x10° aa 1: L TEAI Slope = 43'57, —
8 b Y Urbach =22.95meV
0.0 brasannanco® ) . . 4 s ,  Urdachengrgy = 22.95me}
1.5 1.6 1.7 1.8 1.9 2.0 1.50 1.56 1.60 1.65
Photon energy (eV) Photon energy (eV)

Figure 2.Characterization of perovskitas: (a) optical bandgap and (b) Urbach energy with/without passivation.

were prepared and used to treat the hot-casted perovskite tkiiey can stay in place to passivate the defects to have high device
Ims. The optimal concentraion of dipolar ions in IPA isperformance. Moreover, the TEAI exhibited better device
determined to be 2.5 mM. Despiste minor changes observedperformance than PEAI because TEAI contains unshared
the Im treated with IPA, itis still a good solvent for dipolar ionselectron of thio atom that can passivate better thar’PEAI.
Therefore, we used tHen treated with pristine IPA as a control The results can also be explained from tgafplipolar ions
to gure out its eect on the device performan€able 1 (MAI=10.64, PEAI =9.83, and TEAI =9.74). The sidatifp
summaries the device performance with and without dipolar iGiEAI provides more dissociated cations so that it can passivate
passivation. Although the perovslitedid not change much the defects more eiently.
in appearance after the IPA or MAI/IPA treatment, the PCE of Both anion (I) and cation (PH) defects in perovskite need to
the device was reduced greatly from 14.08% to 7.69% and 8.76&qpassivated. Thus, the choice of the anion in the passivation
respectively. The passivatioace is observed for PEAI/IPA molecule is of equal importance as that of the catioxed/e
and TEAI/IPA treatment, and the PCE is increased to 14.50%ation using TEA, then explored the role adrdnt anions
and 15.49%, respectively. (their chemical structures are shoviaigare ). The results are
To take a close look at the changes of perovishgefter summarized ifable 2 The concentration of each passivation
each treatment, X-ray diction analyses were performed. It ismolecules was optimized (s€eble S1 in Supporting
interesting to note that the presence of dipolar ions in the IP&formatior). The device reaches the highest PCE of 18.84%
greatly retarded the activity of active hydrogen IPA owing to th®y using chloride anion as compared to the other halide
salt eect. The peak of Rbat around 12%can be clearly  passivation molecules. Thei€the smallest anion and exhibits
recognized from XRD pattern of perovshitess when they  the strongest electrongity. In addition, the PiCI bond has
were treated with either IPA or MAI/IPA. On the other hand,been reported to show stronger bonding than thieb®hd>®
the characteristic peak offlainnot be observed from thas Therefore, as compared with other anions, than@n can
treated with either PEAI/IPA or TEAI/IPA as showrigure easily diuse into perovskite andeetively bond with Pb ion. It
S1b of Supporting Informatiofhe results indicate that the implies that using passivation molecules containirgarCl
volatile and small size of MAI is not aecive passivation facilitate not only the fast dissociation of organoammonium
agent, and the compound decomposed into MA, HI, and Pbhalide, e.g., TEACI, but also ease o§iin into the perovskite

during the postannealing of the treakedat 70°C for 15 min. Im to compensate the positively charged anion defect (I
However, the extent of decomposition was less than that of pwacancy).
IPA treatment! 3’ The presence of Bbin decomposed In order to further investigate theets of dipolar ion TEA

perovskite disturbed ambipolar properties of perovskite thhalide in the post-treatment, characterizations using crystallog-
Im, thus decreasing the device performance. While thaphy and spectroscopy were carriedrmutie S2ahows the
perovskite Ims with PEAI and TEAI passivation showed 2 X-ray diraction pattern of perovskitins with and
similar appearance as the pristine perovskitd-or target  without passivation. The diction peak at 13.8nd 19.7can
devices, both PEAI and TEAI can passivate peroirakdted be indexed to be (110) and (200) of tetragonal phase MAPbI
improve device performance. We speculate that both moleculdge absence of Blypeak at 12°7indicates the perovskite
contain aromatic structure, which is larger than methyl group pfecursor transferred to perovskite crystal completely using hot-
MAI, can stabilize the cation, and is less mobile than MAI. Thusasting process. To further gain insight into the changes of
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Figure 3.E ects of dipolar ions passivation on the photoluminesceries pf@erovskitdm: (a) photoluminescence (PL) spectra, (b) time-
resolved photoluminescence (TR-PL)Ips continuous PL spectra of perovskite (c) without and (d) with TEACI, (e) with TEABTr, and (f)
with TEAI passivation ((a)f) are the characteristics of perovskite), and (g) PL spectra and (h) TR-PL e of perovskitéms containing
electron and hole transport layer.

crystallization behavior, grazing-incidence wide-angle X-safiich can be referred as (110) and (200), were idénmtiQ
scattering (GIWAXS) was conductétjure S2his the range between 86 nm . The absence daction signal i@
integrated 1D patterns of perovskites from the GIWAXS  range lower than 10 nhimplies that the TEA halides do play
measurement. For overall integration of the GIWAXS patterpassivation role instead of the formation of low dimensional
only two characteristic peak®at 10.2 nm* and 14.5 nnt, structured perovskite.
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FromTable 2we observe the enhanced device PCE by usingacancies act as electron scavengers. The electrons generated
TEA halide passivation, which is mainly resulted from thigom perovskite directly react with oxygen and form superoxide

improvement of,.. Usually, the improvementgfis from the radicals. The superoxide radicals adversetyttze stability of
structure or the formation of low dimensional structure othatthe perovskitéms with TEA halides passivation exhibited
perovskité? ** However, the XRDF{gure Spand UV vis relatively stable PL intensity within 10 min of continuous
bandgap. Therefore, we deduce that the inckégsedinated without passivation drops to around a 60% of initial PL intensity.
from the improved quality of perovskite thim by treatingit ~ The results indicate that the radiative recombination of
of perovskitelm with and without passivation, Urbach energyoxygen and formed superoxide radicals in the pasdimated
(E) was employed to estimate the energetic disorder of thehus, the rate of superoxide radicals formation slows down.
inevitable, decrease of the ionic defects, especially anion defects,
=, exp% i is a key to reducing the formation of superoxide radicals and to
) ) o We guantitatively estimated the charge transfer dynamics of
Here, represents the absorption coent of perovskit&,is perovskite device by TRPL measurement. All the TRRéspro
E, of perovskitelm without and with TEACI, TEABr, TEAI Figure &. The equation of the biexponential model is shown
passivation frofigure B are 24.95, 22.65, 23.45, and 22.95pelow. It depicts two decay mechanisms of charge carrier
that indicates the least amount of defect states is present in {fietime analysis, all of the devices were prepared in the
bandgap. architecture of FTO glass/NiO/perovskite without or with
perovskite Ims, photoluminescence (PL) measurements wergansfer process can be the result of the quenching of free
performed in air at room temperature. The PL spectragarriers in the perovskitéms through transport to hole
of the Ims with and without passivation are showigime 3 On the other hand, the slow decay process can be the result of
The Ims with passivation exhibit stronger steady-state Riadiative decdy.As a result, the fast decay timg &nd its
Figure a. The predominant photogenerated carriers in th@erovskite Im. The other is slow decay timeg) (and its
perovskite are free electrons and holes because of the wgadportion coecient (&), standing for the radiative recombi-
can be obtained from the TRPL spectra of perovkhkieas
shownirFigure B. The average lifetimg of charge carriers
results are summarized able 3
_ At Ay
avg

enlargement of bandgap from the addition of ions into latticeerovskite due to its strong oxidation abligyire 8 f shows
(Figure }spectral analyses reveal negligible enlargement of ttreasurement, whereas the PL intensity of perovskite
with TEA halide. To evaluate the inherent electronic propertigghotogenerated electrons is favored rather than reacted with
Ims. The Urbach equation is given in the following: Although the diusion of oxygen into perovskitens is
enhancing the stability of perovskite devices operation in air.
the photon energy, agglis the Urbach energy. The calculated are well tted by the biexponential decay model as shown in
meV, respectively. The TEACI has the Idy@8t22.65 meV  pehaviors including fast decay and slow decay processes. For PL
To probe the photogenerated carrier dynamics in th@assivation/PGBM. Therefore, the fast decay of charge
continuous PL spectra, and time-resolved PL (TRPL) spectt@ansport layer (NiO) and electron transport layeg,6M).
intensity than perovskite without passivation as depicted ftoportion coecient () represent the charge transfer of
exciton binding ener@¥The recombination rate of free carriers nation mechanisffi*’
can be calculated according to the following equation, and the () = Aexp
At A

Table 3. Calculated Average Carrier Lifetime of Perovskite
Films with/without Passivation from Time-Resolved PL
Measurements

sample carrier lifetime (ns)
without passivation 53.46
WITEACI 109.21
W/TEABr 76.87
WITEAI 78.19

The carrier lifetime of perovskibes with passivation is longer

than the Im without passivation because of fewer defects a
nonradiative recombination. The increased carrier lifetim
con rms that the passivation can inhibit the presence of carri
scavengers fromionic defects. Among the passivation molec

flen o]
1 2
The proportions of two decay mechanisms of charge carrier

behaviors and charge transfer time of each device can be
evaluated by the fractions of their proportion ceet. For

instance, the fraction(@Alffi—A?) represents the ratio of charge

transfer, Where?Asl.’fTQ) is the ratio of radiative recombination

in the entire decay process. The calculated results are
summarized ifable 4With the assistance of electron transport
layer (ETL) of PGBM and hole transport layer (HTL) of NiO,

both perovskitelms with or without passivation exhibit high
proportion of charge transfer compared with the radiative
recombination. The TRPL ptes of perovskite with TEACI
show the steepest exponential Ipsin the series and
demonstrate the highest charge transfer proportion of decay

ble 4. Calculated Exciton Decay Time and % Proportion
e cient of Charge Transfer from Biexponential Curves
ggng of Perovskite Devices with and without Passivation

TEACI passivation exhibits the best and the longest averane

carrier lifetime of 109.21 ns.

The ionic defects, especially anion defects, of perovskite thin

Ims provide a pathway for fast oxygewms@tin as the
perovskite solar cell operated in ambieft?aft! With the

presence of light, the oxygen molecules occupying halide

4826

sample 1 (ns) AJ( AL+ A) (%)
W/O passivation 13.78 91.93
WI/TEACI 3.15 99.99
WI/TEABr 4.59 99.17
WITEAI 6.73 95.95
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Figure 4Space charge limit current model (SCItti})g of perovskitdms without and with TEA halide passivation, electron-only devicesg: (a)
curve and (b) V2 at Childs region; hole-only devicesl(c) curve and (d) V? at Childs region; perovskite solar cells without and with TEA
halide; (e) typical Nyquist plot; (f) device architecture; (g) equivalent circuit for ttingel

mechanism with value more than 99%. The PL intensity ionly and hole-only devices of perovskits, respectively. In
Figure § is consistent with the trend of charge transfethel V curve, it can be divided into three regions that are the
proportion. Moreover, the perovskiten with TEACI ohmic regionl( V), trap- lled limit region (TFL regiom,
passivation exhibits the fastest charge transfer as compar®a > 2), and Chilts region V?). For the ohmic region and
with perovskite Ims without passivation or with other TFL region, the transition point between these two regions is
passivation molecules. The small anion ofvh strong known as traplled limit voltage \(;r ) according to the
electron anity and favorable band bending facilitates thdollowing equatioff:

electron transfer. Therefore, the presence af Bk interface

between perovskite andgfBM, promotes the fastest charge _ M

transfer rate. The results aon that through the passivation, 2,

the charge carrier can be transferred and extracted to respective

electrodes eciently once they are created. Here, e represents the elementary chargad , are the

To gain insights into mobility and trapped density in thedielectric constant of perovskite and the permittivity of free
perovskitelms with and without passivation, measurements fapacel; is the trapped density of the thim, andd is the
space-charge limited current (SCLC) model were performethickness of perovskitéms. The calculated, values from
Figure 4 andrFigure 4 show thé V curves of the electron- electron-only devices are Xx410'6, 3.33x 10'°, 6.94x 10,
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and 5.9 10" (carrier number/cr), whereas for hole-only (g). The elements of the equivalent circuit include the series
devices, the calculatédare 3.88< 10'6, 1.70x 1016, 2.84x resistance of devidg (), interfacial resistand® {o1ac), @and
10'6, 2.85x 10'® for perovskitelms without passivation and the recombination resistance of perovsRg.{binatick
with TEACI, TEABr, and TEAI passivation, respectively. NVith the same hole transport layer and perovskite thickness, the
implies that fewer trapped states were present in the perovsk#e, .. ..di erences can be attributed to the passivatotse

Ims with passivation than perovsKitewithout passivation  From the modeltting of the equivalent circuit, tRgertace
for both electron-only and hole-only devices. The results progetween perovskite and electron transport layer can be
that the TEA halides of dipolar ion passivation coulttalculated. Th&emaceOf perovskite is around 45.6, 34.2,
compensate both types of ionic defects simultaneously agd5 42.4 for perovskite without passivation and with the
thus decrease the trap density of perovskite. Inthe &fgldn  passivation of TEACI, TEAB, and TEAI, respectively. Here, the
(high applied voltage region), the carrier mobiljtggn be TEACI passivation shows the loRest..0f 34.2 , which is

derived from the following Moturney lavi” in line with the result of high photovoltaic performance. For a
9 , V2 brief summary, the devices with TEACI exhibit the best
J= e photovoltaic performance among devid@sgorting Informa-

tion Figure §3 The anion eect of passivation molecules
The electron mobility ¢) can be obtained frofigure 4, in uences both transportation and mobility of charge carriers.

and the hole mobility () can be obtained froRigure 4. The The smallest size and strongest electroityaof C| among

results are summarizedTiable 5and show that the post- three TEA halides help to passivate the vacancy and extract

electrons to electron transport layecgvely.

Table 5. Calculated Carrier Mobility of Perovskite Devices ~ To understand the characteristics of charge recombination

without and with Passivation Using SCLC Modeling process between devices with and without TEACI passivation,
= o the light dependent (from 1 to 100 mVArphotovoltaic
electron mobility hole mobility \ . .
sample (cmB(V s)) (cm/(V s)) performance was carried out and shotvigine a andrigure
WIO passivation 1.96 0.40 5b. According to the Langevin theory, the charge recombination
WITEACI 4.61 1.30 mechanism can be depicted by the slope of the semilogarithmic
W/TEABr 3.44 1.12 plot ofV,.versus light intensity. The equation is expressed as the
WITEAI 3.37 0.68 following>* **

nkT
treatment of dipolar ion of TEA halides enhances electron andV = V,+ al In @ i
hole mobility from delicated passivation of ionic defects. The q s

presence of Chelps perovskite band bending (vide infra) and _ _—_ N
provides an ecient path for electron injection to electron Here, the/ representé,.depending on lightintensity; ¥es

transport layéF Thus, for the passivation by TEACI, the CI  Yocunder 100 mW/ct thekg is Boltzmann constafitrefers
facilitates the electron extraction from perovskite to electrgiPSolute temperature of 298jk§ the elementary charge, and
transport layer and exhibits the most signt enhancement of the P andPs are light intensity at dérent wavelength and
electron mobility. standard sunlight intensity (100 mWgmespectively. The
Besides the intrinsic properties of perovskite, the interfat@eality factorr() reveals the dominant type of recombination
resistance between perovskite and electron transport layer &ispaviors of devices, where ideality factdt indicates the
a ects the performance of the device. The electrochemidimolecular recombination and= 2 represents the trap-
impedance spectroscopy (EIS) of the device was carried @gsisted recombinatirin Figure b, compared with devices
with applied bias neaf,. (1.05 V) under illumination to  without passivatiomE 1.77), the trap-assisted recombination
estimate the interface resistaig {.c). Figure 4shows the  in devices can be sigrantly suppressed using TEACI
Nyquist plots of perovskite solar cell without and withpassivationn(= 1.43) due to the reduced trap density in
passivation (e), devices structure (f), and equivalent circyserovskitelms.

(a) 25 (b) 1.15
@ Without passivation @ without passivation
20 @ TEACI i 1.10 | @ TEACI
— 15} . 1.05
e 1.43Kkg
o < slope = ———
< top - S 1.00
< o
E o
S st i > 095}
H
= o} i 0.90 |
-5 1 1 1 1 1 1 0.85 1 1 1
0 20 40 60 80 100 1 10 100
Light intensity (mW) Light intensity (mW)

Figure 5Dependent performance of devices without and with TEACI passivation on light intensity: (a) short-cirdiend@ybpen-circuit
voltage Y,0.
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Figure 6.Surface characteristics of perovskite without and with TEACI passivation: (a-1, b-1) topography mapping and (a-2, b-2) surface
potential mapping in the dark; (a-3, b-3) under illumination (scale bar)= 1

To observe the morphology of perovskite thie and their ~ champion device having TEACI passivation can be enhanced
charge transfer behaviors, the measurements of atomic fdircen the original 15.44% to 18.84% with no hysteresis as shown
microscopy and Kelvin-probe atomic force microscopy weieFigure 7. The outstanding PCE improvement is attributed to
conducted. The topography is very similar for pristine perovskitee increase ®f.and Il factor. From the systematic analysis of

Im (Figure @-1), and theperovskitdm with TEACI perovskite with TEACI passivation, we demonstrate that ionic
passivationHigure 6b-1). Both Ims were deposited on the defects in perovskitém are successfully passivated and the
hole transport layer. The grain sizes of both peroVsiétare  nonradiative recombinations of charge carriers are reduced as
in hundred nanometer scale. The surface potential mappingy@éll. The reduction of energy loss directlgcted by the
the perovskite with TEACI passivation in the dark are shown ghhancement M. and PCE of the devices.

Figure @-2 andrigure 6-2 and under illuminatiorfirgure @- The maximum power point tracking of devices without
3andrigure 6-3. The locations of surface potential mapping ofkncapsulation in ambient air directly indicate whether the
the samples werexed to observe the changes of surfacgnotovoltaic performance of devices is stable in the presence of
potential from in dgrk to under illumination. The d|st.r|bu.t|0n Ofmoisture and light. Generally, the presence of moisture, oxygen,
surface potential is very smooth for thewith passivation  5nq jight is believed to gradually degrade the perovskite layer

( 200 mV to 200 mV) as compared with the without  5n4 therefore deteriorate the device performance. Reducing
passivation (400 mV to 100 mV). The change of surface e gefects in perovskiten can prevent it from the fast

potential is very minor from in dark to under illumination for the C . o :
perovskitelm with TEACI as compared with tha without it, oxygen dusion and thus improve the stability of devigpse

: . X : 79 shows the 300 s maximum power point track (MPPT) of
mglcg a(;?sri]vgfcai of'ﬂ:]tt”_?ﬁée%;?kthspﬂ:gh\':vﬁﬁ”% v?/eggff?cgogatentid vices fabricated from perovskitenith and without TEACI
) o e . L erg ; i
indicate the grain boundaries and defects dftb@s shown in 8 ssivation in air (relative humidity = 65%, operating temper

Figure 8-1 andrigure B-1. The grain boundaries and defects ofo of devices = 80). The devices were not encapsulated.
thg Im trap carfcijers easily an?j therefore cause large changg fior to the MPPT measurement of dgwces;l “’!&U“’es
surface potential under illumination. Apparently, Ilthe were measured to detern_une the optimal _apphed voI_ta_ge of
without passivation contained many defects and boundarfég.FT- The devices having TEACI petsswatlon exhibit_an
and trapped carriers, whereas the TEACI passivation can redg&iemely stable outputwith less than 0.1% PCE drop after 300 s
defects and suppress the carrier trapping. measurement. The PCE can still maintain over 18.6% af_ter 300s

Figure @ shows the cross-sectional SEM images of perovskiigasurement. However, the devices without passivation were
devices. The cogurations of devices fabricated from theVvulnerable in air, and the irreversible PCE drop was larger than
perovskite Im with and without TEACI passivation can be 8% from initial PCE of device. It clearly indicates that the
clearly observed. There are neminces in the layer structure deteriorated performance of device without passivation is more
and thickness for two devices. The thickness of each layer cag#eceptible to heat and humidity than the device with TEACI
identi ed (NiO is around 100 nm; GNH,Pbk is 450 nm; passivation. For the intrinsic stability of perovskite, the device
PGCs;BM is 90 nm; Ag electron is 100 nm). The SEM images owvith and without passivation was stored in the same environ-
other devices are showrFigure S4Figure B e shows the  ment of nitrogen. ABigure T shows, the device without
photovoltaic distribution of 24 devices fabricated from th@assivation can only maintain 80% of initial PCE irsti®00
perovskitelm with and without TEACI passivation. The resultsh, whereas the device with TEACI passivation can maintain 80%
show high reproducibility of TEACI passivated devices. Tha initial PCE over 700 h. It again provides evidence that the
average PCE of devices having TEACI passivation can sugppressed ionic defects in perovskite can prevent devices from
enhanced from 14.62% to 17.78%. Furthermore, the PCE of tthefect assisted degradation.
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Figure 7.FE-SEM images of devices without and with TEACI passivation: (a) architecture and cross section (sca)e Parferriance

distribution of 24 devices: ()., (c) 1, (d) llIfactor, and (e) PCE. Performance of champion devide¥ ¢f)rves, (g) steady-state photocurrent

output PCE measured at the maximum power point (applied bias = 0.92 and 0.84 V for device with TEACI and without passivation). (h) Stability tes
for device storage in glovebox.

4. CONCLUSIONS Spectroscopy, electronic, and device characterizations were

formed to investigate the TEA halides passivadon e

. . . . . e
We systematlcallly explqred the.paSSI\{atlon O_f ionic defects of &?Ith the signicant decrease of ionic defect density in perovskite
casted perovskitdm using various dipolar ions of organo- 5nq syccessful interfacial modiion, the nonradiative

ammonium halide: MAI, PEAI, TEA halides. The dipolar iongecombination can be eiently reduced and thereby enhance
can passivate both cationic and anionic defects simultaneousig.open-circuit voltage atidactor of the devices. The TEACI
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