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Abstract

The power conversion efficiency of perovskite solar cells has been showing rapid improvement
for the last decade. However, still, there is unarguable performance deficit compared with the
Schockley-Queisser (SQ) limit. One of the major causes for such performance discrepancy is
surface and grain boundaries defects. They are a source of non-radiative recombination in the
devices not only causes performance loss but also the instability of the solar cells. In this study,
we employed a direct post-surface passivation strategy at mild temperature to modify perovskite
layer defects using tetraoctylammonium chloride (TOAC). The passivated perovskite layers have
demonstrated extraordinary improvement in photoluminescence and charge carrier lifetimes
compared to their control counterparts in both Cso.05(FAo.83MA0.17)0.95Pb(I0.83Br0.17)3 and MAPbI3
type perovskite layers. The investigation on electron-only and hole-only devices after TOAC
treatment revealed suppressed electron and hole trap density of states. The electrochemical study
demonstrated that TOAC treatment improved the charge recombination resistance of the
perovskite layers and reduced the charge accumulation on the surface of perovskite films. As a

result, perovskite solar cells prepared by TOAC treatment showed a champion PCE of 21.24% for
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Cs0.05(FA0.83MA0.17)0.95Pb(l0.83Br0.17)3 — based device compared to 19.58% without passivation.
Likewise, the PCE of MAPbIs improved from 18.09% to 19.27% with TOAC treatment. The long-
term stability of TOAC passivated perovskite Cso.os(FAo0.83MAo.17)0.95Pb(lo.83Bro.17)3 devices has

retained over 97% of its initial performance after 720h in air.
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Introduction

Organic-inorganic metal halide perovskites demonstrated outstanding photoelectric properties of
high absorption coefficient, long carrier diffusion length, and fast electron and hole carrier mobility.
Such novel materials incorporated in solar cells demonstrated a record power conversion
efficiency (PCE) of above 25%.!:? The perovskite composition, processing methods, processing
conditions such as post annealing temperatures are among the parameters that determine the
quality of perovskite film formation. Due to such unavoidable processing steps and conditions,
various defects are formed on the perovskite film surface and grain boundaries.> These defects
could be vacancies, interstitials, antistites or a combination of them.*> Shallow level defects which
are formed near the conduction band minimum or valence band maximum occupies a larger
proportion of defects in perovskite film compared with the deep-level defects.® The defects could
trap or scatter charge carriers. The trapped charge carriers by the defects influence the perovskite

electrical, optical and charge carrier properties.’

In general, the defects present at the surface and grain boundaries of the perovskite film are the

main source of non-radiative recombination which impacts the quantum efficiency of



photoluminescence in perovskite films and the photovoltaic parameters negatively.* !> Defects
are also a source of hysteresis where the electrons and holes that are trapped by defects under
forward-bias are released under reverse-bias. Such slow charge trapping/de-trapping might cause
photocurrent and photovoltage delay and lead to device hysteresis. Likewise, interstitial defects
formed as a result of ion migration in perovskite films led to hysteresis.” '*'® Furthermore, defects
are the main causes of device instability where moisture and oxygen are infiltrated through surface
defects and grain boundaries.® Thus, it is required to passivate the perovskite defects to boost the

PCE, eliminate hysteresis and extend the device life.

So far, two kinds of passivation strategies are utilized to passivate the perovskite films: bulk
treatment and surface treatment.” !7 In bulk treatment the passivation molecules are added directly
to the perovskite precursor solution to get the treated perovskite layer.'® ! However, in the surface
treatment the passivation molecules are deposited on the top of the perovskite layer (post surface
treatment of perovskite layer).?% 2! Form the ABX3 perovskite structure, A is cations, and B is
metal (M*™?), and X is the anion. This disclosed perovskite is ionic material and could form both
positively Vi and negatively Veb charged defects. Due to the ionic nature of the perovskite material
various passivation treatments are developed to passivate iodide vacancy,® '® 2226 chloride

3133 and cation vacancy,'> 2% 3436 however, most of the previous

vacancy,?’** bromide vacancy,
findings heal one kind of defect only, either positively or negatively charged defect. For instance,
from the reports on Lewis-base or Lewis-acid functional groups-based molecules to passivate
perovskite, when the molecule has a Lewis-base functional group it only passivated positively
charged Vi defects ¥/, and when the molecule is Lewis-acid functional group it only passivated

negatively charged Vpo defects.’® Considering from the large group of passivation materials,

ammonium salts exhibited substantial advancements.?® 3% 3-5° Tetrapropylammonium (TPA")



cation enhanced both the surface and bulk passivation by forming strong ionic interaction with the
surface of MAPbI3 and via the formation of the heterostructure, respectively.'® >! Post-treatment
of MAPbI3 by Tetraoctylammonium bromide (TOAB) molecules effectively passivate the trap
states at grain boundaries and surface.>? Limited studies are about the passivation of both positively
and negatively charged defects. 3% 5356 The unsymmetric quaternary ammonium halides with
a structure of NR4"X "™ passivated both cationic and anionic defects.®® Consequently, there is an
urgent need to find a novel dual passivation molecule to modify both types of defects as they are
always present in the perovskite film. Here for the first time, we used a symmetrical long-alkane
chain quaternary ammonium halides of TOAC (TOA'CI) to passivate both the mixed perovskite
(CsFAMA) and MAPDI3. The TOAC has an ionic nature thus it successfully passivated both the
positively and negatively charged defects. The choice of TOAC molecule in our study is inspired
by the previous success of quaternary ammonium salts of L-a-phosphatidylcholine and choline
chloride to improve the performance and stability of perovskite solar cells.'! 3® The zwitterionic
TOAC is a symmetrical quaternary ammonium salt with a central eternally cationic nitrogen atom
((C8)sN"CI') and it is attached to long four alkyl chains. The oversized large ionic radius TOA"
physiosorbed on the perovskite film through electrostatic interaction and treated not only the
surface but also the perovskite grain boundaries to repress leakage, ion-migration and charge
recombination pathways, consequently suppressing defects.?> >’ The TOAC coordinates with the
perovskite through hydrogen bonding to heal the I" and/or Br™ vacancies thereby overcoming the
non-radiative recombination pathways on the perovskite film. As a result, the treated perovskite
exhibited improved photoluminescence (PL) and charge recombination resistance, which leads to

improved Voc and FF.



Our experimental studies of the space-charge limited current (SCLC), photoluminescence (PL),
time resolved photoluminescence (TRPL), and electrochemical impedance spectroscopy (EIS)
have shown that TOAC significantly suppressed the number of defects, improved charge
recombination resistance, and prolonged the carrier lifetime of the passivated CsFAMA and
MAPDI; films/devices. Moreover, TOAC is a chemically stable charged molecule, with long alkyl
chains are attached to it, which advances the hydrophobicity of the perovskite layer and enhances
device long-term stability. Consequently, TOAC passivated PSCs devices exhibited a champion
PCE of 21.24% concurrently with almost no PCE loss has been observed for devices kept in air

(RH=40-55%) for 720 h.

Experimental Section

Materials: Fluorine tin oxide (FTO) substrates were purchased from Youxuan TECH, China.
Tin(IV) oxide (Sn0O2), 15% in H20 colloidal dispersion bought from Alfa Aesar. Lead iodide (Pbl2)
and Lead Bromide (PbBr2) were purchased from TCI. Methylammonium iodide (MAI) was
purchased from Xi’an Polymer Light Technology Corporation (China). Tetraoctylammonium
chloride (TOAC), Formamidinium iodide (FAI), Cesium iodide, Methylammonium bromide
(MABr), 2,2',7,7-Tetrakis [N,N-di (4-methoxyphenyl)amino]-9,9'-spirobifluorene (Spiro-
OMeTAD) and FK 209 Co(IIl) Li TFSI salt were purchased from Sigma-Aldrich. Lithium
bis(trifluoromethanesulfony)imide (Li-TFSI) from TCI. 4-tert-butylpyridine (4-tBP) and were
purchased from Accela. FK209 Co (III) Li-TFSI obtained from Greatcell materials. Poly[bis(4-
phenyl)(2,4,6-trimethylphenyl)amine] (PTAA) was obtained from Solaris Chem (Canada). [6,6]-
phenyl C61-butyric acid methyl ester (PCciBM) were purchased from Sigma-Aldrich. N,N-

Dimethylformamide (DMF), isopropanol (IPA), acetonitrile (CAN) and chlorobenzene (CB) were
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purchased from Sigma-Aldrich. Dimethyl sulfoxide (DMSO) was purchased from Alfa Aesar.
Gold bar (Au 99.998%) were purchased from Alfa Aesar. All chemicals were used as received

without further treatment.

Device Fabrication: Patterned FTO was sequentially cleaned as previously described.’® SnO2
ETL was prepared from a dispersion of Tin (IV) oxide colloidal to DI water (1:3 v/v) by spin
coating and annealed at 150 °C for 30 min. The mixed perovskite with a composition of
Cs0.05(FA0.83MA0.17)0.95Pb(lo.83Bro.17)3 is prepared by mixing FAI (1 mM), Pbl> (1.1 M), MABr
(0.2 mM), PbBr2 (0.2 mM) in DMF: DMSO (4:1 v/v). A stoichiometric amount of (40 pL) CsI
from a solution of 1.5 mM Csl in DMSO was added to get the final composition. The mixed
perovskite is deposited at 4000 rpm for 40 s and chlorobenzene was dropped as anti-solvent in the
middle of the spinning procedure and subsequently annealed 100 °C for 1h. The MAPbDI; is
prepared following a literature.’> > After that various concentrations of TOAC in 2-propanol were
spin coated on perovskite layers at 4000 rpm for 30 s and annealed at a mild temperature of 70 °C
for 10 min. The optimized TOAC concentration for the mixed perovskite is 2.5 mM, and for
MAPDI; is 0.5 mM in 2-propanol. Unless concentration is specified, we have only discussed the
concentrations in all discussions. Following, spiro-OMeTAD is deposited at 4000 rpm for 30 s
from a solution of 90 g spiro-OMeTAD doped with 39.5uL TBP, 22.5uL Li-TFSI (52mg in 100pL
acetonitrile), and 10uL FK 209 Co(III) Li TFSI (375 mg in ImL acetonitrile). Finally, Au (~70

nm) was deposited by a thermal evaporator.

Film and device characterizations: The characterization of peovskite and modified perovskite

films by XRD, FT-IR, SEM, UV-Vis, PL, TRPL and all I-V, EQE, and EIS device measurements

were done using the apparatus described in reference.>® ¢



Results and discussion

The perovskite passivation strategy is illustrated in Scheme 1, where various concentrations of
TOAC (Scheme la-b) in 2-propannol is spin coated on the perovskite layer following mild
annealing at 70 °C (Scheme 1¢). Scheme 1d shows the interaction between perovskite and TOAC.
Here, we deeply studied the effect of TOAC passivation on mixed perovskite with a composition
of Cs0.0s(FA0.83MA0.17)0.95Pb(l0.83Bro.17)3 and MAPDI; films. In the first section we describe TOAC
influence on Cso.05(FA0.83MAo.17)0.95sPb(lo.83Bro.17)3, then on MAPDI3. The preparation of the

perovskite films is briefly explained in the experimental section.
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Scheme 1. (a) Molecular structure of TOAC, (b) 3-D molecular geometry of TOAC, (c) schematic
representation of TOAC passivation on CsSFAMA, (d) Schematic illustration of interaction of

perovskite and TOAC.



Initially, to understand the interaction between CsSFAMA and TOAC, we recorded FTIR (Figure
la-f) The FTIR peaks at 1472 cm™! (sym. NH3" bend)®!, both 3271 cm™! and 3407 cm™' ( N-H
stretch)®? of the control CSFAMA film are shifted to lower wavenumber of 1468 cm™!, 3161 cm™!
and 3401 cm™!, respectively for CSFAMA / TOAC. Moreover, the peak at 2850 cm™! (sym. CH3
rock)®!, 2918 cm™! (sym. CH3 stretch)®!, and 2954 cm™! (asym. CH3 stretch)®> ! of the TOAC
molecule shifted to 2856 cm™!, 2926 cm™!, and 2957 cm™!, respectively for CSFAMA / TOAC
which indicated the existence of strong chemical interaction between TOAC and CsSFAMA..> ¢
62.63 The shifts of the NH3" stretching and NH3" bending to lower wavenumber clearly revealed
that there are strong hydrogen bonding interactions between TOAC and CsFAMA through the
NH;* and TOAC (N-H---Cl).%% 61. 63. 64 Additionally, the peaks at 1713 em™ ( C=N)® for the
CsFAMA shifted to 1709 cm™ upon TOAC passivation which additionally signifies the strong
interaction between TOAC and CsFAMA . % Moreover, the EDX elemental mapping images of
CsFAMA / TOAC film (presented in Figure 1g) reveal that Cl atoms are distributed uniformly all
over the CsFAMA surface. Therefore, both the FTIR and EDX mapping data demonstrate the
successful incorporation of the TOAC into the perovskite layer. The full FTIR spectra and EDX
elemental mapping for all elements of CSFAMA are presented in Figure S1 and Figure S2,

respectively.
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Figure 1. (a-f) FTIR of TOAC, CsFAMA and CsFAMA/ TOAC, (g) ESD elemental mapping of

CsFAMA / TOAC, and (h) UV-vis absorption of CsSFAMA with and without TOAC.

The UV-Vis absorption of CSFAMA with and without TOAC treatment was deposited on glass
and recorded, and both films showed similar absorption profiles in all wavelength ranges. (Figure
1h). This means the CsFAMA film thickness barely changed after TOAC treatment. Besides, both
films exhibited an absorption onset at ca. 770 nm. The XRD of the control CSFAMA and CsFAMA
/ TOAC showed all the characteristic peaks of perovskite (Figure 2a). The XRD peak about 12. 6°

is attributed to the excess Pbl2 added in the precursor solution to improve the PCE of the device.
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Figure 2b and Figure 2c showed the top-view SEM images of CsSFAMA with and without TOAC
passivation, respectively. We have observed the presence of large pinholes and grain boundaries
on the control sample SEM. Besides, there are many white crystals on the top surface of CsSFAMA
that are assigned to Pbl.. However, the distributions of white crystals are reduced on the top view
SEM of the passivated surface (Figure 2c), which are consistent with the Pblo XRD peak intensity
decrement for the passivated CsFAMA. This strengthens our hypothesis that the TOAC
incorporation in CsFAMA. Additionally, the CsFAMA grain sizes decreased after TOAC
passivation and show flat and compact morphology. Similar grain size shrinkage have been
observed when smaller ionic radius ammonium salts such as ethylammonium (EAI: 258 pm),
imidazolium (258 pm) and guanidinium iodide (278 pm) used to treat mixed cation perovskite,
compared to formamidinium, (253 pm) and methylammonium, (217 pm).®® The solid state NMR,
"H-"H spin diffusion measurement and solid-state 'H MAS NMR confirmed that mixed cation
perovskite treated with ethylammonium exhibited that the EAI is fully converted into EA-
containing lead halide phases during the passivation to treat the surface and grain bounderies.**
However, when MAPDI3 was treated by large ionic radius (450 pm) tetrapropylammonium (TPA™)
cation the grain showed shrinkage, in which TPA" cannot be accommodated inside the lattice of
the perovskite structure.’! The addition of TPA" provokes a reduction of the cell volume mostly
driven by a shrinkage along the [001] direction of the pure MAPbI3.>! Likewise, TOAC cannot be
incorporated inside the lattice of the perovskite structure and the grain could be smaller by the
shrinkage in [001] direction. Formation of small grains, but, compact and flat morphologies are
beneficial to achieve high open-circuit voltage (Voc) and fill factor (FF) in PSCs.?® We study AFM
to study the details in the flatness of the perovskite films before and after passivation. The top view

AFM, 3-D AFM and AFM height of CsFAMA are presented in Figure 2d-f, and CsSFAMA / TOAC
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AFM data are shown in Figure 2g-i. The control sample has a roughness of 22.4 nm. The roughness

significantly decreases to 16.6 nm after TOAC passivation, which is beneficial to achieving a
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Figure 2. (a) XRD diffraction patterns of CsSFAMA with and without TOAC, (b) Top view SEM

image of CsSFAMA, (c) Top view SEM image of CsSFAMA / TOAC, (d-f) AFM surface image, 3-
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dimentinal image and height image for CsFAMA, respectively. (g-i) AFM surface image, 3-

dimentinal image and height image for CsSFAMA/ TOAC, respectively.

smooth spiro-OMeTAD top layer. The AFM height images of CSFAMA and CsFAMA / TOAC
across 5 um film were measured and they clearly demonstrate smoother film was achieved by
TOAC passivation. These results could be explained in two premises. First, the TOAC might react
with the uncoordinated Pblz to form perovskite,* 3! 52 6 and/or the TOAC infiltrate the grain

boundaries and surface defects of CsFAMA flatten the surface.

The charge extraction properties of CsSFAMA and CsFAMA / TOAC film are investigated by PL
and TRPL. These films are prepared by spin coating the perovskite films on glass substrates, and
the incident light is directed from the perovskite side. Figure 3a demonstrates the PL intensity of
CsFAMA, CsFAMA / Spiro-OMeTAD, CsFAMA / TOAC and CsFAMA/TOAC/spiro-OMeTAD.
CsFAMA / TOAC passivated film exhibits enhanced photoluminescence (almost double intensity)
compared to the control CsFAMA.. Trap states on the surface and grain boundaries of the CsSFAMA
film are suppressed by TOAC passivation. The TOAC molecules modify traps and grain
boundaries so that the defect density decreases on the passivated CsFAMA, leading to enhanced
photoluminescence. The traps and grain boundaries in the control film not only affect the
photoluminescence but also will influence the cell performance and device hysteresis (we will
discuss later). We record PL of the perovskite layers with and without TOAC passivation coated
by spiro-OMeTAD. In both cases, the PL shows quenched. The CsFAMA / spiro-OMeTAD
quenches 64%. The CsFAMA /TOAC /Spiro-OMeTAD film quenches more than 93%, which
implies charge extraction from perovskite to spiro-OMeTAD enhanced by TOAC passivation.
This displays the potential of TOAC on preventing nonradiative recombination in the perovskite

films. The TRPL spectra of the control and passivated films are presented in Figure 3b. The
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lifetimes are fitted by the biexponential function using equation (1), and the average lifetimes are
calculated using equation (2). A1 and Az are the relative amplitudes. t is time. t1 and 12 are the
lifetime values for the fast and slow decay, respectively.

—t —t
Y = A exp (T—) + A,exp (T—) equation (1)
1 2

2
A1T12 + A,1,

T = equation (2
W Aty + AT, 4 )

The average lifetime of control perovskite CSFAMA is 284.73 ns. After TOAC passivation, the
lifetime CsFAMA / TOAC increases substantially to 376.36 ns. A longer lifetime of the CsSFAMA
/ TOAC confirms the suppression of defects on the control sample after TOAC treatment. The
lifetimes of CsSFAMA/ Spiro-OMeTAD and CsFAMA/ TOAC/ Spiro-OMeTAD are also measured.
CsFAMA/ TOAC/ Spiro-OMeTAD shows the shortest lifetime of 15.28 ns vs 26.45 ns for the
CsFAMA/Spiro-OMeTAD. This displays the charge extraction of CsSFAMA is improved after
TOAC passivation. These results are consistent with the PL studies. The lifetime results are

summarized in Table S1.
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Figure 3. (a) Steady state PL and (b) TRPL of CsFAMA, CsFAMA/TOAC, CsFAMA/spiro-

OMeTAD and CsFAMA/TOAC/spiro-OMeTAD.
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Perovskite solar cells with a structure of FTO/SnO2/CsFAMA (with and without TOAC)/Spiro-
OMeTAD/Au were fabricated to investigate the influence of TOAC on the photovoltaic property
of the device. Cells are fabricated by spin coating various concentration of TOAC (0 mM, 0.5 mM,
1.0 mM, 1.5 mM, 2.0 mM, 2.5 mM and 3.0 mM) in 2-propanol on the CsFAMA film, and devices
are characterized. Figure 4a showed the cross-sectional SEM of the full device with the optimized
(2.5 mM) TOAC, where about 400 nm CsFAMA / TOAC is deposited on the SnO2 layer. The
TOAC passivated optimized device exhibits a champion reverse bias PCE of 21.24% with a Jsc of
24.29 mAcm™, Voc of 1.134 V, and FF of 77.12% (Figure 4b) and forward bias PCE of 20.77%
with a Jsc of 24.26 mAcm™, Voc of 1.131 V, FF of 75.71%. Furthermore, it showed a stabilized
power output 21.22% PCE while measured at maximum power point of 0.92 V (inset Figure 4b).
However, the control device demonstrates a maximum reverse PCE of only 19.58% with a Jsc of
23.46mAcm™, Vo of 1.118 V, FF of 74.66% (Figure 4c), and forward PCE of 18.40% with a Js
of 23.57mAcm™?, Voc of 1.112 V, FF of 70.22%, with a stabilized power output 19.58% PCE while
measured at maximum power point of 0.92 V (inset Figure 4¢). The hysteresis index (HI) for the
control film is 0.06. The HI declines down to 0.02 after passivation. The champion device
photovoltaic parameters and hysteresis calculations are summarized in Table S2. To study the
reproducibility of our fabrication above 25 CsSFAMA and CsFAMA / TOAC -based solar cells are
prepared and characterized (Figure 4d-g). The CsSFAMA / TOAC device exhibits outstanding Js,
Voc, and FF compared to the standard CsFAMA device. The box-chart of J-V characteristics for
all concentrations are presented in Figure S3 and the maximum PCE values for each concentration
are summarized in Table S3. Generally, at low concentration (< 2 mM of TOAC) the average Jsc
and FF are improved upon passivation. However, the average Voc doesn't show improvement, even

for some devices the Voc is decreased at a small concentration of TOAC treated device compared
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to the standard device. At the optimized 2.5 mM TOAC all the device parameters (Jsc, Voc, and FF)
improved and the device exhibited its champion performance. However, further increases in the
concentration of TOAC to 3.0mM decrease the J-V parameters. The EQE of the control and
CsFAMA/ TOAC devices are presented in Figure 4h, where the integrated Jsc of 20.80 mAcm™
and 21.13 mAcm are measured for CSFAMA and CsFAMA / TOAC-based devices, respectively.
A discrepancy of Ca. 13% is observed between integrated Jsc and Jsc measured from I-V curve
because the EQE measurement is carried out in a single wavelength with much lower intensity
than the one sun radiation.®’ The integrated Jsc extracted from -V scans that is within 20% of the

value calculated from EQE signifies a reasonable correlation.®®

Figure 4(i) shows the electrical impedance spectroscopy (EIS) of the control and TOAC passivated
devices. Here we investigate the charge recombination property of the control and CsFAMA /
TOAC - devices at dark conditions at a bias of 0.92V. The equivalent circuit is shown in the inset
of Figure 4i, where Rs is the series resistance from the ITO and wire, CPE: is the contact
capacitance of the perovskite film with its adjacent contacts, Ri is the dielectric relaxation
resistance, CPE: is the capacitance of perovskite films, and R is the charge recombination
resistance of the cells. The EIS fitting parameters are summarized in Table S4. The results revealed
that the capacitance of the control CsFAMA is four orders higher than the passivated CsFAMA,
which implies the control device is affected by a serious charge buildup in perovskite that
potentially facilitates nonradiative charge recombination in the cell to cause photoluminescence
loss and device instability. The control device exhibited a charge recombination resistance (Rrec)
of 1323 @, which enhances about three-fold after TOAC passivation to 3674 o that indeed

demonstrates the potential of TOAC to suppress charge traps on the CSFAMA film.
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Figure 4. (a) Cross-sectional SEM of FTO/SnO2/CsFAMA/TOAC/Spiro-OMeTAD/Au. (b) The
champion device fabricated using the optimized 2.5mM TOAC passivated CSFAMA. The inset in
Figure 4(b) is the stabilized power output of CsSFAMA / TOAC-based PSC devices measured at
maximum power point of 0.92 V. (¢) Reverse and forward bias J-V profile of the control device
with a structure of FTO/SnO2/CsFAMA/Spiro-OMeTAD/Au. The inset in Figure 4(c) is the
stabilized power output of the control devices measured at maximum power point of 0.92 V. Box
chart comparison of the J-V parameters between the standard CsFAMA and 2.5mM TOAC
passivated CsFAMA (d) Js, () Vo, (f) FF and (g) PCE. (h) EQE of CsFAMA and CsFAMA/

TOAC and (i)Nyquist plots of the device without and with 2.5mM TOAC passivated CsFAMA
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The trap state density of CsSFAMA and CsFAMA / TOAC based devices is further investigated by
fabricating a single charge injection device of the electron-only device and hole-only device. The
electron-only device with a structure of FTO/SnO2/CsFAMA (with and without
TOAC)/PCBM/Au are employed to study electron trap, and hole-only device with a structure of
FTO/PTAA/CsFAMA (with and without TOAC)/Spiro-OMeTAD/Au is used to characterize hole
traps. The I-V characterizations (measured in dark conditions) are plotted on a double logarithmic
graph as shown in Figure 5a-b. The trap state density of the respective devices is calculated using
equation (3), where ¢ is the relative dielectric constant of CSFAMA (~79% composition is FAPbI3)
then we adopt € of FAPbI3 (46.9)** . g¢ is vacuum permittivity. Vrrr is trap-filled limit voltage.
e is the elementary charge. L is the thickness of CSFAMA with and without TOAC and Niraps is

the number of traps.

_ 2eeoVTFL .
Ntraps =T o2 equation (3)

The Niaps for the control electron-only device is 11.3x10'5 em™. With TOAC passivation the
electron traps are significantly reduced to 6.48x10" c¢cm™ The Niaps for the control hole-only
device 10.1x10' ¢m™, and after passivation the traps slightly decrease to 8.39x10'> cm™. From
this, we can conclude that TOAC could passivate both the electron traps and hole traps. However,
it passivates more electron traps than the hole traps. This means TOAC could passivate I" and/or
Br defects from Cs0.05(FA0.83MA0.17)0.95Pb(lo.83Bro.17)s composition than Pb** defect. This
phenomenon is similar to previous studies that add a small concentration of PbCl2 into MAPDI3
solution where the CI" passivated both anion and cation defects.” The density of the trap study is

coherent with both the PL and EIS studies. The SCLC parameters are summarized in Table S5.
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Figure 5. (a) Electron only device with a structure of FTO/SnO2/CsFAMA (with and without
TOAC)/PCBM/Au, (b) hole only device with a structure of FTO/PTAA/CsFAMA (with and

without TOAC)/Spiro-OMeTAD/Au.

Finally, we study the long-term stability of CSFAMA and CsFAMA / TOAC based devices in the
air. Figures 6 a and b show the water contact angels of the CsSFAMA and CsFAMA/TOAC films.
It can be observed that the waver contact angle increases from 46.33° to 90.61°, which shows
significant potential to achieve improved moisture stability of the devices. The devices have been
kept in the air at (RH = 40-60%) in a dark condition for 720 hours. Four devices of the control and
TOAC passivated devices are studied, and the results are summarized in Figure 6 c-f. The TOAC
passivated devices show remarkable moisture stability compared to the control device. The TOAC
devices retain an average of 97.61% of their initial PCE vs the controls only an average of 89.05%
of their initial PCE. This demonstrates TOAC treatment not only improves the PCE but also

enhances the long-term stability of the devices.
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Figure 6. Water contact angle of (a) CsFAMA, (b) CsFAMA/TOAC. Long-term stability of

CsFAMA and CsFAMA/ TOAC based device in air (RH= 40-55%) for 720 hours (c) Jsc, (d) Voc,

(e) FF and (f) PCE.
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Long-term stability of CsSFAMA and CsFAMA /TOAC-based PSCs in air (RH= 40-55%) for 720

hours.

In the next section, we use TOAC to passivate MAPbI3 Film/devices compared with the control
MAPDIs to assess the universality of TOAC passivation approach on defect suppression and the
stability of solar cells. From device optimization we have observed only a small amount of TOAC
(0.5 mM) is required to passivate the MAPbI3 unlike CsSFAMA (2.5 mM). We follow similar
approaches and techniques to investigate the MAPbI3; and MAPbI3 / TOAC films and devices.
FTIR is employed to study the incorporation of TOAC into MAPbIs. The FTIR spectra of TOAC,
MAPbI3, and MAPbI3 / TOAC are presented in Figure 7a-f. The FTIR peaks at 907 cm™ (CHs-
NH3" rock)™ ¢!, 961 cm™ (C-N stretch)*> 6!, 1247 cm™ (CH3-NH3" rock)®!, 1468 cm™! (sym. NH3*
bend)®!, 1577 cm™! (asym. NH3" bend)®!, 3133 cm ™! (sym. NH3" stretch)**®! and 3178 cm™! (asym.
NH;s" stretch)®® ®! of the control MAPDI; film are shifted to lower wavenumber of 906 cm!, 959
cm, 1246 cm™,1465 cm™!, 1575 cm ™!, 3131 cm ™! and 3174 cm™!, respectively for the modified
film. The peak at 2850 cm™! (sym. CH3 rock)’> ¢!, 2918 cm™! (sym. CH3 stretch)’> ©!, and 2954
cm ! (asym. CHs stretch)®? ¢! of the TOAC molecule shifted to 2856 cm™!, 2926 cm™!, and 2957
cm !, respectively for treated MAPbI3/TOAC which demonstrated the existence of strong
chemical interaction between TOAC and CsSFAMA. The shifts of NH3" stretching and NH3"
bending to lower wavenumber show that there are strong interactions between TOAC and MAPbI;3
through hydrogen bonding of the NH3" and TOAC (N-H:--C1).%% 6264 The full FTIR spectra are
presented in Figure S4. We investigate the MAPbI3/TOAC film surface composition by EDX
elemental mapping, where evenly distributed Cl atoms all over the MAPbI3 surface are observed
(Figure S5). Both FTIR and EDX mapping validated the incorporation of TOAC into the MAPbI3

film.
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Figure 7g showed the XRD of MAPbIs and MAPbI3 / TOAC on FTO. The XRD peak at about 12.

6° belongs to the excess Pblz added to enhance the PCE of the device. After passivation, we haven’t
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Figure 7. (a-f) FTIR spectra of TOAC, MAPbI3, and MAPbI3/ TOAC (g) XRD diffraction patterns

of MAPDbI3 and MAPDI; passivated with 0.5 mM TOAC (h) UV-vis absorption spectra of MAPbI3

with and without 0.5mM TOAC.

observed any significant peak position change. This means the crystal property of the perovskite

is not influenced by the TOAC. The UV-vis characterization (presented in Figure 7h) of the control
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and MAPbIz / TOAC has shown similar absorption profiles, where, both films exhibited an

absorption onset of ca. 775 nm.

Figure 8a and Figure 8b demonstrate the top-view SEM images of MAPbI3 and MAPbIs/ TOAC
film. We can barely see any significant difference between the two films. The Pbl> white grains
are equivalently distributed on both surfaces. The cross-sectional SEM of the control MAPbI;3-
based device and the passivated MAPbIs-based devices are presented in Figure 8c and Figure 8d,
respectively. About 200 nm semi-transparent perovskite thickness is achieved in both layers. The
top view AFM, 3-D AFM, and AFM height for MAPbI3 and CsFAMA / TOAC are presented in
Figure 9a-c and Figure 9d-f, respectively. The surface roughness of MAPbI3 is 16.4 nm and after
TOAC passivation the surface roughness decreases slightly to 15.3 nm. The AFM height images
of MAPbI3 and MAPbI3/TOAC across 5 um film in two sections are collected. The TOAC
passivation slightly improves the MAPbIs smoothness. As the optimized TOAC concentration is
small (optimized with respect to device performance), the passivation does not influence

morphology and surface roughness significantly.
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Figure 8. Top-view SEM images of (a) MAPDI3, and (b) MAPbI3/ 0.5mM TAOC. (c) Cross-
sectional SEM image of FTO/SnO2/MAPbI3/Spiro-OMeTAD/Au, and (d) Cross-sectional SEM

image of FTO/SnO2/MAPbI3/TOAC/Spiro-OMeTAD/Au.
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Figure 9. (a-c) AFM surface image, 3-dimensional image, and height image for MAPbDI3,
respectively. (d-f) AFM surface image, 3-dimensional image, and height image for MAPbI3 /

TOAC, respectively.

Figure 10 (a) shows the steady-state PL spectra of MAPbI3, MAPbIz / TOAC, MAPbI;3 / Spiro-
OMeTAD and MAPDbI3/ TOAC / Spiro-OMeTAD. The perovskite films are spun at a glass
substrate and the incident light is guided from the perovskite side to collect the spectra. The PL
study strikingly reveals that the MAPbI3 / TOAC film exhibits improved photoluminescence (~
50% raise on PL intensity) compared to the control MAPbIs. This suggests the TOAC could
passivate defects at the surface and grain boundaries of the MAPbIs film which is consistent with
the phenomenon we observed for CsSFAMA film. The TOAC plays a crucial role in both the mixed
and MAPDI; perovskite by suppressing surface defects and enhancing photoluminescence. The
charge extraction property of the films is studied by deposit spiro-OMeTAD on control MAPbI3

and MAPbI3 / TOAC layers. Both films demonstrate PL quenching. The control MAPbIs / spiro-
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OMEeTAD quenches 68% vs 87% PL quenching for MAPbI3 /TOAC /Spiro-OMeTAD. This result
proves the remarkable potential of TOAC to impede the nonradiative recombination; eliminate
traps on the surface and grain boundaries; facilitate charge extractions, and enhance
photoluminescence. Such properties are needed to achieve high-performance PSCs. Figure 10b
shows the TRPL spectra of the control and passivated MAPbIs films. Equation (1) equation (2) are
employed to fit the lifetime and to calculate the average lifetimes of the films. The average lifetime
of the control MAPbIs is 80.31 ns. After TOAC passivation, the lifetime MAPbI3 / TOAC
increased more than three-fold to 298.93 ns. The longer lifetime of the passivated MAPBI3
suggests that there is a significant suppression of defects on the surface and grain boundaries of
MAPDI3 by TOAC treatment. The lifetime of MAPbIs/ Spiro-OMeTAD is 43.57ns vs 30.28ns for
MAPDI;/TOAC/Spiro-OMeTAD which demonstrates the charge extraction of MAPbI3 enhanced
after TOAC passivation. These results are consistent with the PL studies. The lifetime result of

MAPDBIz and MAPbI3/ TOAC are summarized in Table S6.
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Figure 10. (a) Steady state PL spectra and (b) TRPL spectra of MAPbI3, MAPbI3/Spiro-OMeTAD,

MAPDI;/TOAC and MAPbI3/TOAC/Spiro-OMeTAD.
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To test the influence of TOAC on the performance of MAPbIs-based devices, solar cells with a
structure of FTO/SnO2/MAPbI3 (with and without TOAC)/ spiro-OMeTAD/Au are fabricated.
Various concentrations of TOAC (0.5mM, 1mM and 1.5mM) treatment are investigated and
optimized (Figure 11a-d). We observe MAPbIs required only a very dilute concentration of TOAC
(0.5 mM) to exhibit the optimized PCE compared to the CsSFAMA film (2.5 mM). The standard
device exhibits a maximum PCE of 18.07% with a Jsc of 21.70 mAcm™, Voc of 1.07 V, FF of
77.90 %. Expectedly, the 0.5 mM TOAC passivated MAPDI3 exhibits the champion performance
of 19.27% PCE with a Jsc of 22.25 mAcm™, Voc of 1.09 V, and FF 79.27% (Figure 11e and Table
S7). When the concentration of TOAC increases to | mM and 1.5 mM the current density of the
passivated devices deteriorated. The stabilized power output of the champion MAPbI3 and
MAPDI3 / TOAC based devices are presented in Figure S6. To get a clear picture of the charge
recombination process on the control and passivated device we carry out EIS measurement at dark
at a bias of 0.9 V. The EIS curve and the equivalent circuit are presented in Figure 11f and
summarized in Table S8. The fitting results display that the contact capacitance of the control
MAPDbI3 with adjust layer is two orders higher than the TOAC passivated layer, which means the
control device suffers from charge buildup at the interface that is a source of non-radiative charge
recombination, photoluminescence loss, and device instability.” 7 The Rrec of the passivated
device showed a two-fold increment to 4236 @ compared to the control device (2181 ). This

demonstrates the TOAC passivation suppresses defects on the surface and grain boundaries.
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Figure 11. (a) Box chart of the J-V parameters for the standard MAPbI3 and various concentrations
TOAC passivated MAPDI3 (a) Jsc, (b) Voc, (¢) FF, and (d) PCE. (e¢) Champion J-V curve for the
standard and 0.5mM TOAC passivated MAPbIz device (f) Nyquist plots of the devices without

and with 0.5 mM passivated MAPbI3

The trap state density of MAPbIz and MAPbI3 / TOAC-based devices are investigated by
fabricating FTO/SnO2/ MAPbI3 (with and without TOAC)/PCBM/Au to calculate the number of
electron traps, and a structure of FTO/PTAA/ MAPbI;3 (with and without TOAC)/Spiro-
OMeTAD/Au to calculate the number of hole traps (Figure 12a-b). The Niraps for the respective
devices is calculated following equation (3), where, the relative dielectric constant (&) of 32 was
adopted for CH3NH3PbI3.%” The Nuaps for the control electron-only device is 8.10x10'°cm™, and
with TOAC passivation the electron traps are significantly reduced to 5.77x10'® cm™, However,
for the control hole-only device the Niraps was 2.42x10'6 cm™, and after passivation, the Niraps traps
decreases to 1.95%10'® cm™. From this, we can conclude that TOAC could passivate more electron

traps than the hole traps. This trend is consistent with the Niaps calculated for CSFAMA with and

28



without passivation. The SCLC parameters of MAPbI3 and MAPbI3 / TOAC are summarized in

Table S9.
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Figure 12. (a) Electron-only device with a structure of FTO/SnO2/ MAPbI3 (with and without 0.5
mM TOAC) /PCBM/Au. (b) Hole-only device with a structure of FTO/PTAA/ MAPbI3 (with and

without 0.5 mM TOAC) /Spiro-OMeTAD/Au

Finally, we investigate the long-term stability of MAPbIs and MAPbI3 / TOAC based devices in
the air. Figure 13 a and b show the water contact angles of the MAPbI3 and MAPbI3/TOAC films.
The water contact angle values are 49.26" and 81.87° for MAPbI3 and MAPbI3/TOAC films,
respectively. This indicates the improved moisture stability of the films caused by the
passivation.The devices are kept in the air at (RH = 40-55%) for 720 hours and taken out only for
measurement. To have tangible stability information at least five devices of the control and TOAC
passivated MAPbI3 devices are studied, and the results are summarized in Figure 13c-f. The TOAC
passivated devices show incredible moisture stability compared to the control device. The control
MAPDI; retain only an average of 81.70% of their initial PCE. Strikingly, the passivated devices

do not show any sign of degradation after 720 h, even some of the devices show PCE improvement
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(comes from the increase in FF over time). This demonstrates the potential of TOAC passivation

not only to improve the PCE but also to extend the long-term stability of the device.
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Figure 13. Water contact angle of (a) MAPDI3, (b) MAPbI3/TOAC. Long-term stability of MAPbI3
and MAPbI3/ TOAC based device in air (RH= 40-55%) for 720 hours (c) normalized Jsc, (d)

normalized Vo, (¢) normalized FF and (f) normalized PCE.

Conclusions
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In summary, we have successfully developed a universal post-surface treatment strategy to
suppress the non-radiative recombination for the widely fabricated mixed perovskite with a
composition of Cso.0s(FA0.83MA0.17)0.95Pb(lo.83Bro.17)3 and MAPbIz with TOAC. Various
concentrations of TOAC post-treatment could significantly passivate the defects on the surface
and grain boundaries of the respective perovskites. TOAC treatment could passivate both electron
and hole traps. However, more electron traps passivated than the hole traps. As a result, the charge
recombination resistance, photoluminescence, and charge extraction of the passivated films
increase substantially. Consequently, the device parameters show significant improvement, and
the maximum PCE of 21.24% for Cso.05(FA0.83MAo.17)0.95Pb(l0.83Bro.17)3, and 19.27% for MAPbI;3
is achieved based on our TOAC post-treatment strategy. TOAC not only improves the performance
of the cells but also extends the stability of perovskite solar cells. Remarkably, TOAC passivated

devices do not show any sign of degradation after 720 h in air.
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