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assisted post-vapor treatment approach to
enhance power conversion efficiency and stability
of FAPbI3 perovskite solar cells
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Bahrani, *d Mohammed Ridha H. Alhakeem,e Amit Sharmaf and T. Ch. Anil Kumarg

Formamidinium lead iodide (FAPbI3) is the most promising perovskite material for producing efficient

perovskite solar cells (PSCs). Here, we develop a facile method to obtain an a-phase FAPbI3 layer with

passivated grain boundaries and weakened non-radiative recombination. For this aim, during the

FAPbI3 fabrication process, cetrimonium bromide + 5% potassium thiocyanate (CTABr + 5% KSCN)

vapor post-treatment is introduced to remove non-perovskite phases in the FAPbI3 layer.

Incorporation of CTA+ along with SCN− ions induces FAPbI3 crystallization and stitch grain boundaries,

resulting in PSCs with lower defect losses. The vapor-assisted deposition increases the carriers'

lifetime in the FAPbI3 and facilitates charge transport at the interfacial perovskite/hole transport layer

via a band alignment phenomenon. The treated a-FAPbI3 layers bring an excellent PCE of 22.34%,

higher than the 19.48% PCE recorded for control PSCs. Besides, the well-oriented FAPbI3 and its

higher hydrophobic behavior originating from CTABr materials lead to improved stability in the treated

PSCs.
1. Introduction

Common perovskite solar cells now have recorded a high
efficiency of 25.8%, thanks to their unique optoelectronic
properties.1,2 Perovskite materials with a small exciton binding
energy are qualied for light harvesting tasks in solar cells.
They quickly generate free photo carriers. Their high defect
tolerance property guarantees the generation of a photo-
current. Shockley–Queisser's theory indicates high-
performance perovskite solar cells (PSCs) are accessible. But
fabrication engineering is needed to avoid interfaces and bulk
losses in the perovskite solar cell device and prepare highly
efficient PSCs. Formamidinium lead iodide (FAPbI3) perov-
skite with desirable photovoltaic properties has been used in
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the literature to form efficient PSCs.1,3–5 Highly crystalline,
stable, and pure a-phase FAPbI3 lms are vital requirements
for solar cell application. Usually, FAPbI3 readily transfers
from its photoactive a-phase to a photo-inactive d-phase at
temperatures lower than 150 °C.4,6 Researchers have mixed FA+

cations with MA+, Cs+, K+, and Rb+ to address this issue and
introduced new double, triple, and quadruple cation PSCs.7–10

Mixed cation–anion perovskites while increasing the phase
stability of FAPbI3 perovskite generate other disadvantages
such as low thermal stability, phase separation, and tight
absorbance spectrum.11–14 The broadened band-gap energy of
mixed cation–anion perovskite systems reduces the number of
photo-carriers and causes a lower photovoltaic performance in
related PSCs than the pure FAPbI3 PSCs. In addition, the
incorporation of different cations with various ionic radii may
induce a local strain and generate a distorted perovskite
structure.15,16

In recent years, researchers developed new approaches to
increase the phase stability of FAPbI3 perovskite while keeping
its optical and crystalline properties. Min et al.4 incorporated
methylenediammonium (MDA) cations into the FAPbI3 struc-
ture to stabilize its a-phase. They showed forasmuch as ionic
radii of MDA+ and FA+ are comparable, the absorbance edge
position doesn't change, while more H groups of MDA+ induce
ionic interaction and stabilize the a-phase of FAPbI3. Lu et al.
employed methylammonium thiocyanate (MASCN) vapor to
© 2023 The Author(s). Published by the Royal Society of Chemistry
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View Article Online
convert the d-phase to the desired a-phase. They found that
SCN− ions promote the formation and stabilization of a-FAPbI3.
Jeong et al.3 introduced formate anion (HCOO−) to boost the a-
FAPbI3 crystallinity. They showed that HCOO− ions ll anion
vacancies and brought a PCE of 25.6%. They proved that
HCOO− ions have more binding affinity for iodide vacancies
than the other halides of Cl−, Br−, and BF4

−. Park et al.17 added
15% of isopropylammonium chloride into the FAPbI3 pre-
solution and observed that remaining isopropylammonium
cations at the grain boundaries (Gbs) assist in the stabilization
of the a-FAPbI3 structure. If organic ammonium halides
employed as a passivation agent for surface treatment, not
additive into the bulk of FAPbI3, are good candidates for a-
phase stabilization along with improving humidity stability. Liu
et al.18 used iso-butylammonium iodide to post-treat of FAPbI3
perovskite. They found iso-butylammonium cations induce
undesirable d-FAPbI3 to a-FAPbI3 and also efficiently passivate
electronic trap states near to the FAPbI3 surface, improving the
optoelectronic FAPbI3 lm. Jeong et al.19 employed cyclo-
hexylammonium iodide to passivate FAPbI3 Gbs and form a 2D/
3D heterostructure. They deduced that FA+ ions on the 3D
FAPbI3's surfaces are dissolved during the surface treatment,
and cyclohexylammonium-based cations are reacted with the
PbI2, forming 2D perovskites over FAPbI3 layer. Shen et al.20

introduced sulfonyl uoride-functionalized phenethylammo-
nium (SF-PEA) salt as surface functionalization for a FAPbI3
layer while maintaining its Eg value. They concluded SF-PEA not
only passivates the surface defects but also protects the perov-
skite from phase transition.

The aforementioned discussions encouraged us to stabilize
the a-phase of FAPbI3 with a new strategy. Our method not only
improves phase stability but also increases the humidity
stability of the FAPbI3 layer along with its photovoltaic effi-
ciency. We exposed cetrimonium bromide + 5% potassium
thiocyanate (CTABr + 5% KSCN) vapor to the FAPbI3 layer
during its fabrication process. The vapor post-treatment
vanishes d-phase in the FAPbI3 layer. Introduction of CTA+

along with SCN− ions stitch Gbs in the FAPbI3 layer, resulting in
PSCs with lower defect losses. The vapor post-treatment boosts
the carriers' lifetime in the FAPbI3 and facilitates charge
transport with a band alignment phenomenon. The vapor-
treated PSCs bring a champion efficiency of 22.34%, higher
than the 20.11% efficiency obtained for control PSCs. In addi-
tion, the stabilized and hydrophobic a-FAPbI3 PSCs show an
improved stability behavior.

2. Experimentals
2.1. Deposition of hole blocking titanium dioxide (h-TiO2)
layer

In vial A, 10 mL of isopropyl alcohol (IPA, $99.7%, Sigma
Aldrich) and 70 mL HCl (2 M) are mixed for 20 min in an ice
bath. In vial B, 750 mL of tetraisopropyl orthotitanate (TTIP,
$97%, Sigma Aldrich) is mixed with 10 mL of IPA for 20 min in
the ice bath. Vial A solution is dropwise added into vial B. The
nal solution is stirred in the ice bath for 20 min and a further
15 min at room temperature (RT). The obtained solution is
© 2023 The Author(s). Published by the Royal Society of Chemistry
ltered with a 0.2 mmPTFE lter. 60 mL of the ltered solution is
poured on pre-patterned FTO and spin-coated at 2000 rpm for
30 s. h-TiO2 layers are dried in an oven at 100 °C for 5 min and
then baked for 30 min at 450 °C.

2.2. Deposition of mesoporous titanium dioxide (m-TiO2)
layer

400 mg of titanium dioxide paste (MPT-20 Titania Paste,
Greatcell Solar) is diluted with 2652 mg of ethanol (EtOH,
99.9%, Merck) and 75 mg of terpineol (Merck, 98%). The ob-
tained solution is stirred overnight at RT. 75 mL of m-TiO2 pre-
solution is dropped on the h-TiO2 layer and spin-coated at
3000 rpm for 25 s. Aer the spin-coating process, mtp layers are
dried at a temperature of 100 °C for 5 min and sintered for
60 min at 500 °C.

2.3. Deposition of perovskite layer

Formamidinium lead triiodide (FAPbI3) pre-solution is synthe-
sized as follows. At rst, 737.2 mg of lead iodide (PbI2, 99.999%,
Sigma Aldrich) is dissolved in 890 mL of N,N-dimethylforma-
mide (DMF, 99.8%, Sigma Aldrich) and 110 mL of dimethyl
sulfoxide (DMSO, 99.9%, Sigma Aldrich). The PbI2 solution is
stirred at 75 °C for 45 min and then is cooled down to RT. In the
following, 275.2 mg formamidinium iodide (FAI, 99.99%,
Greatcell solar) and 33 mg methylammonium chloride (MACl,
99.99%, Greatcell solar) are poured into the cooled PbI2 solu-
tion, followed by stirring at RT for 30 min. 80 mL of FAPbI3 pre-
solution is spin-coated on the m-TiO2 layer with a speed of
1000 rpm for 3 s and then 6000 rpm for 30 s. During the second
step, 150 mL chlorobenzene (CB, 99.9%, Sigma Aldrich) anti-
solvent is poured on the FAPbI3 layer to assist the perovskite
crystallization process. FAPbI3 perovskite layers are post-
annealed at 100 °C for 1 min and 155 °C for 15 min.

2.4. Vapor-assisted deposition (VAD)

FAPbI3 layers are treated with a cetrimonium bromide (CTABr,
99%, Sigma Aldrich) + x(0–10)% potassium thiocyanate (KSCN,
99%, Sigma Aldrich) vapor during the fabrication process to
improve the surface quality. For this aim, 5 mg of CTABr + x%
KSCN materials are heated at 250 °C and its vapor is guided
toward the pre-annealed FAPbI3 layer for 10 min. It should be
mentioned the addition of KSCN is in a weight ratio of CTABr.
Temperature of 250 °C was chosen to heat the powders to
guarantee decomposition of both CTABr and KSCN materials.
To better insight, TGA curve of CTABr-5% KSCN powder has
been shown in Fig. 1. Before employing VAD treatment, perov-
skite layers are rst post-annealed at 100 °C for 1 min and 155 °
C for 8 min, then vapor directed toward them.

2.4.1 Deposition of hole transport layer. 2,2′,7,7′-Tetra-
kis(N,N-di-p-methoxyphenylamino)-9,9′-spirobiuorene (spiro-
OMeTAD, 99.8%, Lumtec) as a hole transfer material (HTM) is
dissolved in CB to prepare a 40 mg mL−1 solution. The spiro-
OMeTAD solution is doped with 39 mL of 4-tert-butylpyridine
(tBP, 98%, Sigma Aldrich), 23 mL of bis(triuoromethylsulfonyl)
amine lithium (Li-TFSI, 99.95%, Sigma Aldrich) stock solution
in acetonitrile (ACN, 99.8%, Sigma Aldrich) (516 mg mL−1), and
RSC Adv., 2023, 13, 1402–1411 | 1403
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Fig. 1 TGA test of CTABr-5% KSCN powder at rate of 10 °C min−1.
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10 mL of stock solution of tris(2-(1H-pyrazol-1-yl)-4-tert-butyl-
pyridine)-cobalt(III)tris(bis(triuoromethylsulfonyl)imide)
(FK209 Co(III) TFSI, 99%, Lumtec) in ACN (400 mg mL−1). 70 mL
of spiro-OMeTAD pre-solution is deposited on the FAPbI3
perovskite layer by spin-coating at speed of 4000 rpm for 30 s. To
study humidity stability of devices, poly[bis(4-phenyl)(2,4,6-
trimethylphenyl)amine] (PTAA, Lumtec) is used as HTM.
15 mg of the PTAA material is dissolved in 1 mL of toluene
(99.8%, Sigma Aldrich) contains 5 mol% of a tris(penta-
uorophenyl)borane (BCF, 98%, TCI) additive. 70 mL of PTAA
solution is spin-coated over the FAPbI3 layer with a speed of
3000 rpm.

2.5. Deposition of back electrodes

To complete the perovskite solar cell structure, gold electrodes
with a thickness of 80 nm are thermally evaporated over the
HTM layers at a high vacuum level with a controlled deposition
rate of 1 Å s−1.

2.6. Measurements

FAPbI3 X-ray diffraction (XRD) patterns were investigated via
a Brucker XRD spectrometer (D2 Phaser). Perovskite morphol-
ogies were monitored by FE-SEM micrographs recorded by
Mira3, TESCAN FE-SEM equipment. Ultraviolet-visible absor-
bance spectrum of FAPbI3 lms was measured via a UV-2600i
spectrometer (Shimadzu). A HORIBA Fl-1039/40 Fluorolog
spectrometer was employed to collect the photoluminescence
(PL) emission of excited FAPbI3 layers with a 450 nm diode
laser. Time-resolved PL (TRPL) decay traces of FAPbI3 lms on
the glass substrate were collected at 805 nm with Horiba Fluo-
rolog single photon counting system with exciting the FAPbI3
lms with a 532 nm pulsed laser excitation. The current–voltage
(I–V) responses of FAPbI3 solar cells under simulated illumi-
nation of AM 1.5G were conducted with a source meter (Keithley
2400). The active area of solar cells for I–V measurements was
0.1 cm2. A calibrated Oriel ClassAAA solar simulator was
employed as a light source for I–V tests. Capacitance–voltage (C–
V) tests were measured via a VMP3, Biologic potentiometer
device at a constant 10 kHz frequency from −0.2 to 1.1 V to gain
1404 | RSC Adv., 2023, 13, 1402–1411
the Mott–Schottky curves. UPS of FAPbI3 lms was measured
using a Thermo Fisher ESCALAB 250XL instrument with
a monochromatic 21.22 eV He I light source.

3. Results

Here, we introduce an efficient method to vanish the photo
inactive FAPbI3 phase. In addition, the suggested approach
boosts the photovoltaic (PV) efficiency and stability of FAPbI3
PSCs. As shown in Fig. 2, the CTABr material is vaporized over
the FAPbI3 layer during the fabrication process. In continue, to
further improve the PV performance of PSCs, the KSCNmaterial
as an additive is employed for the CTABr. In this step, different
CTABr + x%KSCN (x = 0–7.5) mixed materials are prepared and
vapor-treated the FAPbI3 layers. Later, more discussion is
involved to clarify the vapor-treatment effects on FAPbI3 PSCs.
From here onwards, untreated, treated with a vapor of CTABr,
and treated with a vapor of CTABr-5% KSCN perovskite layers
are labeled with control, CTABr-0%, and CTABr-5%, respec-
tively. Fig. 2 schematically shows our employed method to
fabricate different FAPbI3 layers.

Fig. 3(a) shows absorbance spectra of control, CTABr-0%,
and CTABr-5% FAPbI3 lms. Fig. 3(b) illustrates related Tauc
curves to measure band-gap energy (Eg) of different FAPbI3
layers. It is observed that vapor post-treated CTABr-5% FAPbI3
has the highest light harvesting behavior than the control and
CTABr-0% perovskite layers. Therefore, the CTABr-5% layer has
the potential to record higher photo-current in related FAPbI3
PSCs. In addition, Tauc plots represent a light blue shi in Eg
value from 1.53 eV to 1.54 eV aer conducting vapor post-
treatment with CTABr or CTABr + 5% KSCN. It could be due
to the slight diffusion of bromine ions (Br−) and or thiocyanate
ions (SCN−).21,22 Steady-state photoluminescence (PL) curves of
different FAPbI3 layers have been shown in Fig. 3(c). Responses
show an increment in the intensity of PL peak for the CTABr-5%
layer compared to the CTABr-0% and control FAPbI3 layers,
suggesting the prevented non-radiative charge recombina-
tion.23,24 Later would be shown that the surface passivation
caused by vapor treatment is a reason for the lower non-
radiative charge recombination in the CTABr-5% FAPbI3 layer.
The collected X-ray diffraction (XRD) patterns of FAPbI3 perov-
skite layers are shown in Fig. 3(d) to study the effects of vapor
treatment on the FAPbI3 crystalline properties. XRD patterns
show two main peaks at 2q = 14.07° and 28.21° corresponding
to (001) and (002) plane orientation of the a-FAPbI3 phase.3 It
indicates the addition of 35 mol% of MACl forms well-oriented
perovskite layers. In diffracted XRD peaks of the control layer,
an additional peak at 2q = 11.59° assigned to the d-FAPbI3
phase is observed, while it is removed in the treated FAPbI3
layers with vapors. In addition, the vapor of CTABr + 5% KSCN
more effectively intensies XRD signals and increases FAPbI3
crystallinity.25 We monitored full width at half maximum
(FWHM) of (001) XRD peak for all layers. Fitted values of 0.1202,
0.1039, and 0.0981 were obtained for the control, CTABr-0%,
and CTABr-5% FAPbI3 layers, respectively. It indicates that
vapors of CTABr and CTABr + 5% KSCN increase FAPbI3 grains
size.26,27
© 2023 The Author(s). Published by the Royal Society of Chemistry
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FESEM micro-images of FAPbI3 layers are depicted in Fig. 4
to investigate their micromorphology. Fig. 4(a) shows the
control layer has miro-sized grains with obvious grain bound-
aries (Gbs). Exposing CTABr vapor on the FAPbI3 during the
fabrication process enlarged perovskite grains, leading to lower
surface defects in the FAPbI3 layer (Fig. 4(b)). Employing the
mixed vapor of CTABr + 5% KSCN further enlarged the perov-
skite grain (Fig. 4(c)). CTABr + 5% KSCN vapor well-passivated
Gbs and reduced charge accumulation center in the FAPbI3
surface. The enlarged perovskite grains reveal better photo-
carriers extraction at the perovskite/HTL interface and assist
in the performance improvement of PSCs. Indeed, the passiv-
ated Gbs along with enlarged grains in the CTABr-5% FAPbI3
layer are responsible for the boosted light-harvesting (see
Fig. 3(a)) and the reduced non-radiative charge recombination
(see Fig. 3(c)) observed in it.

In the following, we fabricated FAPbI3 PSCs with or without
vapor treatment steps to investigate the effects of vapors on the
PV properties of PSCs. The calculated PV parameters from J–V
characterizations are listed in Table 1. J–V curves of best-
performance PSCs in each group of control, CTABr-0%, and
CTABr-5% are depicted in Fig. 5(a). For the control PSCs,
maximum efficiency of 19.48% with an open-circuit voltage
(VOC) of 1.110 V, a lling factor of 79.63%, and a short-circuit
current density (JSC) of 21.58 mA cm−2 was recorded. By
applying CTABr vapor on the FAPbI3 perovskite layer, the effi-
ciency of FAPbI3 PSCs reached up to 20.49% assigned to a VOC of
1.130 V, a FF of 80.69%, and a JSC of 22.47 mA cm−2. Fig. 5(b–e)
show statistical distribution of fabricated solar cells in each
Fig. 2 Schematic view for fabrication of control and vapor treated FAPb

© 2023 The Author(s). Published by the Royal Society of Chemistry
group to nd information on reproducibility of fabrication
process. As listed results in Table 1 show, among vapors of
CTABr + 2.5%, 5%, 7.5% KSCN, CTABr + 5% KSCN vapor forms
more desirable FAPbI3 for PV application and give raises higher
PV parameters. By exposing CTABr + 5% KSCN on the FAPbI3
layers, a champion efficiency of 22.05% assigned to a VOC of
1.170 V, a FF of 82.11%, and a JSC of 22.95 mA cm−2 was
recorded for CTABr-5% PSCs. Fig. 5(f) shows the IPCE spectrum
for different FAPbI3 PSCs. The integrated JSC are 21.47, 21.88,
and 22.54 mA cm−2 for the control, CTABr-0%, and CTABr-5%
FAPbI3 PSCs, respectively. The integrated JSC from IPCE spectra
are in agreement with JSC recorded from the J–V tests (see
Table 1).

To nd origin of PV improvements, TRPL, C–V, and UPS tests
were conducted. Fig. 6(a) shows TRPL of different FAPbI3 layers
to investigate their charges lifetime. TRPL decay plots are tted
with a bi-exponential equation, as follow:

IðtÞ ¼ A1 exp

��t1
s1

�
þ A2 exp

��t2
s2

�
(1)

In eqn (1), s1 and s2 indicate the fast and slow decay times. A1
and A2 indicate the fast and slow decay amplitudes. The average

carrier lifetime (savg) is calculated using savg ¼
Pn
i¼1

Aisi2

Pn
i¼1

Aisi

formula.

Carrier lifetimes and amplitudes were listed in Table 2. savg of
713.94, 1324.34, and 1675.31 ns were measured for the control,
I3 layers.

RSC Adv., 2023, 13, 1402–1411 | 1405
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Fig. 3 (a) Ultraviolet-visible absorbance spectra, (b) related Tauc curves, (c) photoluminescence spectra, and (d) X-ray diffraction patterns of
different FAPbI3 layers.

Fig. 4 FESEM micro-images of (a) control, (b) CTABr-0%, and (c) CTABr-5% vapor-treated FAPbI3 layers.
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CTABr-0%, and CTABr-5% FAPbI3 layers, respectively. The fast
decay is related to non-radiative charge recombination due to
deep charge trapping in the FAPbI3 layer. Slow decay refers to
free carriers' radiative recombination processes.15,28 Both s1 and
s2 with vaporizing of CTABr over the control layer are increased,
and with the assistance of KSCN, these values are further
1406 | RSC Adv., 2023, 13, 1402–1411
boosted. The increased carrier lifetime refers to reduced non-
radiative charge recombination by reducing the trap states in
the FAPbI3.29 In addition, as summarized results in Table 2
show, employing vapor treatment reduces the A1 proportion in
the TRPL prole of the FAPbI3 layer. It connotes reduced
structural defects in the perovskite layer, consistent with the
© 2023 The Author(s). Published by the Royal Society of Chemistry

http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d2ra07349h


Table 1 J–V photovoltaic values of FAPbI3-based solar cells post-treated with different vapors of cetrimonium bromide + x% potassium
thiocyanate (CTABr-x%)

Device name VOC (V) JSC (mA cm−2) FF (%) PCE (%)

Control Average 1.098 � 0.019 21.58 � 30 78.52 � 0.80 18.61 � 0.51
Best 1.110 22.04 79.63 19.48

CTABr-0.0% Average 1.116 � 0.016 21.89 � 0.37 79.99 � 0.49 19.55 � 0.53
Best 1.130 22.47 80.69 20.49

CTABr-2.5% Average 1.128 � 0.020 22.38 � 0.19 80.60 � 0.52 20.35 � 0.45
Best 1.150 22.62 80.75 21.01

CTABr-5.0% Average 1.152 � 0.015 22.49 � 0.32 82.10 � 0.43 21.27 � 0.51
Best 1.170 22.95 82.11 22.05

CTABr-7.5% Average 1.148 � 0.015 22.37 � 0.43 80.41 � 0.67 20.66 � 0.68
Best 1.170 23.05 80.57 21.72

Fig. 5 (a) J–V curves of best-performance of different FAPbI3-based solar cells. Box statistical distribution of (b) open-circuit voltage (VOC), (c)
short-circuit current density (JSC), (d) fill factor (FF) and (e) power conversion efficiency (PCE) for different perovskite solar cells. (f) Incident
photon-to-current efficiency curves of solar cells and related integrated current densities.

Fig. 6 (a) Time-resolved photoluminescence of FAPbI3 films coated on glass substrates. Red solid lines indicate curves fitting with a bi-
exponential equation. (b) Mott–Schottky curves of FAPbI3 solar cells based on different FAPbI3 layers.

© 2023 The Author(s). Published by the Royal Society of Chemistry RSC Adv., 2023, 13, 1402–1411 | 1407
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Table 2 The results obtaining from the fitting of the time resolve
photoluminescence of the control, CTABr-0%, and CTABr-5% for-
mamidinium lead iodide (FAPbI3) layers on the glass substrates.
Control, CTABr-0%, and CTABr-5% allude to untreated, cetrimonium
bromide vapor-treated, and cetrimonium bromide + 5% potassium
thiocyanate treated FAPbI3 layers

Perovskite s1 (ns) A1 (%) s2 (ns) A2 (%) savg (ns)

Control 09.54 16.50 0715.81 83.50 0713.94
CTABr-0% 17.00 13.57 1326.97 86.43 1324.34
CTABr-5% 19.55 08.38 1677.07 91.62 1675.31

Table 3 The band structure parameters of control, CTABr-0%, and
CTABr-5% FAPbI3 layers. Eg indicates energy bandgap of layers and
obtained from Tauc curves; VBM indicates valence bandmaximum;Ws

indicates the work function of layers; Ec indicates conduction band
edge; Ev refers valence band edge

Sample name Eg (eV) VBM (eV) Ws (eV) Ev (eV) Ec (eV)

Control 1.53 −1.61 −3.88 −5.49 −3.96
CTABr-0% 1.54 −1.60 −3.81 −5.41 −3.87
CTABr-5% 1.54 −1.65 −3.72 −5.37 −3.83
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enlarged perovskite grains (see Fig. 4).30,31 Higher VOC and FF
recorded for the CTABr-5% PSCs are due to longer carriers'
lifetime measured in them.

Fig. 6(b) shows the C−2–V curves for control, CTABr-0%, and
CTABr-5% FAPbI3 PSCs. The Mott–Schottky formula (eqn (2))
was employed for tting C−2–V curves to measure built-in
potential (Vbi) in the depletion region:

C�2 ¼ �2
A2eN303r

�
V þ 2KBT

e
� Vbi

�
(2)

In eqn (2), A is the PSCs' active area, N is carrier density, e is
electron charge, KB is Boltzmann constant, T is temperature of
test condition, V is applied voltage, 30 is vacuum permittivity,
and 3r is dielectric constant of FAPbI3. As specied in C−2–V
plots, the CTABr vapor enhances Vbi of FAPbI3 PSCs from 0.83 V
to 0.94 V. In the next step, applying CTABr + 5% KSCN vapor on
the FAPbI3 layer improves Vbi up to 1.01 V. The boosted Vbi in
FAPbI3 PSCs implies to a stronger driving force to charge
Fig. 7 UPS spectrum of control, CTABr-0%, and CTABr-5% FAPbI3 films

1408 | RSC Adv., 2023, 13, 1402–1411
separation, resulting in increased carrier extraction to elec-
trodes and enhanced JSC.

In addition, the ultraviolet photoelectron spectroscopy (UPS)
test was utilized to investigate the possible band alignment
phenomenon between energy levels of different FAPbI3 layers
.

Fig. 8 Impact on band positioning after vapor treatment.

© 2023 The Author(s). Published by the Royal Society of Chemistry
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Fig. 9 Efficiency tracking of the unsealed FAPbI3 solar cells based on control, CTABr-0%, and CTABr-5% FAPbI3 layers in (a) a dry box with
humidity level of lower than 20%, and in (b) ambient air with relative humidity of 40–50% at room temperature in dark condition. (c) Water droplet
angle on the control, CTABr-0%, and CTABr-5% FAPbI3 layers.
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and HTL. The UPS spectra are depicted in Fig. 7 and the
analyzed results are summarized in Table 3. The valence band
of control, CTABr-0%, and CTABr-5% FAPbI3 layers are −5.49,
−5.41, and −5.37 eV. The valence band energy reported for
spiro-OMeTAD is −5.2 eV.32,33 Therefore, the CTABr + 5% KSCN
vapor nears the valence band energy of FAPbI3 to the spiro-
OMeTAD value and enhances the hole transfer from the
FAPbI3 to HTL along with preventing the electron trans-
portation at the interface of FAPbI3/HTL. The impact of vapor
treatment on band positioning of perovskite layer is shown in
Fig. 8.

In the end, we conducted stability tests in two environments
with relative humidity levels of <20% (Fig. 9(a)) and 40–50%
(Fig. 9(b)) to investigate the effects of the vapor treatment
approach on the stability behavior of FAPbI3 layers. Among
control, CTABr-0%, and CTABr-5% PSCs, the CTABr-5% device
shows higher shelf stability, remaining 99% of its initial effi-
ciency during 1992 h aging time, higher than 93% in the CTABr-
0% and 85% in the control devices (see Fig. 9(a)). Higher shelf
stability observed in the CTABr-5% FAPbI3 correlates with
higher phase and structural stabilities in the CTABr-5% FAPbI3,
which is supported by its intensied a-phase (see Fig. 3(d)). In
addition, CTABr-5% FAPbI3 device shows higher resistance
against humidity than the other devices. The CTABr-5% device
keeps 92% of its initial efficiency aer 1440 h, while CTABr-0%
and control devices keep 85% and 68% of their efficiency during
stability test (see Fig. 9(b)). Fig. 9(c) shows the contact angle of
water droplets on the control, CTABr-0%, and CTABr-5% FAPbI3
layers. Contact angles are 80°, 89°, and 93°. The enlarged
contact angle achieved for the CTABr-5% refers to its improved
© 2023 The Author(s). Published by the Royal Society of Chemistry
humidity resistance.34 The hydrophobic nature of the long
chain CTABr material brings a waterproof FAPbI3 layer and
prevents FAPbI3 degradation. The passivated Gbs is another
reason for the higher humidity stability observed in the CTABr-
5% FAPbI3 PSCs.35,36
4. Conclusion

We introduced a vapor-based treatment approach to modify
FAPbI3 formation and fabricate a pure a-FAPbI3 phase perov-
skite layer. During the fabrication process of the FAPbI3 layer,
we vaporized the CTABr + 5% KSCN on it. This way improved
the PV efficiency and stability of fabricated PSCs. It was
observed that the vapor of CTABr + 5% KSCN simultaneously
enlarges FAPbI3 grains and passivates perovskite Gbs. It
generates a favorable FAPbI3 layer for solar cell devices. The
vapor treatment step reduces the trap-assisted charge recom-
bination in the FAPbI3 layer and elongates the carriers' lifetime.
In addition, a band alignment occurred between the valence
band of FAPbI3 and HTL, resulting in facilitated hole transfer at
FAPbI3/HTL interface. As a result, the CTABr + 5% KSCN vapor
fabricates PSCs with a champion efficiency of 22.34%, higher
than the efficiency of 19.48% for the control PSCs. In addition,
the CTABr-5% FAPbI3 solar cells had higher structural and
humidity stabilities than the control devices.
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