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A guanidinium incorporated double cation mixed halide perovskite was investigated by including guanidinium
bromide (GABr) in methylammonium lead iodide (MAPI) under various GABr concentrations. The XRD patterns
with characteristic (110), (220) and (310) peaks showed an initial shift towards lower angles and then towards
higher angles, indicating an initial lattice expansion and then contraction with increasing GABr content.
Increasing the GABr concentration above 10% resulted in reducing the visible absorbance of the compound along
with widening of the bandgap. The bandgap increased from 1.58 eV for MAPI to 2.06 eV for 80% GABr but not
for 1-10% GABr. Steady state and time resolved photoluminescence measurements revealed that the 10% GABr
incorporated samples exhibited higher photoluminescence emission and enhanced charge carrier lifetime than
MAPI. The scanning electron microscopy images depicted typical surface passivation effect observed in the GA
based additives, where an increase in grain size and low number of pinholes were observed for 10% GABr
incorporated films. As an outcome of these synergistic effects, perovskite solar cells (PSCs) fabricated from 10%
GABr presented a superior power conversion efficiency (PCE) of 16.70 + 0.20% compared to the conventional
MAPI (PCE = 15.35 + 0.15%). The 10% GABr based PSCs exhibited lesser hysteresis compared to MAPI and
retained > 97% of their pristine PCE after 400 h of continuous illumination, while the PCE of MAPI-based PSCs
deteriorated with time.

elemental composition of the individual sites in the ABX3 perovskite
composition (Jena et al., 2019; Saliba et al., 2018), where A is an organic

1. Introduction

Hybrid perovskite solar cells (PSCs) have accomplished an iconic
development in solar cell research in the past decade. They have shown
rapid progress with the power conversion efficiencies (PCEs) steeply
increasing from 3.8% (Kojima et al., 2009) to 25.7% (Kim et al., 2022)
— a stark increase in a span of 13 years which none of the existing thin
film solar cell technologies have achieved. The hybrid metal halide pe-
rovskites exhibit attractive optoelectronic properties, such as high ab-
sorption coefficient (Im et al., 2011), easy bandgap tuneability by
compositional engineering (Park, 2014), ambipolar charge carrier
mobility (Giorgi and Yamashita, 2015), longer carrier lifetime and
diffusion length (Stranks et al., 2013), etc., which make them a favorable
material for efficient solar energy harvesting. One of the important
reasons allowing PSCs to achieve this unprecedented progress is the ease
of tuning the material properties by varying the molecular and/or

* Corresponding authors.

or inorganic cation, B is a metal cation and X is a halogen anion. The
compositional engineering of the perovskite compound has significance
in exploring various combinations of materials and eventually lead to
the development of new mixed halide, and mixed cation perovskites.
These mixed composition perovskites have shown better performance
compared to the conventional perovskite compounds (Ganose et al.,
2017).

Multiple cation perovskites have attracted a lot of attention in recent
years. The incorporation of two or more cations in the A site of the
perovskite structure results in effective outcomes, such as enhanced
structural/phase stability (Koh et al., 2016), reduced defects due to
surface passivation, and enhanced device stability compared to the
regular perovskite absorber materials (Dong et al., 2019; Stoumpos
et al., 2017). A number of cations are feasible (Dong et al., 2019) to be
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incorporated individually or simultaneously in the perovskite geometry
to form the multiple cation configuration. Some of the cations which
have been investigated are cesium (Cs) (Choi et al., 2014; Kulbak et al.,
2016; Premkumar et al., 2019), rubidium (Rb) (Park et al., 2017; Saliba
et al., 2016a), formamidinium [HC(NHs),; FA] (Liao et al., 2016; Suzuki
et al., 2021), methylammonium (CH3NHj3; MA), and guanidinium [C
(NHy)3; GA] (De Marco et al., 2016; Jodlowski et al., 2017; Saliba et al.,
2016b). These cations have been incorporated in double, triple and
quadruple configurations, and their physical properties and device
characteristics were investigated. The GA cation has attracted consid-
erable interest as an additive in methylammonium lead iodide
(CH3NH3PbI3; MAPI), due to its ability to enhance the film quality by
passivating the film defects (De Marco et al., 2016; Jodlowski et al.,
2017; Yerramilli et al., 2021). GA was basically used as an additive in
MAPI to suppress the nonradiative charge recombination at the grain
boundaries. The initial research demonstrated that the GA iodide (GAI)
additive assists in passivating the film surface resulting in reduced
number of grain boundaries leading to longer carrier lifetimes and ul-
timately enhancing the device parameters (before GA incorporation: Vo
= 1.025 V; Jsc = 21.27 mA/sz; FF = 75%; PCE = 16.35%); after GA
incorporation: Voo = 1.071 V; Jg. = 21.24 rnA/cmz; FF = 75.31%; PCE =
17.13%) (De Marco et al., 2016). A subsequent research demonstrated
that the inclusion of GA cation is not just a surface passivation phe-
nomenon, but direct incorporation of GA occurs when mixed with
methylammonium lead iodide. The work proposed that GA being larger
in size (reff = 278 pm) compared to MA (reff = 217 pm) (Zhang et al.,
2019) occupies the interstitial vacancy between the PbXg octahedron
framework, which results only in a slight expansion in the unit cell
when < 20% is included in methylammonium lead iodide. The fabri-
cated champion PSCs exhibited the following device parameters of V.
=1.082 V; Jy. = 23.19 mA/cm?; FF = 80.3%; PCE = 20.15% for 14% GA
inclusion and V. = 1.050 V; Js. = 22.50 mA/cm?; FF = 80%; PCE =
18.88% for MAPI (Jodlowski et al., 2017). The adaptability of the GA
incorporation for a different device configuration was also researched,
where GA chloride (GAC]) was employed as an additive in MAPI for the
hole transport layer-free mesoscopic device configuration. The GACI
additive resulted in enhanced carrier lifetime and reduced charge carrier
loss due to its surface passivation effect. The device parameters of V. =
0.88V; J; = 15.10 mA/cm?; FF = 68%; PCE = 9.10% were achieved for
MAPI, while V,. = 1.00 V; J, = 19.31 mA/cmZ; FF = 74%; PCE =
14.35% were achieved for the GACl-based hole transport layer-free
mesoscopic device configuration (Hou et al., 2017). The above results
suggest that the GA cation in MAPI can result in effective enhancement
of the quality of the films by surface passivation. A quadruple cation
perovskite compound Csg.05(FAg.83(MA1_xGAx)0.17)0.95Pb(I0.83Br0.17)3
was reported by (Zhang et al., 2019). Maintaining the composition of Cs
and FA constant, GA was varied with respect to MA and the corre-
sponding material and device characteristics were investigated. The GA-
based devices showed a stabilized PCE of 20.29% (Voc = 1.12 V; Jgc =
23.1 mA/cmz; FF = 78.4%; PCE = 20.29%, and V,. = 1.08 V; Js. = 22.4
mA/cm?; FF = 76.3%; PCE = 18.45% without GA), the best efficiency
for GA doped perovskites under any device configuration. The devices
showed better stability owing to the mixed dimensionality (3D CsFA-
MA; _,GA,; 2D FAGAPbDIy; and 1D §-FAPbI3) of the individual perovskite
compounds. Several other studies have been reported in the literature
where the impact of the GA cation on the structural, optical, morpho-
logical and device properties of the PSCs were investigated (Giorgi et al.,
2015; Ishibashi et al., 2017; Kubicki et al., 2018; Kulkarni et al., 2017;
Mahapatra et al., 2020; Vega et al., 2018). Recently, Chavan et al.
demonstrated the interfacial modification of cesium-formamidinium
lead iodide perovskite by employing GAI salt as an interlayer. This
interfacial engineering improved charge transfer at the interfaces and
resulted in increasing the PCE from 19.22% to 20.07% (Chavan et al.,
2020).

GA bromide (GABr) has been employed as a passivating agent to
passivate the defects in perovskite quantum dots (Gong et al., 2021;
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Jung et al., 2020). Apart from defect passivation, GABr has been used in
wide bandgap perovskite materials (FAPbBrs, GASnI;Br and
Cs1—xRbxPbI;Br) to improve crystallization and structural stability
(Chen et al., 2021; Xu et al., 2022; Zhang et al., 2020). Thus, we hy-
pothesize that the inclusion of GABr in MAPI might improve the PCE (via
defect passivation) and the structural stability of the MAPI-based PSCs,
which is the main motivation for choosing GABr in the present study.
The majority of literature is focused on GAI and GACI additive incor-
poration in MAPI, while the impact of GABr in MAPI remains unex-
plored. To extend the research of GA halide additives in PSCs, the
present study explores the impact of GABr as an additive in MAPI. We
report a double cation mixed halide perovskite compound methyl-
ammonium-guanidinium lead iodo-bromide (referred to as GAMA in
the following sections). The effect of GABr concentrations (vol.%) on the
structural, optical, morphological and device properties were investi-
gated. The results indicate that GABr is a viable additive in MAPI to
improve the device performance and eventually improve the device
stability.

2. Structural properties of GABr incorporated MAPI

The X-ray diffraction (XRD) patterns of the double cation mixed
halide perovskite compound are shown in Fig. 1(a). The XRD pattern for
MAPI shows characteristic peaks of the tetragonal phase at 20 = 14.5°,
28.7° and 32.3° corresponding to the (110), (220) and (310) planes
(Almutawah et al., 2018; Manukyan et al., 2016; Zhao and Zhu, 2013).
The observed shift of the diffraction peaks toward lower angle (Fig. 1(b))
might be due to the influence of the GA cation. This indicates the
expansion of the unit cell due to the larger GA cation (ionic radius = 278
pm) (Jodlowski et al., 2017) substitution for MA cation (ionic radius =
217 pm) (Zhang et al., 2019) in the MAPI lattice. This trend continues
until 10% GABr after which the peaks shift toward higher angles, sug-
gesting contraction of the unit cell. This phenomenon can be explained
by understanding the substitution process of the A-site cation in the
lattice. The formation of a perovskite compound is governed by the
Goldschmidt tolerance factor (Goldschmidt, 1926) that determines the
ability of a compound to crystallize in the perovskite structure, which is
defined by the ratio of ionic radii of the A, B and X site ions given by the
following formula (Filip and Giustino, 2018):

t= rA+rX/\/2(rB+rX)

where 1y, rg and rx are the ionic radii of the A, B and X ions. A
tolerance factor in the range 0.8-1.0 results in the formation of three-
dimensional (3D) cubic perovskite structure. MAPI has a tolerance fac-
tor of ~ 0.8, while GA lead bromide is calculated to be ~ 1.4. This
suggests that pure GA lead bromide crystallizes in lower-dimensional
perovskite structure, which possess wide bandgap and usually does
not favor light absorber applications. In addition to the tolerance factor,
the octahedral factor (u) is also relevant for the formation of perovskite
structure. The octahedral factor (u) is the ratio between the ionic radii of
B and X ions. In our case, when the I” (rayg ~ 198 pm) is replaced by the
Br™ ion (rayg ~ 185 pm), which is smaller than I, it results in an increase
of the octahedral factor. However, this also implies that the decrease in
the halogen ion size reduces the BXg octahedral size accommodating
larger GA cation in the MAPI lattice.

When the GABr concentration is increased from 1 to 10%, the larger
GA cation can substitute for MA only within a limit governed by the
tolerance and octahedral factors. This is evident from the low-angle shift
of the XRD peaks suggesting an expansion of the unit cell due to the
larger GA cation. We observe that once the GABr concentration crosses a
certain limit, formation of GA lead halide secondary phases (GAPbI3 and
GAPDBr3) occurs, as the MAPI lattice can no longer accommodate the GA
cations at such high concentrations. This is supported by the diminishing
of the peaks in the 20°-30° 260 range. Further increasing the concen-
tration increases the formation of GA lead halide phases. This is
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Fig. 1. (a) XRD patterns of MAPI with different GABr concentrations. (b) Enlarged view of the characteristic (110) peak presenting a shift in the peak position with
increasing GABr concentration. ‘4p’ and ‘*’ symbols indicate GA halide and MAPI phases, respectively.

evidenced from the shift of the peaks to the initial position implying a
unit cell shrinkage, indicating that the MAPI unit cell is returning to its
original form, but it might be over shadowed by the co-existing GA lead
halide phases dominating the concentration. The XRD pattern of the
50% GAMA matches with GA lead bromide confirming the formation of
complete GA cation based two-dimensional (2D) perovskite.

Additionally, the crystallite size for MAPI and 1-50% GAMA was
estimated from the Scherrer equation given as follows:

Kk
~ peosd

where k is the Scherrer constant (k = 0.94), 4 is the wavelength of the
X-ray source (0.15406 nm), f is the full width at half maximum (FWHM)
of the diffraction peak and @ is the corresponding diffraction angle (°).
The estimated crystallite size along with the § and FWHM values are
given in Table 1. It can be observed that the FWHM and 6 gradually
decrease with increase in the GABr concentration up to 10%, which
coincides with the XRD pattern in Fig. 1(b). The 50% GABr presents a
higher FWHM with the lowest crystallite size. The decrease in the
FWHM and the change in crystallite size from 7.64 nm for MAPI to
10.41 nm for 10% GABr suggest that crystallite size in the film increases
for the lower concentrations of GABr. The XRD analysis confirms the
successful incorporation of GABr into the MAPI lattice.

3. Impact of GABr on the optical properties of MAPI

The UV-visible (UV-Vis) absorbance of GABr incorporated double
cation mixed halide perovskite is given in Fig. 2(a). The influence of
GABr in MAPI can be observed by the enhancement of the absorbance
for 3% GABr. However, this was not the trend for the remainder of the
concentration since the absorbance decreases with further increasing in
GABr concentration. As observed in the XRD results, increasing the GABr
concentration to higher values results in the formation of GA lead halide
secondary phases which is evidenced by two new peaks at 530 and 580
nm (Kulkarni et al., 2017), and the disappearance of the characteristic
780 nm peak for 80% GABr. The bandgaps of the compounds derived
from the absorbance spectra (Fig. S1) indicate that the bandgap in-
creases with increasing GABr content (Fig. 2(b)). The bandgap increased
from 1.581 eV for MAPI to 2.059 eV for 80% GABr. However, the
bandgap remains almost unaltered for lower concentrations [bandgaps

Table 1

The average crystallite sizes of MAPI and 1-50% GAMA perovskite.
GABr (%) FWHM o) D (nm)
MAPI 0.1911 14.50 7.64
1 0.1459 14.31 9.92
3 0.1475 14.36 9.89
5 0.1388 14.32 10.51
10 0.1402 14.31 10.41
50 0.3245 12.02 4.49

of 1.592, 1.591, 1.594 and 1.594 eV, respectively, for 1, 3, 5 and 10%
GABr]. Also, the absorbance remains fairly unchanged suggesting that
lower concentrations of GABr does not alter the optical absorption
properties. The widening of the bandgap for higher concentrations can
be ascribed to the formation of hybrid lead bromide perovskites, which
usually possess wider bandgap (CH3NH3PbBrs = 2.3 eV; CH3NH3Pb
(I;_,Bry)s = 1.60-2.33 eV; GAPbBr3 = 2.52 eV) (Park et al., 2015; Sheng
et al., 2015). These results support the co-existence of the different
perovskite phases which was observed from the XRD results. The UV-Vis
analysis, however, indicates that inclusion of smaller quantities of GABr
in MAPI will marginally widen the bandgap but retain the characteristic
broad absorbance in the visible region.

The steady-state photoluminescence (PL) emission spectra of MAPI
and 1, 3, 5 and 10% GABr incorporated samples shown in Fig. 2(c)
reveal a similar trend as observed in the absorption spectra. All the
samples show identical band to band emission peak position, however,
the intensity drastically drops for 1, 3 and 5% and then increases for
10%. The 10% GABr shows the relatively better emission compared to
MAPI. This decrease and increase in the PL emission intensity can be
ascribed to the characteristic passivation effect of the GA cation (De
Marco et al., 2016; Hou et al., 2017; Yerramilli et al., 2021). The 3%
GABr concentration (which exhibited higher absorption in the UV-Vis
absorption spectra) shows a lower PL emission which can ascribed to the
intrinsic segregation of elemental halogen ions (Gratia et al., 2016).
When we increase the GABr concentration in MAPI, the Br~ content is
simultaneously increased in the perovskite which has the ability to
diffuse and segregate as individual halide ions and interfere with char-
acteristic absorption spectra, resulting in an increase in the absorbance
for 3% GABr (Fang et al., 2021; Fu et al., 2021). This intrinsic halogen
segregation is a random process and this might be a reason for the dif-
ference between the UV-Vis absorption and PL emission spectra. The
enhanced emission might be due to the passivation effect of the GA
cations as a result of decreased the surface defects and increased the
grain size, which in turn reduces the charge recombination at the grain
boundaries. Time-resolved PL (TRPL) measurements were performed on
10% GAMA to evaluate the charge carrier lifetime, and were compared
with MAPI (the measurement was performed on perovskite films coated
on glass substrates). The TRPL measurement [Fig. 2(d) and (e)] revealed
the carrier lifetime of 10% GAMA (380.80 + 2.4 ns) to be higher than
MAPI (276.78 + 0.5 ns) (Kim et al., 2019). The optical and structural
properties of GABr incorporated double cation mixed halide perovskite
indicates that GABr concentration of 10% or less is desirable for fabri-
cation of PSCs. Higher concentrations result in the formation of GA
based two-dimensional perovskite phases which do not possess favor-
able optoelectronic properties (Kulkarni et al., 2017).

4. J-V characteristics of GABr incorporated MAPI

The SEM analysis was performed on the perovskite samples coated
on FTO/SnO, substrate. Surface micrographs of MAPI, 1, 3 and 10%
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Fig. 2. (a) UV-Vis absorbance spectra of MAPI films with different GABr concentrations (coated with protective PMMA) deposited on glass. (b) Calculated E; for

different GABr concentrations showing an increasing trend for higher GABr concentration. (c) Steady state PL emission spectra showing enhanced emission for 10%
GABr. TRPL curves of (d) MAPI and (e) GAMA 10% showing enhanced carrier lifetime for GAMA 10%.

GABr incorporated MAPI thin films are shown in Fig. 3(a)-(d). The

scanning electron micrograph of the MAPI film show smaller grain size

and a large number of pinholes, whereas the GABr included MAPI films Table 2

shows a planar surface with larger grains and low number of pinholes. Pthotovoltaic parameters of the PSCs fabljicated with different. GABr concentra-
The 10% GABr film shows the largest grain size with smallest number of tions. T}.le errérs were Ca.lculated by ﬁnd.mg the standard deviation (SP) for 10
pinholes compared to MAPL. PSGs were fabricated in n-i-p configuration values (including champion) and the derived SD value was used to estimate the
with FTO/SnOy/Perovskite/Spiro-OMeTAD/Ag device architecture standard error.

2
(Fig. S2). The thickness of the SnO,, perovskite and spiro-OMeTAD GABr (%) Voe (V) Jsc (mA/cm”) FF (%) PCE (%)
layers is found to be 110, 750 and 250 nm, respectively. GABr concen- MAPI 1.06 + 0.01 20.25 £ 0.19 71.3 £ 0.50 15.35 £ 0.15
trations of 1, 3, 5 and 10% were chosen for PSC fabrication based on the 1 1.05 +0.01 17.49 + 0.14 71.9 £ 0.60 13.25 £ 0.13
- . . 3 1.03 + 0.02 20.14 + 0.12 74.2 £ 0.40 15.54 + 0.19
structurfll and optical results and their performance was compared with s 101 4001 2148 + 0.12 735 © 0.70 1597 + 014
conventional MAPI-based PSC. The J-V curves (reverse scan) of the solar 10 1.01 + 0.01 22.91 + 0.17 73.8 4+ 0.50 16.70 + 0.2

cells are shown in Fig. 3(e) and their photovoltaic parameters are
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Fig. 3. (a)-(d) SEM images of MAPI, 1, 3 and 10% GAMA films. (e) J-V curves (reverse scan) of PSCs fabricated from 1, 3, and 10% GABr. 10% GABr PSCs show
superior performance compared to MAPI. (f) EQE spectra of MAPI compared with GABr 10%, where 10% GABr included MAPI shows higher EQE.
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tabulated in Table 2. The MAPI-based PSCs exhibited average device
parameters of Voo = 1.06 V, Jg. = 25.25 mA/cmz, FF = 71.30% and PCE
= 15.35 4 0.30%. The PCE decreased to 13.25 4 0.50% for 1% GABr,
and then increased to 15.54 + 0.30% for 3% GABr, 15.97 + 0.10% for
5% GABr and finally reached the highest PCE of 16.70 + 0.20% for 10%
GABr. The variations in the PCE can be ascribed to the obvious change in
the film surface morphology due to the inclusion of GABr. The enhanced
grain size results in reducing the grain boundaries, which act as trap sites
to promote electron-hole recombination. This was realized in the TRPL
measurements where an extended carrier lifetime was achieved for 10%
GABr and is supported by the increase in the Jy. and FF which is an
indication of enhanced film quality. The 10% GABr exhibited superior
external quantum efficiency (EQE) [Fig. 3(f)] compared to MAPI, which
is due to the enhanced film quality as observed in the SEM micrographs.
The integrated Js. obtained from the EQE spectra were found to be
19.81 mA/cm? for 10% GABr and 18.86 mA/cm? for MAPL The
mismatch between the Jg. values from the J-V curves and EQE spectra
can be ascribed to various reasons discussed elsewhere (Saliba and
Etgar, 2020). These results reveal that the incorporation of GABr into
MAPI to form a double cation mixed halide perovskite compound will be
beneficial in improving the device performance of the PSCs.

The consistency of the obtained device parameters for the reverse
scan is given in Fig. 4 (box plots for the device parameters under forward
scan are given in Fig. S3). It can be observed that the V,. reduces for the
increasing GABr concentration. The decrease in the V. for increasing
GABr concentrations can be ascribed to the non-radiative voltage loss
induced by the mobile Br™ ions, which is dominant in perovskite com-
positions containing high Br~ (Ebadi et al., 2021). However, a simul-
taneous increase in the Js. and FF can be noted for the GABr included
MAPI-based PSCs. The enhancement of the Js. and FF can be ascribed to
the improved film morphology and grain size due the passivation effect
of the GA cation. This increase in the Js. and FF also correlates with
enhanced EQE observed in the IPCE spectra. The enhancement in the Jy.
and FF is found to be highest for the GAMA 10%-based PSCs, which
might be the reason for the overall increase in the PCE. Thus, it can be
summarized that the incorporation of low concentrations of GABr in
MAPI can be effective in improving the PCE of MAPI-based PSCs.

The forward and reverse scan J-V plots of MAPI and champion 10%
GABr included MAPI are presented in Fig. 5. The presence of hysteresis
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in a PSC indicates poor extraction and transfer of the charge carriers to
the external circuit. The extraction and transfer of the photo-generated
charge carriers can be ascribed to the perovskite film morphology and
topography, which influence the charge recombination within the
perovskite absorber layer and the heterojunction interface in the PSCs.
The forward and reverse scan J-V curve of MAPI (Fig. 5(a)) shows large
hysteresis while the champion 10% GABr included MAPI exhibited
lower J-V hysteresis. The hysteresis index (HI) of the devices were
calculated using the formula.

PCE everse = PCEpyryara
- X
P CE»‘everse

The HI of 10% GABr-based PSCs was calculated to be 8%, which was
lesser than the conventional MAPI-based PSC (HI = 14%) (Hab-
isreutinger et al., 2018). The large hysteresis and HI in MAPI might be
due to the relatively smaller grain size and pin holes as observed in the
SEM micrographs of MAPI (Fig. 3(a)) resulting in poor charge transfer.
The improved grain size of 10% GABr-based perovskite film leads to
lower charge recombination within the perovskite film (as observed in
the TRPL decay curve (Fig. 2(d)), and the enhanced EQE and J,. ob-
tained from the IPCE spectra imply smoother extraction of the charge
carriers in the 10% GABr included MAPI based PSC. Thus, it can be
concluded that the improved film quality of 10% GABr-based perovskite
film contributes to reduced hysteresis.

The stability of the fabricated MAPI and the champion 10% GABr
included MAPI-based PSCs was measured under continuous 1 Sun illu-
mination [at ambient conditions in Chennai (RH = 60-65% and room
temperature = 34-36 °C)]. The devices were not covered with any
encapsulant and PCE was measured at regular intervals under contin-
uous illumination. The stability curves (Fig. 6) show that the 10% GABr-
based PSCs exhibit enhanced stability compared to the conventional
MAPL. It is observed that the PCE (Fig. 6) remained fairly consistent
under continuous illumination (400 h) for the 10% GABr-based PSCs
(the stability of the Vi, Js. and FF are given in Fig. S4). The PCE of the
10% GABr included MAPI-based PSC retained > 97% of its pristine PCE
after 400 h under continuous illumination (PCEpjstine = 16.70%; PCE4qo
h = ~16.51%), while the PCE of conventional MAPI-based PSC signifi-
cantly dropped with illumination (PCEpristine = 15.35%; PCE400 h =
~12.54%).

The defects at the grain boundaries in the perovskite films trap the
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recombination leading to increased photocurrent which is evident from

17 —e— MAPI the J-V curve and IPCE spectra [Fig. 3(e) and (f)]. The 10% GABr (with
e GABr10% improved film quality compared to MAPI) shows enhanced device sta-
16 - ~ .o bility, due to the reduced photogenerated charge carrier loss, resulting
R S S o in less non-radiative recombination, eventually reducing the deteriora-
=15+ tion of the perovskite film. Thus, it is summarized that the incorporation
= of GABr in MAPI can improve PCE and stability of the PSCs due to the
8 141 enhanced film morphology obtained by the passivation effect of the GA

o 13- cation.
Photovoltaic parameters and stability of the 10% GABr included
12 MAPI are compared with the existing GA cation-based PSCs reported in
literature and presented in Table 3. The comparison elucidates that the
11+ 10% GABr included MAPI shows good stability similar to the existing
reports on GA cation-based PSCs. It is noteworthy that the stability of the
10 - 10% GABr-based PSCs were studied under elevated operating conditions
T T T T T T T (RH = 60-65% and 34-36 °C) compared to the existing reports

0 50 100 15Q|_ . 200 250 300 350 400

ime (h)

Fig. 6. Stability of MAPI and 10% GABr included MAPI under continuous 1 sun
illumination.

photogenerated charge carriers, which promotes non-radiative recom-

(Table 3). The PCE is, however, lower than the existing reports, which
can be ascribed to the different device configuration. Thus, it can be
summarized that the GABr inclusion in MAPI significantly improves the
stability of the PSCs.

5. Conclusion

bination. The film quality of the perovskite absorber layer is signifi-
cantly enhanced for 10% GABr inclusion, resulting in increased grain
size. Increasing the grain size in the perovskite film implies reduced
number of grain boundaries. This decreases the charge carrier

In summary, a double cation mixed halide perovskite compound was
successfully fabricated by incorporation of GABr into MAPI and the
impact of various GABr concentrations was analyzed. The main findings
of this work are tabulated in Table S1. A systematic expansion and

Table 3
Comparison of the photovoltaic parameters and stability of 10% GABr-based PSCs with the previously reported GA cations based PSCs.

Perovskite GA Device configuration PCE (%) Stability =~ Experimental conditions Ref.
inclusion e
Without With
GA GA
MAPI GAI and ITO/TiO,/Perovskite/spiro- 16.35 17.13 180 h The devices were stored under dry oxygen (De Marco et al.,
GACl OMeTAD/Au atmosphere 2016)
MAPI GAI FTO/c-TiO,/mp-TiO,/Perovskite/ 18.88 20.15 Under AM1.5G illumination at maximum (Jodlowski et al.,
spiro-OMeTAD/Au 1000 h power point (MPP) tracking 2017)
(60 °C under Ar atmosphere)
MAPI GACL FTO/c-TiOo/mp-TiO5/ZrOy/ 9.10 14.35 — — (Hou et al., 2017)
Carbon/Perovskite®
CsFAMA;_,GA," GAI FTO/Sn0O,/Perovskite/spiro- 18.45 20.29 60 days The bare devices were exposed at 25 °C and (Zhang et al.,
OMeTAD/Au 25% humidity 2019)
MAPI GABr FTO/SnO,/Perovskite/spiro- 15.35 16.70 400 h Under continuous 1 sun illumination at This work
OMeTAD/Ag ambient conditions

(RH = 60-65% and 34-36 °C)

@ The PSC was fabricated in a mesoscopic configuration where the MAPI was infiltrated into the TiO»/ZrO,/Carbon scaffold.
P Cs.05(FA0.83(MA1 _xGA,)0.17)0.0sPb(Io 83Bro17)3, X = 0'to 1.
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shrinking of the MAPI unit cell with increase in GABr concentration was
observed from the XRD measurements. The lower angle shift of the
diffraction peaks indicated the expansion of the unit cell due to the
larger GA cation substitution for MA cation in the MAPI lattice. This
trend continued until 10% GABr after which the peaks shift toward
higher angles, suggesting contraction of the unit cell. The diffraction
patterns also revealed that the MAPI and GA lead halide phases co-exist
for lower concentrations of GABr. The optical absorbance spectra sug-
gested that the absorbance nonlinearly increases and then decreases as
the GABr concentration is increased. The intrinsic segregation of the
halogen ions might be the reason for the nonlinear decrease and increase
in the absorption and emission spectra. A similar trend is also observed
in the steady-state PL emission spectra for the 1% GABr film, which
shows less absorption than MAPI. Thus, the authors speculate that this
nonlinear change in the emission spectra might be due to the intrinsic
halogen ion (Br~ and I") segregation. The steady state PL suggested that
10% GABr had a better emission compared to MAPI and the PL decay
measurement for 10% GABr showed increased carrier lifetime of 380.80
+ 2.4 ns compared to 276.78 + 0.5 ns for MAPI. The PSCs fabricated
using 10% GABr exhibited enhanced average PCE of 16.70 + 0.20%
which is higher than the 15.35 &+ 0.15% observed for MAPI. The in-
crease in PCE is due to the enhanced Js. and FF, which is ascribed to the
improved film quality as observed in the SEM. The forward and reverse
scan J-V plots indicated that the 10% GABr included MAPI showed
lesser hysteresis and HI compared to MAPL The 10% GABr-based PSCs
showed better stability by retaining > 97% of its pristine PCE under 400
h continuous illumination, while the PCE of conventional MAPI deteri-
orated with time. The increased grain size reduced the number of grain
boundaries, which decreases the non-radiative recombination of the
charge carriers in the absorber layer. Thus, the reduced radiative
recombination in the 10% GABr, eventually, prevents the deterioration
of the perovskite film, resulting in improved stability. Based on the
presented results, it is proposed that low concentrations of GABr in MAPI
can be beneficial in improving the film quality, ultimately resulting in an
enhanced device performance.
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