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ABSTRACT: Although much of the initial progress in perovskite solar 1220 -

cells has been made by the archetypal CH;NH;Pbl,, incorporation of an {1 Compierentaryionicsie catonto stabies phase  srosbie

additional cation such as formamidinium, cesium, and mixed halides =~ & "% Smelensm At aim e

have shown promising results in both stability and device performance. B A e o

However, the role of the additional cations as well as the mixed halides is 2 Perovskite
. . . = 0.9 -] formation

yet to be fully understood. In this work, we investigate the role of cu Cobk ok pn

different additives including group I alkali metal cations (K, Rb, Cs and § 081 - =~ B = - - - - - L

NH,) and halide anions (Br and I) on double-cation perovskites, i.e., = o Q_w_

[(MAPbBr;), ;5(FAPbI,),s]. A notably longer charge carrier lifetime is ~ © %77 ¢ sovsmiess

achieved for perovskite films with additives and may be attributed to 0.6 St

defect passivation. Selection rules are put forward based on the effect of el T T T y

the ionic size of an additive on phase stabilization and defect passivation, ~_A<€aton=Na K NH, Rb Cs MA FA EA EDA
s , ) . o lonicsize(pm): 102 138 148 152 167 217 2683 274 310

Addition of complementary size cation with respect to cation size of the

parent perovskite, mainly helps stabilizing the perovskite phase by

tuning tolerance factor, while addition of the similar size cation/anion, acts as defect passivator. The performance improvement

of devices fabricated using NH,I as additive well supports this hypothesis, and offers yet another pathway toward harnessing the

multitude of perovskite compositions to achieve high performing solar cells and perhaps other optoelectronic devices.

1. INTRODUCTION

Perovskites have cemented their position as the most efficient
solution processed solar cells and their viability for industrializa-
tion is seriously being considered.' ™ Formamidinium (FA)
based perovskites have shown greater thermal stability than
methylammonium (MA) perovskites, however,"”’ FA-based

pm), and FA (ionic radius 253 pm) could tune the effective
tolerance factor () of the final perovskite composition into
suitable range (0.8 < 7 < 1).'»"° X-ray photoelectron
spectroscopy reveals that addition of Cs helps to push the
composition of obtained film close to stoichiometric ratio and
downshifts the valence band position.'” Subsequently, the

perovskites resulted in a hexagonal yellow nonperovskite 6-phase
at room temperature resulting in poor device performance.
Subsequently, considerable efforts were made to achieve stable
photoactive black a-FAPbI; perovskite phase through the use of
the mixed-cation approach i.e. addition of a small amount of MA
in FAPbIL; perovskites.”” The perovskite prepared using the
mixed cation approach not only improves phase stability but also
boosts the device performance.'” Successively, efforts were made
to improve the performance by means of mixed cation and halide
based perovskites [e.g, MA,,FAgs;Pb(Iyg3Bro17)s) for solar
cells.'”~"” The mixed cation combination of Cs/FA"”'* and Cs/
MA/FA (triple cation) system has been reported to form a more
pure and low defect density perovskite phase.'>~"” It has been
noted that larger size difference between Cs (ionic radius of 167

-4 ACS Publications  © 2018 American Chemical Society

addition of Rubidium (ionic radius 152 pm) iodide (RbI) into
a triple-cation perovskite system to form a quadruple-cation
(RbCsMAFA) has been demonstrated to improve the device
performance.'® It has been discovered that the addition of RbI
not only improves the crystallinity but also suppresses defect
migration in perovskite.'” The low trap-assisted charge-carrier
recombination and low series resistance might be the possible
reasons for the improvement of device performance with
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incorporation of RbL.*° KI and NH,I as additives in different
perovskite systems have also been reported.”' >’ During the
revision of our work, alkali metal doping in perovskite solar cells
has been reported by both Son et al.”* and Tang et al.”> They
have demonstrated that KI addition improves the efliciency of
perovskite solar cell, and at the same time dramatically reduces or
totally overcomes the hysteresis behaviors. Theoretical inves-
tigations have suggested that vacancies (Vy, Vpy, and V;) and
interstitials (MA, Pb; and I;) are the most likely defects in
MAPbI; due to their lower formation energies.””**” In our
previous work, it has been demonstrated that surface
recombination was the dominant process in single crystal
perovskite as well as polycrystalline perovskite solar cells, and
both cations and halogen are deficient on the surface of
perovskite films.”**” The surface treatment with MABr solution
effectively compensates MA cation and Br/I anion deficiencies
and thus reduces the trap density and dramatically improves the
solar cell performance.”® Although the additives effectively
improve the solar cell performance of perovskite system, the role
of the additives (cation and anion) is not yet very clear.

In this work, we have studied the effect of both cation (Cs, Rb,
NH,, and K) and anion (I and Br) as additives on optical,
structural and electronic properties of the resultant perovskite
film. The cations were chosen from the family of group I
elements, ie., alkali metals. Ammonium (NH,) cation was
selected due to its ionic size resemblance to Rb, i.e., 148 pm vs
152 pm. The iodide and/or bromide salts of Cs, Rb, K, and NH,
were used as additives in small mole percentages (1%, 5%, and
10%) in the double cation perovskite precursor
(MAPDBr;),,5(FAPbL; )55 (as matrix, marked as “D”). We
have also fabricated the prototype devices with NH,I as an
additive at various mole percentages (0%, 5% and 10%) to
understand the effect of additive on the device performance and
also to validate the results obtained from optical and photo-
physical characterization. We believe that this work will open up
the novel possibilities of the composition design for perovskite to
enhance the solar cell and other optoelectronic device perform-
ance.

2. EXPERIMENTAL METHODS

2.1.Film and Device Fabrication. Fluorine doped tin oxide
(FTO, TEC 15, Nippon Sheet Glass Co., Ltd., Japan) substrates
were etched using Zn powder and 2 M hydrochloric acid. The
etched FTO substrates and glass slides were subsequently
cleaned with Decon soap solution, deionized water and finally
with ethanol. A thin compact layer of TiO, was deposited using a
solution of titanium diisopropoxide bis(acetylacetonate) (75 wt
% in isopropanol) and absolute ethanol (ratio 1:9 by volume) by
spray-pyrolysis at 450 °C on FTO substrates. A mesoporous
TiO, film was deposited by spin-coating TiO, paste (30 NR-D,
Dyesol) diluted with ethanol (1:5.5 w/w) on the substrate and
calcined at 500 °C for 30 min. Then 0.1 M bis-
(trifluoromethane)sulfonimide lithium salt (Li-TFSI) in acetoni-
trile was spin coated to dope mesoporous TiO, according to the
report by Giordano et al.”' The doped substrates were annealed
at 450 °C for 30 min and then transferred into an N, filled
glovebox immediately after cooling to 150 °C.

FAI and MABr were purchased from Dyesol. Pbl, and PbBr,
are from TCI, and all the other chemicals are from Sigma-
Aldrich. A mixed solution of FAI (1M), Pbl, (1.1 M), MABr (0.2
M), and PbBr, (0.2 M) were dissolved in dimethylformamide:-
dimethyl sulfoxide 4:1(v:v). The 1.5 M CsI, Rb, KI, and NH,I
stored solution in DMSO were added into the mixed solution

forming the composition required. Because of the limited
solubility of RbBr and KBr in DMSO, they were directly mixed in
the powder form in the perovskite precursor solution of double
cation. The perovskite layer was deposited by single step method
as reported in literature.” In brief, the perovskite solution was
spin-coated on the substrate at two different spin coating speeds,
i.e,, at 1000 rpm for 10 s and 6000 rpm for 30 s, respectively.
During the second spinning step, 100 yL of chlorobenzene was
dropped on the spinning substrate after 15 s. The substrates were
subsequently annealed at 100 °C for 60 min. For film
characterization, perovskites films were prepared on the glass
substrate.

70 mg Spiro-OMeTAD was dissolved in 1 mL chlorobenzene
with 28 uL of tert-butylpyridine, 16.9 uL of lithium bis-
(trifluoromethylsulfonyl) imide (with a concentration of 520
mg/mL in acetonitrile), and 14 pL of cobalt dopant (with a
concentration of 18 mg in 50 uL acetonitrile) added in. The spiro
moiety was spin coated on the top of the perovskite films at 4000
rpm, 30 s. The gold counter electrode was deposited using the
thermal evaporation method.

2.2. Characterization. The crystallographic information on
the perovskite films were analyzed by Bruker AXS (D8
ADVANCE) X-ray diffractometer with Cu Ka radiation and a
step of 0.02°. Absorption spectra of perovskite films were
collected by UV—vis with a Shimadzu UV3600 spectropho-
tometer. The topographical images were recorded by using field
emission scanning electron microscopy (FESEM, JEOL, JSM
7600F).

Carrier lifetime of perovskite films with different additives on
glass substrates were measured using time-resolved photo-
luminescence (TRPL) analysis. The system consists of a
microscope based PL setup with an excitation and emission
collection path from the same side. The measurements were
realized using a VIS-NIR microscope objective (10X, NA =
0.65). Light excitation was provided by laser diodes at 40S nm
(Pico Quant LDH Series P—C-405B) with 60 ps pulse duration
and 40 MHz repetition rate. The beam spot size was about 2 ym.
The signal from the Single Photon Avalanche Diode (Laser 2000,
Model $PD-50-CTE) detector was acquired by a time-correlated
single photon counting card.

For the photovoltaic measurements, all devices with 5 X 5
mm? active area were measured by using solar simulator (San-EI
Electric, XEC-301S) under AM 1.5G standard condition with a 3
X 3 mm?” metal mask to precisely confine the area. The efficiency
was obtained from a reverse scan at a scan rate of 0.1 V/s.
Current—voltage (J—V) characteristics were recorded using a
Keithley (model 2612A) digital source meter.

3. RESULTS AND DISCUSSION

In the selection of the additives, care has to be taken such that the
additives should not introduce any nonperovskite phase, the
band gap as well as the chemical properties of the matrix should
not be altered. For that purpose, Goldschmidt tolerance factor
(7) provides a good guidance. It is an empirical index, widely used
to predict the possibility of ABX; perovskite structure formation:
7 in the range of 0.8 < 7 < 1.0 favors ideal cubic structures or a
distorted perovskite structure with tilted octahedra."*** 7 > 1.0 or
7 < 0.8 indicates negligible possibility of perovskite phase
formation.”** 7 is calculated using 7 = (R, + Ry)/ [\/ 2(Ry +
Ryx)], where R, Ry, and Ry are the diameter of component A, X,
and B respectively.”” For APbI, perovskite structure, the 7-values
for perovskites with different “A”-site cations were calculated to
predict the formation of stable perovskite phase. The different
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Figure 1. Calculated tolerance factors (7) for different cations (A) in APbI; perovskite system. It turns out that the commonly used cations namely Cs,
MA, and FA give rise to a 7-value in the range of 0.8—1.0, indicating the tolerance requirements for the formation of the cubic perovskite phase structure
(green color in the figure). These cations can serve as additives to one another in unlimited amount without compromise in phase structure.
Ethylammonium (EA) and ethylenediamine (EDA) cations are too big, giving rise to a tolerance factor of more than 1.0 thus fell into the “upper
forbidden zone” and cannot form perovskite alone. The group I alkali metal cations (Na, K, Rb) and NH, have a z-value less than 0.8 and thus fell into the
“lower forbidden zone”, not forming perovskite themselves. However, all cations of lower or upper “forbidden zone” can be used as additives into those
cations in “cubic perovskite formation zone” for phase stabilization and defect passivation. To stabilize the perovskite phase (stabilizer), a larger ionic size
difference between additive and parent perovskite cations is preferred, while to passivate the defects (passivator) in the perovskite matrix, a small ionic

size difference benefits.

“A”-site cations used for calculation were alkali metals Na, K, Rb
(group I elements), and commonly used Cs and MA, FA, NH,,
and larger size ethylammonium (EA) and ethylenediammonium
(EDA). The results obtained from 7 calculation were tabulated in
Table S1 and plotted in Figure 1. The obtained values of 7 fall
into three categories: the commonly used Cs, MA and FA, which
can easily form a perovskite phase, are in the range 0of 0.8 < 7 < 1.0
(termed “cubic perovskite formation zone”), appearing in the
middle of the space of tolerance factor vs composition (ionic
size); On the other hand, Na, K, NH,, and Rb these
nonperovskite cations having 7 < 0.8 (termed “lower forbidden
zone) appears at the lower left corner in this space; and the upper
right corner sees EA and EDA with tolerance factor greater than
1.0 (termed “upper forbidden zone”) also not able to form
perovskite structure alone (c.f. Figure 1). Here, “forbidden zone”
implies that the 7-values of cations falling in this zone are not able
to form a perovskite phase alone but can be used as an additive in
optimum amount of addition. As Cs, MA, and FA cations have
ability to form the pure perovskite phase alone, within these
elements, it can be served as an additive with indefinite amount
without causing collapse of the perovskite structure. As Na, K,
NH,, Rb, EA, and EDA cations could not form an APbI; type
“pure” perovskite phase themselves, they can be added with an
optimum amount in perovskite matrix to avoid nonperovskite
phase formation.

Even in the “cubic perovskite formation zone”, both
boundaries should be avoided for structural stability: as FAPbI,
has a high 7 (=~ 1.0) at the upper boundary of the “cubic
perovskite formation zone”, nonphotoactive 5-FAPbI; yellow
phase is prone to form during the fabrication process.”> Addition
of an additive to stabilize the perovskite matrix means bringing
down the 7-value less than 1.0. Addition of a small amount of Cs
(for instance 10%) from the lower “forbidden zone” to the upper
boundary FAPDI, effectively avoids formation of the d-phase
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(stabilizes the structure).'* As MAPDI, has tolerance factor not
too much lower than FAPbL;, it needs much more MA addition
(for instance 20%) to stabilize FAPbIL,.*” At the lower boundary,
it is difficult for CsPbl; (7 ~ 0.8) to form the photoactive black
phase at room temperature. Addition of an additive should be
chosen to adjust the 7-value more than 0.8. Zhang et al.* have
demonstrated the same concept with an addition of 2.5% of EDA
(z = 1.1) into CsPbl; matrix (7 = 0.8) stabilizes the perovskite
matrix obviously owing to the fact that the overall 7 value (0.81)
is now away from the boundary. Therefore, to stabilize the
perovskite phase, additive cation with larger ionic size difference
with that of matrix cation is better choice.

MAPDI, has a 7-value of ~0.9, right in the middle of the “cubic
perovskite formation zone”, thus it is easy for MAPbI; to form
the stable black phase. Recently it has been reported’” that up to
25% EA cation has been successfully incorporated into MAPbI;
without formation of the secondary phase. The authors
attributed this result to the smaller molecular globularity
resulting from the asymmetric of molecule, but a simply mixture
rule calculation of the resultant 7 still falls at about the middle of
the “cubic perovskite formation zone” (0.96). However, further
detailed crystal structure analysis should be carried out to clarify
the real connection of all atoms inside this compound, which is
still a big challenge for organic—inorganic hybrid perovskites.

As such, the selection rule of cation is such that the 7 of the
resultant system should be in the “cubic perovskite formation
zone” (0.8 < 7 < 1.0) and away from boundary. An optimum
amount of cations addition from both lower or upper “forbidden
zone” brings the structural stability to the perovskite matrix by
maintaining 7 value toward the middle of the cubic perovskite
formation zone, perhaps a controlled amount of addition to
obtain a 7 value around 0.9 may be ideal to make the system even
more stable as long as no formation of a secondary phase.
However, when additives are added in, especially, from the
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Figure 2. X-ray diffraction patterns of double cation perovskite films [(MAPbBr;),,5(FAPbL;) 5] prepared using different additives (a) CsL, (b) RbI,
(c) K1, (d) NH,], (e) RbBr, and (f) KBr, with different mole percentages. The red arrow marks the nonperovskite phase and magnifying patterns of main
peak at around 26 = 14.07° are shown in the right side of the graph.

“forbidden zone”, the overall system’s 7 is not a simple matter of afore, the dominant defects in perovskite are point defects, and it
rule of mixture calculation. Too much additives from the might be possible that the cation and anion satisfy the respective
forbidden zone is bound to induce nonperovskite phases. cation and halogen vacancies, or change the formation energy of
Judging of this amount depends on the ionic size difference. defects. The cation/anion having small ionic size difference with
The maximum “solubility” decreases as the difference in the ionic that of matrix ions should be a better choice for defect

sizes gets big. In other words, only a very small amount can be passivation.
added without inducing nonperovskite phase if small size cations The additive approach have been demonstrated previously for
are added into a bigger ionic size matrix. phase stabilization, here in this work we will focus more on the
Besides stabilizing the perovskite phase, we believe that the defect passivation effect. To verify this, cations in “lower
cations and anions inside the additives might affect the defect forbidden zone” (K, Rb, NH,) and “cubic perovskite formation
density of the matrix depending on their ionic sizes. As discussed zone” (Cs) were experimentally verified. In order to investigate
13887 DOI: 10.1021/acs.jpcc.8b00980
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Figure 3. Time resolution photoluminescence (TRPL) analysis of perovskite films prepared using double cation perovskite (MAPbBr3)0_15(FAPbIE)O.85
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A,e~=%/t were used to fit the data. The variation of charge carrier lifetime of the perovskites films (MAPbBr;), 5 (FAPbL,) g5 prepared using the (g)
different cation (Csl, Rbl, NH,], and KI) addition in various mole percentages. (h) Comparison in charge carrier lifetime measurements obtained from
the perovskite film prepared using the KI, KBr, RbI and RbBr, i, different halides as additives (iodide and bromide salts).

the anion effect, both iodide and bromide salts of same cation
were chosen (e.g., KI and KBr). We prepared perovskite films
using double-cation mixed halide perovskite
[(MAPDbBr;),,5(FAPbI;)ss] as matrix and added different
amount of additives, i.e., KI, KBr, Rbl, RbBr, NH,I, and CsL
The perovskite matrix has a 7 value of 0.98 (based on the mixing
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rule calculation), right within the stable perovskite phase
formation range, ie. 0.8 < 7 < 1. With addition of 1%, 5%, and
10% of each salt, 7 values of the system are in the range of 0.95 to
0.98 based on mixing rule. As indicated in Figure 1, the excess
amount additives belonging to lower forbidden zone may
introduce a secondary nonperovskite phase. To confirm this, the
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X-ray diffraction (XRD) patterns of thus prepared perovskite
films are presented in Figure 2. The perovskite films prepared
without any additive exhibit a small peak at 20 = 12.5° assigned to
Pbl, and all other characteristic peaks attributed to black
perovskite phase. Here, the perovskite precursor solution (matrix
material) was prepared using the 10% mole excess of Pbl, based
on the earlier reported method, as excess Pbl, could enhance the
performance of double cation mixed halide perovskite solar
cells.*® As shown in Figure 24, there was no obvious change in the
XRD pattern of the perovskite films observed after CsI addition
up to 5%. Surprisingly, the Pbl, peak (20 = 12.5°) disappeared
after 10% Csl addition, likely due to the reaction between CsI
with Pbl, to form CsPbl;. Interestingly, at 10% CsI addition pure
perovskite phase formation was observed and no significant shift
in the characteristic peak position of perovskite 26 = 14.07° was
observed (Figure 2a). In case of RbI addition, the recorded XRD
patterns was invariant until 5% (Figure 2b), however, at 10%, the
peak due to Pbl, disappeared and the new peak at low angle (26 =
11.07°) appears, hinting at the formation of the nonperovskite
phase of RbPbl,. Similarly, for addition of KI, NH,I, RbBr, and
KBr, the maximum additive amount without producing non-
perovskite phase was 5% (Figure 2c—f). At 10% addition, though
there was no apparent peak shift in the characteristic peak
position as compared to parent perovskite, but the nonperovskite
phase formation was confirmed by low angle peaks (26 =
11.07°). Though the 7 values of perovskite films with 10%
addition of additives are right in the range of 0.8< 7 < 1.0
according to the mixing rule calculation, still the secondary
nonperovskite phase formation was noted. Therefore, the
amount of cation additives belonging to the “forbidden zone”
needs be optimized experimentally to avoid the nonperovskite
phase formation. From the above data, it has been summarized
that all the additives experimented, i.e., KI, KBr, NH,I, Rb], and
RbBr, induce nonperovskite phase formation with 10% addition
except Csl (belongs to cubic perovskite formation zone). This
observation is consistent with our prediction based on tolerance
factor analysis.

It is recommended that the additives should improve the
performance of matrix perovskite without altering its bandgap
and absorption edge. Accordingly to verify the above mention
claim, the UV—visible measurements of the perovskite films with
different additives have been carried out and corresponding Tauc
plots have been calculated (Figure S1). Maximum of 0.02 eV blue
shift in the bandgap value of the perovskite films was noted with
addition of additives up to 10%, which is close to the
measurement sensitivity limit of the instrument. The observed
shift in the bandgap is almost negligible and indicates the desired
amount in terms of additive selection (<10%).

Generally, the charge carrier lifetime of resultant perovskite
films is longer than that of the matrix if the additive do passivate
the defects inside the matrix. To verify this, the time-resolved
photoluminescence (TRPL) measurements were conducted
(Figure 3). All the decays follow a bi—exFonential decay trend
described by y = y, + Ay Gmx)/tl p e=(=x)/2 The data have
been fitted accordingly and the carrier lifetime extracted in Figure
3g/h and Table S2. Only the slow decay time is presented here as
it is more related to the solar cell performance. With the addition
of Csl, the average charge carrier lifetime of perovskites
systematically increases from 105 + 1 ns (0%) to 332 + 1 ns
(10%). However, with Rbl and NH,I addition, the carrier
lifetime increases up to 5% addition (270 + 10 ns and 274 + 6 ns
respectively) and then further increases in the addition amount
up to 10%, with a shorter carrier lifetime (189 + S ns and 164 + 2

ns respectively) in Figure 3g and Table S2, which might relate to
the nonperovskite phase formation. In case of KI additive, the
carrier lifetime continuously climbs up from 10S + 1 ns (0%) to
189 + 6 ns for 10% addition. However, the obtained charge
carrier lifetime at 10% KI addition is still shorter as compared to
other additives. In brief, carrier lifetimes obtained for the
perovskite films prepared with 5% RbI and NH,I addition are
270 = 10 ns and 274 =+ 6 ns respectively, which are longer than
that with 10% KI addition (189 + 6 ns) (cf. Figure 3g and Table
S2). As Cs is within the “cubic perovskite formation zone”,
therefore, it is not surprising that maximum lifetime (332 + 1 ns)
is achieved with 10% CsI addition, higher than that of films from
all the other cations within the “forbidden zone”, which is
consistent with the XRD analysis. In summary, addition of
additives involved in this work increases the carrier lifetimes of
perovskite films, and the process is more efficient when the
additive is from the cubic perovskite formation zone since the
structural modification is less pronounced.

Usually charge carrier lifetime is strongly related to the defect/
trap densities inside the semiconductor, especially nonradiation
recombination. As mentioned previously, point defects such as
vacancies (Vys, Vi, and V;) and interstitials (MA,, Pb; and I,) are
dominant defects in perovsl<ite.3”26’27 All cations (K, Rb, NH,,
Cs) added as additives have smaller ionic sizes than those of MA
and FA inside the matrix. These cations could be properly fill into
the vacancies of MA and/or FA, or enter into the interstitial
places of MA and/or FA to passivate defects. It might also be
possible that the addition of these cations increase the formation
energy of these point defects and thus decrease the defect
density. These results necessitate theoretical calculation of defect
formation energy with different additives to be fully understood,
which is out of the scope of this current study. As the ionic size
increases from K, NH,, Rb to Cs, the Cs has smallest size
difference with MA and FA than that of other additive cations.
Therefore, the defects passivation effect is more promising with
Cs than with any others, coinciding with the longest carrier
lifetime of perovskite film with 10% CsI addition. NH, and Rb
cations have similar ionic size, and their effects on the charge
carrier lifetime are analogous. As the K is the smallest cation, it is
logical that larger amount is need to have similar defect
passivation effect with bigger cation. The defect passivation
effect becomes more efficient as the difference in the ionic sizes
gets smaller. Through theoretical calculation, Son et al** suggest
that the K cation mostly enters into the interstitial site preventing
the formation of an iodine Frenkel defect. These results are in
agreement with previous work in which we proved that using
MARBE to passivate the defects in the Csgos(MAg ;sFAggs)0.05Pb-
(Bry,15lyg5); matrix decreases the trap density and increases the
solar cell efficiency with 2% absolute value.*

To study the anion effect, the charge carrier lifetime
measurements were performed using RbI and RbBr, KI and
KBr as additives given in Figure 3h and Table S2. The solid line
represents the measured carrier lifetime of perovskite films with
iodide salt addition while the dash line stands for the bromide
counterpart. The longer carrier lifetime was obtained for the
perovskite films prepared using the iodide anion containing
additives (e.g., RbI 270 + 10 ns vs RbBr 222 + 4 ns; KI 189 + 6 ns
vs KBr 138 + 1 ns) as compared to that of bromide compounds.
This strongly indicates that the types of anion inside an additive
do affect the performance of perovskite films. Because of the
higher formation energy of bromine vacancy,””*” iodine vacancy
should be the dominant defect in the matrix perovskite.
Therefore, the iodine anion (I) is more efficient in passivation
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Figure 4. Device performance distribution of characteristic photovoltaic parameters obtained from perovskite based solar cell, perovskite film were
fabricated using the addition of NH,I as an additive in double cation perovskite (MAPbBr3)o;5(FAPbL,), s at different mole % i.e. 5% and 10%: (a)
open-circuit voltage (V,.), (b) short-circuit current density (J,.), (c) fill factor (FF), and (d) power conversion efficiency (PCE) at similar device
fabrication conditions. The device distribution was collected over the 20 devices for each fabrication condition with NH,I as an additive. The device
performance was measurement under standard one sun illuminance condition. (e) Characteristic current density (J,.) vs voltage (V) curves of the
champion cell fabricated using the perovskite film prepared using double cation perovskite (MAPbBr;),s(FAPbL,), 55 with NH,I as an additive at
different mole % i.e. 0%, 5% and 10% (mole percentage), inset shows the characteristic device parameters. (f) Incident photon-to-current efficiency
(IPCE) of the best performing device. Solar cells with active area of 5 X 5 mm? are measured under one sun illumination condition with a 3 X 3 mm?”
metal mask to precisely confine the area. The efliciency was obtained from a reverse scan with a scan rate of 0.1 V/s.

of these iodine defects than smaller bromine anion (Br),
confirming experimentally from the longer carrier lifetime with
iodide additives. This clearly reveals that not only the cation but
also the anion play important roles in terms of defect passivation
and enhance the performance of perovskite based films. Seok et
al.*' have reported that 3% iodine addition during fabrication of
perovskite enhances the device efficiency, which is attributed to
compensation of iodine deficient and filling up of vacancies. The
report well supports our results that anion additives do have big
effect on the performance of perovskites. Overall, CsI addition
exhibits the more pronounced trap/defect passivation effect as
compared to other additives and iodine anion is preferred over
the bromine one. In summary, to passivate the defects, small
ionic size difference is preferred.

13890

It was also reported that the charge carrier lifetime may differ
with perovskite grain size.*”* In general, longer charge carrier
lifetime is observed for perovskite films consisting of larger grain
size i.e. less defects states. In order to validate this result, FESEM
images of the perovskite films prepared with different additives
were performed. We compared the morphology of perovskite
films prepared with 10% additive addition, as the charge carrier
lifetime values show a drastic variation with types of additives
(Figure S2). With 10% addition of Csl, the grain size of
perovskite film became smaller than that of the film without any
additives. With 10% addition of RbI and KI, the grain size seems
to be slightly increased. In case of the bromide salt addition, the
bromide perovskite has lower melting point compared to iodide
counterpart, therefore larger grain size formation is expected
through Ostwald ripening. However, no significant grain size
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difference is observed, which might be due to the poor solubility
of bromide salt. Nevertheless, no clear trends have been observed
in the grain size of perovskite films prepared using different types
of additives. This is inconsistent with the charge carrier lifetime
measurement where notable increment in the charge carrier
lifetime of perovskite films with additive addition was observed.
Therefore, the observed improvement in the carrier lifetime
could not due to the grain size effect but attribute to the trap/
defect passivation by additives. Cations inside these additives
passivate the cation defects, while the anions fill the iodine
vacancies, which might induce less trap states and thus longer
carrier lifetime unless and until there is nonperovskite phase
formation.

In selection of additives, two aspects of the ionic size should be
considered simultaneously: (i) for purpose of passivating the
point defects, small or even no size mismatch of cation/anion
between additive and matrix is the best; (ii) for purpose of
stabilizing the perovskite structure, larger mismatch benefits.

The effect of CsI and RbI addition on device performance of
double cation perovskite has been reported by several groups as
mentioned previously. The study clearly reveals that CsI and RbI
addition up to 5% improved the device performance in
comparison with the device fabricated without any addition.'>"®

On the basis of optoelectronic study of perovskite films with
different additives, full solar cell devices were prepared using
NH,I (Figure 4), and KI (Figure S3) as prototype additives with
0%, 5% and 10% addition. The device data collected over 20
devices for each condition in Figure 4. The average power
conversion efficiency (PCE) of the perovskite solar cells was
increased from 14.40% to 16.26% with 5% NH,I addition,
however, it decreases with 10% NH,I (14.49%) addition. Around
2% absolute PCE improvement is noted with 5% NH,I addition.
The obtained PCE result is in good agreement with the carrier
lifetime measurement, i.e. PCE and charge carrier lifetime
improve with NH,I addition and reach maximum at 5%. The
characteristic current—voltage (J vs V) curve of champion cells
fabricated using perovskite with 5% NH,I addition is shown in
Figure 4e. At $% NH,I addition, increments in V,, (from 1.06 to
1.12 V), J,. (from 19.47 mA/cm? to 20.36 mA/cm?), fill factor
(FF) (from 75.80% to 78.28%), and hence efficiency (PCE)
(from 15.64% to 17.81%) were observed as compared to the
control cell. The incident photon-to-current efficiency measure-
ment supports the good performance of champion device as
shown in Figure 4f. With addition of KI, the efficiency improves
at 5% then drops at higher concentration (Figure S3), which is
consistent with the XRD results. The improved performance
with 5% NH,I or KI addition supports the validity and reliability
of our prediction. Our results are also in good agreement with the
recently reported work based on the KI addition.” The relative
improvement of average PCE is about 12.9% for 5% NH,I
addition. Other report also showed that at 7.5% KI addition into
CsPbL,Br, the efficiency increases from 8.2% to 9.1% with a
relative improvement of 11%.”' With 5% Cs addition into
(MAy17FA53)Pb(Iy53Bry7); forming triple-cation system, the
average PCE increase from 16.37% to 19.2%."> Blending Rb into
this triple-cation system further improves the PCE to 20.2%."®
Thus, small amount of additive addition effectively improves the
performance of perovskite solar cells mainly due to the defect
passivation effect, indicating the importance and flexibility of
composition design for perovskite systems.

The generality of the results presented can also be extended to
the bromide perovskite system: CsPbBr;, FAPbBr;, and
MAPDBr; are promising candidates for LED application. In

order to enhance the LED device performance, efforts are still
ongoing in the direction of adding different additives in the
perovskite precursors to form compact films with small grains
and reduce the defect density.*** On the basis of APbBr,
perovskites, calculated tolerance factors with different cations are
plotted in Figure S4. We noticed a very similar observation, i.e.,
the commonly used cations, namely Cs*, and MA", reveal the 7in
the range 0.8 < 7 < 1.0, indicating the “pure” perovskite phase
formation alone with these cations, which can be used as
additives to each other in unlimited amounta. While the group I
alkali metal cation (Na, K, Rb) and NH, exhibit 7-values <0.8,
cations FA, EA, and EDA each have a 7-value >1.0. All those
cations cannot form the perovskite phase alone and hence
restricted the addition to an optimum amount to modify the
performance of perovskite matrix. For instance, the alkali metal
cations (Na, K, Rb, and NH,,) may be suitable candidate additives
to minimize the defect states without affecting other properties of
the matrix. There should be a vast possibility and flexibility of
composition design in perovskite systems for high performance
photovoltaics and LED applications.

4. CONCLUSIONS

In summary, we have investigated the effect of different additives
ie. group I alkali metal cations (Na, K, Rb, NH,, and Cs) and
anions (Br and I) on the performance of double cation mixed
halide (MAPbBr;), ;s(FAPbL,), s perovskite films. On the basis
of tolerance factor calculations, cations Cs, MA, and FA can form
the perovskite phase alone and therefore can be used as additives
without introducing any nonperovskite phases. While cations Na,
K, Rb, NH,, EA and EDA fall into the “forbidden zone” for
perovskite formation as cations themselves, this is bound to
induce a nonperovskite phase due to size constraint; hence, they
can be used as additives at an optimum amount to modify the
performance of matrix perovskite. In order to stabilize the
perovskite phase, cations with larger ionic size differences
between additive and matrix are preferred as long as there is no
nonperovskite phase formation. XRD analysis confirmed that
10% addition of Na, K, Rb, and NH, is already too much resulting
nonperovskite phase formation. Notable longer charge carrier
lifetime of perovskite films obtained with all additives clearly
indicates that not only cations but also anions in additives are
playing a vital role in defect passivation of perovskite matrix. In
terms of defect passivation, similar ionic size cation/anion with
the matrix is better choice. We have also validated the effect of
NH,I as a prototype additive on the device performance. The
PCE of devices prepared with 5% NH,I addition shows 2%
absolute value improvement as compared to that without
addition, which coincides with the film study. This material
design rule can extend to other fields such as LED and laser etc.,
where Na, K, Rb, and NH, compounds would be promising
additives for CsPbBr;. This work offers a pathway toward
harnessing the multitude of perovskite compositions to achieve
high performing solar cells and perhaps other optoelectronic
devices. This work also necessitates theoretical investigation of
defect physics with different additives in perovskite systems.
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