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Understanding effects of precursor solution aging
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The solution process is the most widely used method to prepare perovskite absorbers for high performance
solar cells due to its ease for fabrication and low capital cost. However, an insufficient level of reproducibility of
the solution process is often a concern. Complex precursor solution chemistry is likely one of the main reasons
for the reproducibility issue. Here we report the effects of triple cation lead mixed-halide perovskite precursor
solution aging on the quality of the resulting films and the device performance. Our study revealed that
precursor solution aging has a great influence on the colloidal size distribution of the solution, which then
affects the phase purity of the films and device performance. We determined the optimum aging hours
that led to the best device efficiency along with the highest reproducibility. Dynamic light scattering
revealed the formation of micron-sized colloidal intermediates in the solution when aged longer than the
optimum hours and further analysis along with X-ray diffraction measurements suggested there were two
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Introduction

Since the first report of a working photovoltaic device with an
efficiency of 3.81% based on an organic-inorganic hybrid perov-
skite in 2009," the efficiency of perovskite solar cells has been
rapidly improving with the current record efficiency being 22.7%.>
In the beginning stage of perovskite solar cell research, the most
popular type of hybrid perovskite was methylammonium lead
trilodide (MAPbI;).*®* MAPDI;, however, has several drawbacks
such as phase transition from tetragonal to cubic phase at 327 K,°
degradation by moisture® and thermal input."*> The best effi-
ciency from MAPbDI; has remained ~20% with mesoporous TiO, as
an electron transport layer.” To further enhance the efficiency, the
substitution of methylammonium with the formamidinium cation
has been tried because the bandgap of formamidinium lead
triiodide (FAPbI;) is ~1.48 eV, which is closer to the optimum
value for single-junction solar cells.* Still, FAPbI; has a problem
with the phase stability: a black, light-absorbing phase does not
fully crystallize below the process temperature of ~175 °C* and
a yellow phase (commonly labelled as & phase), which is not effi-
cient in light-absorption, often forms. A new approach towards
higher efficiency and better stability of the perovskite has been
proposed: the addition of methylammonium lead bromide
(MAPDBTr;) into FAPbI;, which creates a mixed-cation lead mixed-
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chemical origins of the large aggregates, FA-based and Cs-based complexes.

halide perovskite. Notably, the mixed cation lead mixed-halide
perovskite with the composition (FAg g3MAy 17)Pb(I g3Br¢.17)s, yiel-
ded an efficiency of 19.0%, the then record efficiency in 2015,'* and
it later led to an efficiency greater than 20% for both planar and
inverted structures.””® In 2016, Saliba et al. obtained a triple
cation lead perovskite by adding a small amount of an inorganic
element, cesium (Cs), which exhibited improved structural and
thermal stability as well as high reproducibility of the devices.*®
Currently, the solution process has been widely used to
prepare the perovskite absorbers for high performance solar
cells. However, an insufficient level of reproducibility has often
been a concern for the solution process. Therefore, attention has
been paid to understanding the chemistry of the perovskite
precursor solutions. Modification of precursor solutions using
additive engineering,”® Lewis acid-base adduct,”" solvent
degradation,®* and moisture*® has been shown to play an
important role in reproducing high efficiency devices. Yan et al.
showed that the precursor solution of MAPDI; is a colloidal
solution** and that different crystal growth mechanisms of
MAPDI; films—colloid-based or solution-based growth—are
operative depending on the ratio of the cation to the lead halide.
Yet another important factor in the solution chemistry, which
can significantly influence the properties of the resultant perov-
skite films and ultimately their device performance, is aging of
the solutions. Tsai et al. demonstrated that the optoelectronic
properties, crystalline size, and device performance of
MAPD(I, ,Cl,); were affected by the perovskite precursor solution
aging. Their optimized aging duration was 48 hours and this led
to an average efficiency of 15.22%.*> McMeekin et al. also re-
ported the effect of FA, g3Cso.17Pb(Bry2lp8); precursor solution
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aging with the addition of hydrohalic acid.*® The presence of
hydrohalic acid in the solution allowed longer aging of the
precursor solution without forming large colloidal particles,
which ultimately led to films with grains as large as several micro-
meters. In addition to the increase in the grain size, the acid-
added solution increased mobility and reduced microstrain of
the films, and therefore improved the device performance.

It is likely that the effects of precursor solution aging vary
according to types of the precursors used; aging conditions
optimized for one type of perovskite precursor solution may not
be directly applicable to another solution, and material-specific
understanding of the solution chemistry is needed. For triple
cation perovskite consisting of Cs, FA, and MA, which produces
highly efficient and stable solar cells, there has been no report
on solution aging. We therefore studied the aging effects of the
precursor solutions for the triple cation halide perovskite on
physical properties of the resultant films as well as on the final
device performance. A precursor solution aged for optimum
hours was free of large colloidal aggregates while others (aged
shorter or longer than the optimum hours) contained micron-
sized aggregates as revealed by Dynamic Light Scattering
(DLS) measurements. The absence of the large aggregates in the
solutions appeared to be correlated to the phase purity of the
prepared perovskite films, ultimately leading to the best effi-
ciency, which was close to 17%.

Experimental
Perovskite precursor solution

Foramidinium iodide (FAI) and methylammonium bromide
(MABr), the organic compound, were purchased from Dyesol;
lead iodide (Pbl,), lead bromide (PbBr,), and cesium iodide
(CsI) were purchased from Alfa Aesar; all of the solvents were
purchased from Sigma Aldrich unless stated otherwise. The
perovskite precursor solution was prepared by dissolving FAI (1
M), Pbl, (1.1 M), MABr (0.2 M), and PbBr, (0.2 M) in anhydrous
DMF : DMSO (4 :1). For CsI cation, a stock solution of CsI
(1.5 M in DMSO), was stirred overnight at room temperature
was added to the precursor solution. The CsI stock solution (42
pL) was then added into the precursor solution. The precursor
solutions were stirred in a N,-filled glovebox at room tempera-
ture for a specific amount of time. The solutions were then
filtered with a 0.45 pm PTFE membrane before use.

Dynamic light scattering characterization

Dynamic Light Scattering characterization was measured using
a Malvern Zetasizer Nano ZS particle size analyser. The DLS
solution concentration was equal to the solution prepared for
the device fabrication. The measurements were conducted at
room temperature with a quartz cuvette.

Film characterization

Film absorbance was taken using a UV/VIS/NIR spectrophotometer
(SolidSpec-3700). Scanning Electron Microscopy (SEM) was taken
using a Philips XL30. X-ray diffraction (XRD) (Rigaku Ultima IV)

was taken in #-26 scan mode with a scan speed of 4° min~".
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Solar cell device fabrication

A fluorine-doped SnO, (FTO) substrate was washed with
acetone, ethanol, and deionized water. The substrate was
further cleaned with UV-Ozone for 10 minutes. Then,
a compact TiO, layer (titanium isopropoxide, Sigma Aldrich,
dilute in ethanol) was deposited using spin-coating for 30 s at
3000 rpm. The compact layer TiO, was formed by sintering at
500 °C for 30 min. A mesoporous TiO, layer (Dyesol paste, 30NR-
D dilute in ethanol) was then spin-coated at 4500 rpm for 30 s
and annealed for 30 min at 500 °C. To enhance the device
performance, the mesoporous TiO, was doped with Li.*” The Li-
doping was done by spin-coating 0.1 M bis(tri-
fluoromethylsulfonyl)imide lithium salt (Li-TFSI, Mitsubishi
Materials Electronic Chemicals) in acetonitrile at 3000 rpm for
10 s followed by sintering at 450 °C for 30 min. A perovskite
layer was spin-coated via two-step spin-coating conditions at
1000 rpm and 4000 rpm for 10 s and 30 s, respectively, with 100
uL chlorobenzene anti-solvent dripped 15 s before the end of
the spin-coating process. The film was then annealed at 100 °C
for 10 min. After the annealing, a spiro-OMeTAD hole transport
layer (60 mM in chlorobenzene) was spin-coated at 3000 rpm for
30 s. The spiro-OMeTAD was doped with Li-TFSI solution
(520 mg mL™" in acetonitrile) and 4-tert-butylpyridine with
a concentration of 17.5 pL mL™ " and 28.8 uL. mL ', respectively.
Lastly, an 80 nm thick gold electrode was deposited via thermal
evaporation.

Device characterization

Current density-voltage (J-V) curves were measured under
simulated AM 1.5 G solar irradiation at 100 mW cm™> using
a K3000 Solar Simulator (McScience) where the irradiance was
calibrated using a Si reference cell. A step voltage of 0.025 V and
delay time of 20 ms was used. The active area of the fabricated
cell was 0.1 cm”.

Result and discussion

The precursor solution aging conditions used in this study were
2, 6, 24, 72, 168, and 720 hours. Devices based on a Csg ¢s(-
FAj.83MAy 17)0.05Pb(1o.83Bro.17); absorber with regular n-i-p
structure were fabricated to examine the effect of the
precursor solution aging on the device performance. For each
condition, 15 devices were fabricated and their photovoltaic
parameters—power conversion efficiency (PCE), short circuit
current (Js), open circuit voltage (V,.), and fill factor (FF)—were
measured and are shown in Fig. 1. From the distribution, it is
clear that the devices fabricated from the precursor solution
aged for 6 hours (referred to as “the 6 h triple cation solution”
and other aging hours are referred to as “the X hr triple cation
solution”) show the highest average efficiency as well as the
narrowest distribution indicating the highest reproducibility.
The J-V curve and EQE data of the best performance cell are
shown in Fig. S1.T For the devices from the 2 h triple cation
solution, the main cause of the lower efficiencies was poorer
values of FF and J,.. The devices from the 24, 72, and 168 h triple
cation solution exhibit a decreasing trend in the performance

n
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Fig. 1 Distribution of PCE, Js, Vo, and FF of the triple- cation lead halide perovskite solar cells with different precursor solution aging hours.

with the aging hours. The main contributor to the decreasing
efficiency is FF. In the case of the 720 h triple cation solution
devices, a significant drop in Ji. is also observed, which we
attributed to incomplete conversion to a black mixed-cation
perovskite phase; we noticed that the color of the final films
did not fully convert to black even after annealing. Previous
reports showed that the stable phase of an FA-based lead halide
compound at a temperature lower than 160 °C is a yellow-
colored phase that is not an efficient light absorber.***®

To find the cause of the varying device performance with the
different aging hours of the triple cation precursor solution, we
performed characterization of the blank perovskite films.
Fig. 2a shows the absorbance of the triple cation perovskite
films. The film prepared using the 6 h triple cation precursor
solution exhibited the highest absorbance, which was consis-
tent with the highest device performance. In the case of the 2 h,
24 h, and 72 h aging, the films showed a reduced absorbance in
the photon energy range of 1.6-2.4 eV, whereas the absorption
edges of these film had a similar value, indicating that the
optical bandgap of the films did not change. However, for the
films made from the 168 h and 720 h precursor solutions, the
absorbance data showed a loss of the sharp edge at around
1.6 eV, the bandgap corresponding to the black phase triple-
cation lead mixed-halide perovskite. This loss of the sharp
edge is indicative of the degradation of the phase integrity of the
black light-absorbing triple cation perovskite. The morphology
and grain structure of the films were characterized by SEM as
shown in Fig. S2.1 The SEM images show that all of the films
have a compact morphology with a similar average grain size.
However, some voids along the grain boundaries can be
observed in the films of 168 h and 720 h precursor solutions.

This journal is © The Royal Society of Chemistry 2018

To further examine the apparent loss of the phase purity
from the longer aging hours, we carried out XRD and the results
are shown in Fig. 2b. The film from the 6 h triple cation
precursor solution exhibits peaks all of which match the black,
tetragonal triple-cation perovskite of the intended composition,
CS0.05(FAo.83MAg 17)0.05Pb(I.g3Bro.17)3.2° The near complete
conversion to the black phase perovskite is also confirmed in
the films with the 24 h and 72 h precursor solutions. In case of
the 2 h, 168 h, and 720 h, however, peaks from impurity phases
are evident. The film prepared by the 2 h precursor solution
showed a small peak at ~12.7°, which corresponds to a (001)
reflection of the trigonal Pbl,. A trace amount of the Pbl, was
also found in the 24 h and 72 h precursor solutions. For the
168 h and 720 h solutions, the intensity of the black tetragonal
perovskite phase became weaker and new peaks emerged; peaks
at 11.6° (labelled as d) and 12.88° (labelled as x) were observed
from both the 168 h and 720 h cases with the intensity of the
both peaks being larger for the 720 h, and a peak at 12.17°
(labelled as B) was only seen from the 168 h case. According the
literature reports, the peak at 11.6° appeared to be due to the
hexagonal phase of FAPbI; (usually denoted as 3-FAPbI;).>*
The peak at 12.17° can be assigned to mixed (FAPbI;); (-
MAPDI;),."* The small peak at 12.88° does not match PbI, nor
any of lead halide perovskite phases based on Cs, FA, and/or
MA; its closest match is a low-dimensional phase of cesium
lead bromide, Cs,PbBr.** The XRD results suggest that the
films prepared by the solutions aged for the long hours are not
chemically homogeneous; Cs-based and FA-based perovskite
phases formed. As a result of the segregation of the Cs-based
and FA-based phases, the composition of the triple cation
perovskite became off (Cs- and FA-deficient) from the target

RSC Adlv., 2018, 8, 21551-21557 | 21553
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Fig. 2

(a) Optical and (b) XRD characterization of triple-cation lead halide perovskite films with different precursor solution aging times. In (b), 3,

B, * a, x, and # correspond to 3-FAPDbls, (FAPbIl3)g g5(MAPbIs)0 15, cubic Pbl,, photoactive black phase, Cs4PbBre,* and FTO, respectively. (c)

Magnified XRD peak of triple-cation perovskite at ~19.9°.

composition, as confirmed by the shift of the a phase peaks, as
shown in Fig. 2c. To further examine correlation between the
phase segregation in the films and the aging hours of the
precursor solutions, we proceeded to investigate the precursor
solution itself.

Previous reports suggest that a perovskite precursor solution
is a colloidal solution,*® therefore we examined the colloidal size
distribution using DLS. DLS data from the triple cation lead
halide precursor solution with different aging hours are shown
in Fig. 3a. The DLS results show a high intensity of large
aggregates whose estimated size by the DLS is several um’s,
except for the 6 h triple cation solution. DLS has the tendency to
overestimate colloidal size.” Given that the solutions were
filtered by a 0.45 pm membrane before the measurements, the
actual size of the large aggregates is believed to be, at most,
a micro-meter. A comparison of the DLS data with the device
efficiency reveals an apparent correlation between the existence
of the large aggregates and the performance: the 6 h triple
cation solution, which had the highest average device perfor-
mance, did not contain a noticeable concentration of the large
aggregates. The lack of the large aggregates also appeared to be
correlated with the complete conversion to the pure triple-
cation perovskite film as confirmed by the XRD (6 h precursor
solution). A question on the chemical origin of the large
aggregates naturally rises.

Triple cation perovskite precursor solution is a mixture of
five different precursor solutions, Csl, FAI, MABr, Pbl,, and

21554 | RSC Adv., 2018, 8, 21551-21557

PbBr,. To investigate which combinations among the five
precursor solutions are responsible for the formation of the
large colloidal aggregates, we prepared simpler solutions with
certain precursors excluded and monitored the temporal
behaviour of the solution with DLS. For the DLS measurements,
the molar ratios of the precursors in each solution were kept
similar to the triple cation solution.

We first examined the simplest solutions, i.e., with a single
precursor chemical, namely, FAI, MABr, Pbl,, and PbBr,. From
Fig. 3b, it is clear that all the single precursor solutions had
micron-sized large colloidal aggregates at 2 h of aging, sug-
gesting that none of the precursor chemicals were fully dis-
solved at 2 h. Therefore, the large aggregates observed in the
triple cation precursor solution at 2 h are likely a collection of
complexes based on each precursor compound.*® The strong
PbI, XRD peak from the film fabricated with the 2 h triple cation
solution is consistent with the DLS data showing undissolved
aggregates in the solution.

In order to identify the cause of the large aggregates at longer
precursor aging time (>24 h), we moved to precursor solutions
with more than one component. Fig. S31 shows the DLS spectra
from the solution with four precursors without CsI, which was
prepared separately as a stock solution. By eliminating CsI,
large aggregates persistently existed during the total duration of
measurements (24 h). Even though some reduction of the DLS
intensity was evident after 2 h, it was clear that CsI was neces-
sary in the complete dissolution of the large aggregates in the

This journal is © The Royal Society of Chemistry 2018
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Fig. 3 DLS data of (a) triple-cation lead halide perovskite (FAI + MABr + Pbl, + PbBr, + Csl) and (b) single precursor components at the solution

aging time of 2 h.

6 h triple cation solution. Knowing that the four-component
precursor solution without CsI still produced the large aggre-
gates at the longer hours, we proceeded to examine solutions
consisting of sub-sets of the four precursors, one cation and one
lead halide. The DLS data of different combinations of such
a solution are presented in Fig. 4a-d. The combination of MABr
with either of the two lead halide precursors (PbI, and PbBr,)
yielded dissolution of large aggregates at 6 h, which reappeared
at 24 h. On the other hand, the precursor solutions containing
FAI showed DLS intensity for the large aggregates at 6 h of
aging, which was still present at 24 h even though its intensity
was slightly less. These results suggest that the both MA-based
and FA-based lead halide perovskite solutions form micron-
sized colloids.

Further DLS experiments were carried out in which MABr or
CsI was added to the FAI + Pbl, precursor solution (Fig. S4a and
S4b, respectively). This was to check whether the large colloids
observed from the FAI + Pbl, solution can be dissolved in the
presence of an additional cation precursor as in the case of the
triple cation solutions with all five precursors. In both cases,
complete quenching of the DLS intensity from the large aggre-
gate was observed even though different times were needed
(24 h for CsI + FAI + Pbl, and 6 h for MABr + FAI + Pbl,).
However, a “wrong” pair of cation precursors (MABr + CsI) did
not lead to the dissolution of the large aggregates as can be seen
from Fig. S4c.7 From the results of Fig. 4 and S4,f we learned
that (i) MA and FA cation is capable of forming large aggregates
and (ii) it is difficult to get Cs-based aggregates dissolved by the
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Fig. 4 DLS data of precursor solutions containing (a) MABr + Pbl,, (b) MABr + PbBr,, (c) FAI + Pbl,, (d) FAI + PbBr;, with respect to its precursor

solution aging time.
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addition of other cation precursors. Our target cation compo-
sition is very FA-rich (~79%) therefore there is a good chance of
forming large FA-based complex segregated out of the solution
when aged long. Additionally, large Cs-based complex, which
was shown difficult to be dissolved with the other cations
sources, is expected to form. This interpretation is consistent
with the XRD results. The behavior of the colloidal formation of
different solutions is summarized in Table S1.}

In order to further confirm a link between chemical inho-
mogeneity of the solution (i.e., formation of large aggregates
whose composition is different from the target) and of the
prepared film, we checked the XRD of a perovskite film made
from a solution containing CsI, MABr, and Pbl, that was aged
for 24 hours. As shown in Fig. S4c,T this solution contained
large aggregates. Similar to the triple cation solutions, we
consider that the solution contained Cs-rich colloids. The XRD
of the film shown in Fig. S51 confirmed the appearance of both
Cs-based and MA-based perovskite (the peaks labelled x and *
correspond to a low dimensional Cs,PbBrs and MAPbDI,BI,
respectively*'), again illustrating the importance of the
precursor solution conditions in determining the phase purity
of the films.

Interestingly, the solution aging effects observed from the
triple cation solution were not found in conventional MAPDI;.
Fig. S61 presents DLS measurements of the MAPbI; precursor
solutions of different aging hours as well as the XRD from the
corresponding films. According to the DLS data, all the
precursor solutions, irrespective of the aging duration, con-
tained large aggregates.** However, the large aggregates did not
lead to the formation of any impurity phase as confirmed by the
XRD shown in Fig. S6b.T The final device performance did not
show any degradation over the long aging duration; in fact, the
efficiency slightly improved with aging hours, as shown in
Fig. S7.} This result is understandable in that there is only one
type of complex, a MA-based colloidal complex that existed in
the solution. Therefore, the large aggregates in the precursor
solution did not cause phase inhomogeneity in the final film of
MAPDI,.

Conclusions

We demonstrated the correlation between the precursor solu-
tion aging duration and the device performance of triple cation
perovskite, Csg o5(FAo.s3MAo.17)0.95Pb(I0.83Br0.17)3 solar cells. The
use of a precursor solution that was aged longer than the
optimum time (6 h in our case) degraded the phase purity of the
resultant films and led to poorer device performance, which we
attributed to the chemical inhomogeneity of the micron-sized
colloidal intermediates seen from the DLS measurements.
This conclusion was further supported by a study of MAPbI; in
which the existence of large aggregates, which were presumably
chemically homogeneous, did not affect the phase purity and
device performance. Our study emphasizes the importance of
understanding the behaviour of perovskite precursor solutions
and provides a practical guideline (i.e., finding an optimum
aging duration and adhering to it) for producing phase-pure
films and reproducible and high performance solar cells.
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