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free charge carriers that can migrate up to 
few microns.[7,8,21,22] Moreover, perovskite 
family is extremely tunable system that 
can incorporate a broad variety of organic 
cations[4,14,23–32] or anions[33–36] into per-
ovskite structure that provides chemical 
synthetic means to control the optical 
absorption[4,25–27,29] and improve photo- 
and environmental stability by passivation 
of the interfaces.[4,29,37,38] While tremen-
dous progress has been made in the past 
few years, one of the key challenges in the 
field of hybrid perovskites today[9,15,39–45] 
is the dependence of the optoelectronic 
properties of hybrid perovskites thin films 
predominantly on the processing condi-
tions.[12,13,40,46–48] Subtle changes in prep-
aration of the precursors or processing 
conditions, can lead to a substantial vari-
ation in the physical properties of the thin 
films and, as a result, in the observed 
experimental data.[13,49–53] The latter in 
turn has resulted in nonconsistent physical 
interpretations across the research com-

munity. The variability often finds its origins in nonuniform 
film coverage,[47,54–56] defect densities,[57,58] migration of ions or 
vacancies,[59–62] which directly compromise the overall crystal-
linity and thus also the device reliability and stability.[3,9,12,13,63] 
There have been several reports illustrating a wide range of 
processing techniques for improving the crystallinity of the per-
ovskite thin films.[3,11,13,47,64–68] However, very limited studies 
were performed on understanding the correlation between 
the nucleation process within the precursor solution and how 
it influences the formation of the final perovskite thin film. 

Perovskite materials due to their exceptional photophysical properties are 
beginning to dominate the field of thin-film optoelectronic devices. However, 
one of the primary challenges is the processing-dependent variability in the 
properties, thus making it imperative to understand the origin of such varia-
tions. Here, it is discovered that the precursor solution aging time before it is 
cast into a thin film, is a subtle but a very important factor that dramatically 
affects the overall thin-film formation and crystallinity and therein factors 
such as grain growth, phase purity, surface uniformity, trap state density, 
and overall solar cell performance. It is shown that progressive aging of the 
precursor promotes efficient formation of larger seeds after the fast nuclea-
tion of a large density of small seeds. The hot-casting method then leads to 
the growth of large grains in uniform thin-films with excellent crystallinity 
validated using scanning microscopy images and X-ray diffraction patterns. 
The high-quality films cast from aged solution is ideal for thin-film photovol-
taic device fabrication with reduced shunt current and good charge transport. 
This observation is a significant step toward achieving highly crystalline 
thin-films with reliability in device performance and establishes the subtle but 
dramatic effect of solution aging before fabricating perovskite thin-films.

1. Introduction

The rapidly improving certified photovoltaic (PV) cell power 
conversion efficiency (PCE), which now exceeds 22%[1,2] has 
made hybrid perovskite-based materials the rising star among 
solution processed thin-film PV technologies, which placed 
them into the center stage of the thin-film PV research commu-
nity.[3–16] The near exponential rise in photovoltaic performance 
is attributed to perovskites remarkable properties such as 
strong optical absorption[17,18] giving rise to highly mobile[19,20] 
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Recent works have demonstrated that PbI2-MAI (MA = methy-
lammonium) intermediate phase formation by certain choice 
of solvents and additives can serve as a nucleation seed and 
also facilitates crystal growth process.[11,69] While these studies 
suggest that nucleation within the precursor is important, out-
standing questions remain on the precursor aging time, its 
impact on thin-film crystalline quality, uniformity, and their 
correlation with solar cell performance and trap state density.

Here, we report for the first time, that the aging time of the 
precursor solution is subtle but a very important parameter that 
controls the efficacy of nucleation, thin film growth, uniformity 
(or film coverage), and trap state density, all of which directly 
determine the crystalline quality and in turn the overall per-
formance of any optoelectronic device. We show that there is a 
progressive formation of very large seeds (or crystallites) during 
the aging process of the precursor solution that are important 
for achieving high-quality thin-film growth with good conver-
sion to the perovskite phase. We observe that with increasing 
solution aging time above 24 h, the film quality improves sig-
nificantly as evidenced by larger grain features.[3,70–72] We cor-
relate the improved film quality to the efficient formation of 
large seeds characterized using atomic force microscopy (AFM) 
and scanning electron microscopy (SEM) on thin films. We 
also evaluate the crystallinity of these perovskite thin films 
using X-ray diffraction (XRD) and observe a direct correlation 
between the precursor aging time and the degree of conversion 
and crystallinity of the desired perovskite phase. As expected, 
we observe that the solar cell performance is also correlated 
with the solution aging time and for the optimal aging time 

of 48 h, we measure an average PCE exceeding ≈15% average 
efficiency in a planar device architecture. The reproducible and 
high PCE is attributed to the improved thin film quality—crys-
tallinity and coverage—and thus reduced shunt resistant and 
lower defect density in the devices prepared from an aged pre-
cursor solution. We anticipate that this discovery is a signifi-
cant step toward achieving highly crystalline thin films with a 
high degree of reliability in device performance and establishes 
the subtle but dramatic effect of solution aging before making 
perovskite thin films.

2. Results and Discussion

Figure 1 illustrates the impact of precursor aging time com-
posed with lead iodide (PbI2) and methylammonium hydro-
chloride (MACl) in dimethylformamide (DMF) (from 1 to 
48 h maintained at 70 °C in an argon-filled glove box) on 
the grain-like features. The feature sizes are measured using 
optical microscopy by averaging the apparent grains on per-
ovskite thin films synthesized using our recently reported 
hot-casting method[3,4,40,46,49,71] on an Indium tin oxide (ITO)/
Poly(3,4-ethylenedioxythiophene)-poly(styrenesulfonate) 
(PEDOT:PSS) substrate. The substrate temperature for hot 
casting was maintained at 180 °C for all the substrates before 
spin coating the precursor solution aged for different time 
periods. The typical optical microscopy images for film cast 
from the various aged solutions are illustrated in Figure 1a–d. 
The results indicate that there is a progressive increase in the 
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Figure 1. Optical microscope images of perovskite thin films produced by hot casting. The precursors are aged at different time points a) 1 h, b) 10 h, 
c) 24 h, and d) 48 h. The grain size varies from ≈20 to ≈110 µm (Scale bar: 50 µm). e) Average grain-size with error bar determined for 1–48 h aging 
time. f) LaMer diagram for crystallite formation stages in solution.
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grain size with the precursor solution aging time. We further 
plot the average grain size as a function of precursor solution 
aging time as shown in Figure 1e. The average grain size is 
calculated by taking the statistical distribution of the linecut 
over the optical image and sampling over 50 grains and over 
five different optical microscopy images. Within the first 10 h, 
the average grain sizes vary between 20–50 µm. When the 
aging time reaches 24 h, the average grain size dramatically 
increases to 105 µm. Then, it slowly increases and saturates 
to 110 µm at 48 h. The detailed measurement of grain size 
distribution is provided in Figure S1 (Supporting Informa-
tion). To understand the obtained results, we suggest that the 
grain growth process is strongly correlated with the nuclea-
tion of seeds within the precursor solution. These obser-
vations on the precursor aging effect can be well described 
using a LaMer diagram,[73–76] (see Figure 1f) which describes 
the process of the effect of precursor aging as three distinct 
regimes: (I) Prenucleation: rapid increase in the concentra-
tion of PbI2 and MACl free intermediates. (II) Burst-nuclea-
tion: fast nucleation of Pb-MA-I/Cl complex in the precursor 
solution. (III) Growth by diffusion: decrease in concentration 
of PbI2-MAI/Cl complex by forming larger crystallites. The 
precursor was made using PbI2 and MACl, and the character-
izations indeed reveal that a mixture of MAPbI3 and MAPbCl3 
is formed. The beneficial role of chloride-based precursors for 
efficient nucleation has been well demonstrated previously 
in solar cell applications.[50,77–79] At different time points, we 
take the precursor and characterize with UV–vis absorption 
and XRD (Figures S2 and S3, Supporting Information), then 
further make thin films using the hot-casting method. The 
resulting properties of precursor solution and the hot cast 
film are a direct reflection of the evolution of the PbI4

2+ com-
plex phase in precursor solution.[80] We first examine the thin 
film made from 1 h aged solution. The optical image shows 
that the majority features consist of small grains in the thin 
film, which suggests that after 1 h the prenucleation, stage 
I within the precursor solution has ended. Precursor aging 
period of 1–10 h solutions represents a burst-nucleation stage 
II dominated by a large density of small seeds, therefore, the 
obtained thin film rapidly evolves into a large number of small 
grains as illustrated in Figure 1a,b. After the short period of 
burst-nucleation, the thin film aged for 10 h shows the forma-
tion of larger grains (Figure 1b) in comparison to the 1 h aged 
precursor. This implies that the precursor solution has transi-
tioned from the burst nucleation stage II to the growth stage 
III. Moreover, the size distribution of 1 and 10 h in Figure S1 
(Supporting Information) clearly suggests a low dispersity of 
the initial nuclei distribution, which is typical indication of a 
LaMer growth process.[74] Finally, the latter occurs in the pre-
cursor solution leading to the formation of larger seeds (or 
crystallites) in the precursor solution. The growth stage is 
reminiscent of Ostwald ripening[73,81] where small crystallites 
redissolve and deposit onto intermediate size crystallites to 
form large seeds, which is consistent with previous reports of 
MABr treatment in MAPbI3.[82] Once we take the growth stage 
III solution and cast thin film with hot casting method, the 
large grain features are observed (see Figure 1c,d). Herein, we 
emphasize that the high quality bulk-like thin film resulting 
from those large size grain feature facilitates the fabrication of 

planar device with negligible shunt current[3,49] and allows for 
observation of the intrinsic optoelectronic properties through 
the film without parasitic effects from the boundaries.[46]

To validate our hypothesis that the presence of nucleating 
seeds and their size in the progressively aged precursor solu-
tion is directly correlated with observed grain size and crys-
tallinity, we drop cast the precursor solutions into thin films 
(at same concentration without heating) on a silicon wafer 
substrate to directly estimate the size of the seeds within 
the precursor by examining the roughness using AFM (see 
Figure 2a–c). Figure 2d–f are the linecuts derived from the 
AFM images in Figure 2a–c, which further illustrates the 
increase in the size of the seeds from 1 to 48 h of precursor 
aging. From the AFM images, the thin film cast from 1 h aged 
precursor has a very high density of seeds with a mean size of 
≈177 nm, consistent with burst-nucleation stage II described 
above. For the 24 h aged precursor solution, average size of 
the seeds is measured to be ≈274 nm, which further increases 
to ≈559 nm for the 48 h aged solution, indicating the solution 
reaches growth stage III. Complimentary to our inference of 
the crystallize size using AFM images, we performed dynamic 
light scattering experiments on the precursor solution aged at 
various times. The results are illustrated in Figure S4 in the 
Supporting Information, which shows that as the solution 
aging time increases, the crystallite size (in diameter) increases 
from 190 nm for 1 h solution to above 500 nm for 48 h solu-
tion. These results clearly suggest that with increasing the pre-
cursor aging time, the size of the seeds in the precursor also 
increases. Subsequently, this results in the formation of large 
grains when converted to the perovskite phase using the hot-
casting technique.

Motivated by the correlation between the size of the seeds 
with aging of the precursor solution and the resulting grain 
sizes in thin films, we performed SEM and grazing incidence 
X-ray diffraction (GIXRD) studies to evaluate the microstruc-
ture and crystalline quality of the resulting thin films pro-
duced from precursors aged at different times from 1 to 48 h 
as illustrated in Figure 3. First, we examine the SEM cross 
section of hot-cast thin films with 1 and 48 h aged precursor 
solution as shown in Figure 3a,b, respectively. The thin film 
made with 48 h aged precursor has much more uniform, 
pinhole free, and compact layer compared to the film made 
using a 1 h aged solution. Furthermore, the cross-section 
SEM images across the thin films show that the films cast 
from 48 h aged solution are bulk like and extend uniformly 
parallel to the substrate. Figure 3c shows the diffraction pat-
terns for each time stamp with red circle and green triangle 
representing methylammonium lead iodide (MAPbI3) and 
methylammonium lead chloride (MAPbCl3), respectively. It 
is well known that using this specific stoichiometric com-
bination (PbI2+MACl), the chlorine perovskite (MAPbCl3) 
phase is relatively easily formed due to the large difference 
in the ionic radii of Cl− and I− anions[49,53,77] and crystal for-
mation speed.[50,77,83] The MAPbCl3 phase is a wide bandgap 
semiconductor (bandgap = 3.11 eV)[53,84] and is considered 
an undesired phase as it exists heterogeneously, resulting 
in nonconductive regions in the perovskite thin films. Our 
results show that as the aging time increases, the XRD 
peak ratio of MAPbI3/MAPbCl3 increases dramatically as 
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shown in Figure 3d. For 1 h precursor, the XRD peak ratio 
for MAPbI3/MAPbCl3 is 1.55 in the thin film (40% MAPbCl3 
phase). However, the XRD peak ratio increases to 2.73 
(26.8% MAPbCl3 phase) when the solution is aged for 24 h. 
We also examine solvent impact on the precursor solution 
with dimethyl sulfoxide (DMSO). The results suggest that 
the MAPbI3/MAPbCl3 peak ratio is higher than DFM as sol-
vent and changed over time (see Figure S5 in the Supporting 
Information), which are suggested that DMSO is a stronger 
coordination solvent and has similar effect as DFM. Along 
with the peak ratios, Figure 3d also shows the full width half-
maximum (FWHM) of the MAPbI3 peak at 14.28° (110). With 
increasing aging time, the thin-film crystallinity is dramati-
cally improved as can be evaluated from the FWHM, which 
progressively decreases, until it becomes almost constant for 
more than 24 h of aging. Both GIXRD and FWHM results 
indicate that 24–48 h precursor aging is ideal for achieving 
good crystalline quality. This result also indicates that a 
desired MAPbI3 phase is forming more effectively from the 
aged solution. Surprisingly, we find that between 24 and 48 h 
of precursor aging, the MAPbI3 peak starts to decrease. This 
is probably due to the replacement of I− anions in MAPbI3 
with Cl− anions over such long aging times, because PbI 
bond strength is much weaker than PbCl one,[85] thus there 
is a strong propensity for the replacement of I− anions with 
Cl− anions.[86] Moreover, from the initial work by Lifschitz and 
Slyozov[87] on Ostwald ripening, suggests that the vacancies 

are expected to play a specific role during the growth process. 
Near the edges, the nucleus cavities tend to dissolve and the 
vacancies diffuse to the surface. This could also favor the I–Cl 
exchange at the surface. Based on these results, we show that 
a careful tuning of the precursor solution aging time can be 
used to limit the formation of the undesired MAPbCl3 phase 
and to improve the efficacy of the formation of the desired 
MAPbI3 phase, which is critical for achieving homogeneity in 
perovskite thin films.

To correlate our structural and thin film properties with device 
performance, we fabricated planar solar cells using an inverted 
architecture and the results are illustrated in Figure 4a. Here, 
the perovskite thin films prepared using the hot-casting method 
with precursors aged at varying time intervals as described ear-
lier and PEDOT:PSS and [6,6]-phenyl C61 butyric acid methyl 
ester (PCBM) were used as the hole and electron transport 
layers, respectively. The J–V characteristic curves measured 
under air mass 1.5 Global 1 Sun for different aging times of 
perovskite solutions are shown in Figure 4b. It can be clearly 
observed that, as the precursor aging time elongated progres-
sively from 1 to 48 h, the average power conversion efficiency 
also increased from ≈2.5% to ≈15%. Moreover, we also found 
that once the precursor solution is aged beyond 24 h, it results 
in highly crystalline films that do not exhibit any appreciable 
hysteresis (see Figure 4c). The summary of the solar cell figures 
of merit as a function of different aging times is illustrated in 
Figure 4d–g. The average open-circuit voltage (VOC) in Figure 4d  
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Figure 2. Topography images of AFM for perovskite thin film spin coated from precursor aged for a) 1 h, b) 24 h, and c) 48 h. Panels d–f) are the 
linecut analysis from panels a–c). The analysis demonstrates the crystal size increase with the aging time. These observations are consistent with 
literature-proposed nucleation process.
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does not change appreciably, which is consistent with our 
previous study that beyond 20 µm grain size, the VOC remains 
constant.[3] The increase in PCE is mainly due to the dramatic 
increase in current density (JSC) and the fill factor (FF), which 
are illustrated in Figure 4e,f, respectively. The average PCE for 
the various aging time periods follows the trend set by the cur-
rent density and fill factor. As a result, the device cast from 48 h 
solution has the best performance with average PCE of 15.22 ± 
0.45%, VOC of 0.94 ± 0.021 V, JSC of 20.92 ± 0.94 mA cm−2, and 
fill factor of 77.58 ± 0.32%. As can be seen from the J–V curves, 
the improvement on JSC with the progressive solution aging 
time of the casting precursor can be attributed to increased 
MAPbI3 phase (Figure 3d) in the thin films leading to a better 
absorption near the band edge (see Figure S6 in the Supporting 
Information). Moreover, the improvement in the fill factor is 
directly related to the improved crystallinity and uniform cov-
erage of the thin film on the substrates. According to the J–V 
curve measured under 1 Sun, the current is higher from the 
maximum power point toward the smaller field (open circuit) 
condition for the devices fabricated from 24 h aged precursor 
in comparison with device fabricated from 1 h, indicative of the 
suppressed recombination of charge carriers and a good charge 
transport of carriers. The slope near short circuit point is also 
reduced for the devices fabricated from 24 h aged in compar-
ison to the device fabricated from 1 h implying a reduced shunt 

current through pinholes or regions with nonuniform thick-
ness on the thin films.

Finally, we performed the impedance spectroscopy meas-
urement on the 1 h device as compare to the 48 h device. 
The capacitance–frequency spectrum is shown in Figure 5a 
and the phase analysis for those two devices are shown in 
Figure 5b. Also, the calculated trap density of states is pre-
sented in Figure 5c. From the results, the capacitance response 
toward the low frequency region shows a steep increase for 
the nonaged device while a much flat curve is observed for the 
aged device. In the phase analysis, the nonaged device shows 
a decrease in phase from 100 to 0.1 Hz range while the aged 
device does not show such an increase until 10 Hz. This is 
related to the low frequency dielectric loss due to the shunt in 
the device.[88] When large numbers of grain boundaries exist in 
the film, the film coverage tends to be nonuniform across the 
device as evidenced by the cross-section SEM images shown 
in Figure 3a. Those shunts or current leakages are reflected 
in the light J–V curves by the steep slope near JSC. And those 
shunts (pinhole or vacancies) can also act as a recombination 
center that reduces the open-circuit voltage. We therefore take 
the frequency range of 100–105 Hz for trap states analysis and 
the result is shown in Figure 5c. From the trap density of state 
spectrum, the trap state density are comparable in both of the 
cases, however, the aged device tend to shift the trap state peak 
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Figure 3. Thin films characterization. Cross-section SEM images of perovskite thin film from a) 1 h and b) 48 h aged precursor solution. c) Grazing 
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toward lower frequency (2 × 104 Hz) than the nonaged device 
(peaks at 8 × 103 Hz), which is correlated to a more shallow 
trap energy. By reducing the grain boundaries in the device, it 
could suppress the charge recombination and thus improve the 
charge collection.

3. Conclusion

We report a strong correlation between solution aging time 
and thin-film crystallinity in hybrid MAPbI3 perovskite mate-
rial system. Structural characterization reveals that the ratio of 

MAPbI3/MAPBCl3 is enhanced upon aging. Furthermore AFM 
studies on the as cast solution elucidate the key role of nuclea-
tion within the precursor solution with progressive aging. The 
results suggest that once the precursor solutions aged for more 
than 24 h, the crystallinity and grain-like features of perovskite 
are dramatically improved. We also show that structure and 
composition of the perovskite films have a direct impact on the 
photovoltaic device performance and characteristics. Thus, in 
summary, we have demonstrated that precursor aging repre-
sents an essential discovery for not only researchers working 
on perovskite materials but in general when precursors are con-
verted to thin films by nucleation and crystal growth during the 
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Figure 4. Photovoltaic performance as a function of precursor solution aging times: a) Planar architecture of perovskite solar cell used in this article. 
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film formation that can lead to high performance and reliable 
optoelectronic devices.

4. Experimental Section
Materials: Methylamine (33 wt% in absolute ethanol), hydrochloric 

acid (37 wt% in water), lead iodide (PbI2, 99.99% purity), PCBM 
(>99.5%), and DMF (anhydrous, 98%) were purchased from Sigma-
Aldrich and were used without further purification. PEDOT:PSS (PVP AI 
4083) was purchased from Clevios. Patterned ITO substrates (150 nm, 
7 Ω −1) were purchased from Thin Film Device Inc.

Synthesis of Methylamine Hydrochloride (MACl): Methylamine 
hydrochloride synthesis procedure is reported elsewhere.[3,49] Generally, 
dissolved 10 mL of methylamine and 50 mL of diethyl ether in 100 mL 
round-bottomed flask and then immersed in ice bath for 20 min, followed 
by the addition of 12 mL of hydrochloric acid (37 wt% in water) drop wise. 
The resulted white precipitate was collected and washed with diethyl ether 
three times and then dried in a vacuum oven at 60 °C overnight.

Perovskite Precursor Preparation and Device Fabrication: The precursor 
preparation was made using 100 mg PbI2 and equal molar of MACl in 
1 mL of anhydrous DMF with constant stirring at 70 °C for various time 
(from 1 to 48 h) for the thin-film samples and device fabrication. The AFM 
samples were prepared by taking the various aged solution and spun cast 
at room temperature with 5000 rpm for 40 s. The substrate preparation 
for device was performed following the procedure described in previous 
papers.[3,40,49] Generally, the perovskite precursor solutions were heated 
at 70 °C and then spun cast on a substrate preheated to 180 °C with 
5000 rpm for 20 s. The PCBM solution (20 mg mL−1 in chlorobenzene) 
was spin coated at room temperature on top of the perovskite film at 
1000 rpm for 45 s to form a 20 nm thick electron transport layer. Finally, 
the whole device was transferred to an inbuilt thermal evaporation 
chamber with pressure of 1e−7 Torr for thermal deposition of aluminum 
(Al) electrode. The Al top electrode was deposited through a mask that 
defined the device active area of 0.07 cm2 for the solar cells.

Films Characterization: The thin film was obtained by our recently 
developed “hot-casting” method. Specifically, the substrates were 
preheated on a hotplate at 180 °C in an argon-filled glove box. Then, the 
substrates were immediately transferred onto a spin coater chunk. After 
dropping the precursors that were aged for various time, the solution 
was kept at 70 °C to prevent temperature quenching. The spin coat was 
started immediately, the spin rate was at 5000 rpm without ramp. After 
5 s, the film turned dark brown color indicating that the perovskite phase 
was formed. The obtained thin films were taken for grazing incidence 
X-ray diffraction for structural characterization. GIXRD spectra from the 
perovskite films were obtained using an X-ray powder diffraction system 
(D5000, Siemens) with Cu Kα radiation (l = 1.5406 Å) at 0.05 per step with 
a holding time of 5 s per step under the operation conditions of 30 kV 
and 40 mA. Optical microscope images were collected using Olympus 
BX53M microscopy. Atomic force microscope images were collected 
from Bruker Multimode 8. The average domain size was calculated >50 
grains from different optical images by using analyze function of Image J.

Device Characterization: The light current–voltage curves are taken 
under air mass 1.5 G 1 Sun solar simulator by applying voltage and 
collecting current using a Keithley 2400 unit. The light was simulated by 
a xenon-lamp-based solar simulator (Oriel LCS-100). A NIST calibrated 
monocrystalline silicon solar cell (Newport532, ISO1599) was used for 
light intensity calibration every time before measurement. All the solar 
cells were covered by a shadow mask to define the illumination area. 
The hysteresis curves were taken by scanning the voltage from forward 
bias to reverse bias (or from reverse bias to forward bias) with voltage 
settling time of 3 ms and voltage step of 0.02 V.
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