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Organic–inorganic hybrid perovskite solar cells have attracted tremendous attention in photovoltaic research,
but the presence of massive parasitic traps at the grain boundaries in perovskite ﬁlms discourages eﬃcient
bimolecular recombination and carrier dynamics, which limits device performance and stability. Here we report
a simple and fast chemical sintering protocol to substantially reduce grain boundary defects for as-formed ﬁlms
for diﬀerent PbI2-templated perovskite materials. With this method parasitic traps on grain boundaries are intrinsically reduced, featuring the Urbach energy reduced by 1.5 meV. For optimal photovoltaic devices, we
demonstrate a planar solar cell with power conversion eﬃciency (PCE) of 19.68% which retains 80% of this
eﬃciency over 720 h in ambient air without any encapsulation. These ﬁndings oﬀer a widely applicable, versatile process to eﬃciently reduce grain boundary defects and will be of interest to many other ﬁlm material
systems aﬄicted by polydispersity and grain boundary disturbances.

1. Introduction
Since the pioneering solid-state organic-inorganic hybrid perovskite
(OIHP) solar cells endowing the most promising performance are proposed [1], OIHP solar cells have made a rapid impact in the ﬁeld of
photovoltaics research, with the best lab-based power conversion eﬃciencies (PCEs) now exceeding 22% [2–7]. This peculiar semiconductor
can be employed within other electronic devices such as light emitting
diodes and photodetectors, featuring great potentiality [8–10]. The
advance of OIHP material is attributed to its exceptional semiconductor
properties, such as high absorption coeﬃcients, weak exciton binding
energies and long carrier diﬀusion lengths [11–15]. Generally, OIHP
ﬁlms deposited from solution processes show a high density of parasitic
traps, which originate from their lower formation energy compared to
intrinsic deep traps, including interstitial and antisite defects [16].
Additionally, it is reported that the trap density (1015–1017 cm−3) in
polycrystalline OIHP ﬁlms are much higher than that (1010 cm−3) of

⁎

single crystal [15]. In such cases, grain boundary defects distributed
across polycrystalline OIHP ﬁlm are considered as the main origin of
parasitic traps, which would cause the exciton loss with undesired recombination (such as Shockley-Read-Hall recombination) and limit
potential device performance [15,16]. In particular, the trapped charge
between the grain boundaries can accelerate OIHP degradation and
impair the long-term stability of working device [17].
In practice, even in the same batch of OIHP ﬁlm samples, it is
common to obtain varying microstructure and coverage with serious
grain boundary defects (Fig. 1a) [18]. To alleviate these issues, diﬀerent
methods have been developed to control the crystallization mechanisms, such as controlling precursor compositions, introducing chemical
adducts and modifying deposition approaches [19–26]. Most impressively, Chen et al. successfully eliminated grain boundaries to
achieve thin single crystal OIHP ﬁlm by a diﬀusion-facilitated spaceconﬁned method [27]. Based on this technique, the fully utilized subbandgap with a reduced Urbach energy (Eu) enables widened
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Fig. 1. (a) Formation of as-formed perovskite ﬁlms using conventional spin-coating process. (b) Typical chemical sintering process.

grain boundary are signiﬁcantly decreased in a few seconds, which
reduces Eu from 14.0 meV to 12.5 meV, revealing intrinsically lowered
density of parasitic traps. Investigation into the chemical sintering
process suggests a possible mechanism that the anion catalyzes the
rebuilding of lead halide (PbX2) template (ACRT) in OIHP ﬁlms. The
optimal planar solar cells using mixed OIHP with triple cations exhibit
an eﬃciency of 19.68%, which can be maintained at 80% over 720 h
without encapsulation in ambient air. This chemical sintering protocol
will guide some new possibilities to suppress the density of parasitic
traps for more durable eﬃcient OIHP electronic devices.

absorption spectra, so as to the better device performance and stability.
Unfortunately, this method is a little time-consuming owing to the large
discrepancy of the grain growth rate depending from OIHP materials to
solution system. Diﬀering organic moieties with asymmetric rotation
result in changed polarons of the crystal lattice, implying diﬀerent
dynamic kinetics during crystallization process [15]. Also, it is important to heal the grain boundary within as-formed poor quality ﬁlms.
To develop eﬃcient and stable photovoltaic devices, a serviceable applicable approach to reduce grain boundary defects with lower Eu as
well as parasitic traps should be exploited for OIHP, and especially for
as-formed iodide (I)-rich OIHP polycrystalline ﬁlms.
Notably, some works reported that SCN- additives in precursors can
assist crystal growth, which seems to be uncontrollable due to precipitation of excess PbI2 crystals [28–37]. In parallel, some solution
post-treatment methods are applied to further improve ﬁlm quality.
However, foreign ions could be introduced into OIHP lattice, thus impeding study of intrinsic properties in perovskites [38–42]. In this work,
we attempt to reduce the grain boundary defects in a series of as-formed
PbI2-templated OIHP ﬁlms by employing an easy and fast chemical
sintering protocol which can be applied irrespective of the complicated
precursor system and deposition process (Fig. 1b). We ﬁnd that an intermediate phase is immediately converted and the parasitic traps of

2. Results and discussion
Four kinds of OIHP materials, formamidinium lead triiodide (αFAPbI3), methylammonium lead triiodide (MAPbI3), methylammonium
lead iodide/bromide (MAPbI2Br) and methylammonium lead tribromide (MAPbBr3) were used to explore the applicability of the chemical sintering protocol. Herein, a two-step interdiﬀusion method was
used to deposit as-formed compact and uniform polycrystalline ﬁlm
(details can be found in the Methods section). The key step of the
chemical sintering protocol is to spin-coat ammonium thiocyanate
(NH4SCN) solutions onto the as-formed OIHP ﬁlms, which are then
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Fig. 2. (a) Top-view SEM images and respective XRD patterns of α-FAPbI3, MAPbI3, MAPbI2Br and MAPbBr3 before/after chemical sintering (scale bars: 1 µm). (b)
The evolution of α-FAPbI3 grain size dependent on sintering time. (c) PDS spectra of α-FAPbI3 and MAPbBr3 ﬁlm before/after chemical sintering (Eurbach in inserted
table is Urbach energy). (d) Stability of absorption at 550 nm and (e) beam damage (700 pA) on cross sectional STEM-HAADF images (scale bars: 200 nm) of αFAPbI3 ﬁlm before/after chemical sintering.

low-magniﬁcation SEM images are summarized in Fig. S1. Obviously,
for the three PbI2-templated OIHP ﬁlms, the amount of grain boundaries was dramatically reduced after sintering, agreeing with the narrowed full width half maximum (FWHM) of the predominant diﬀraction peaks in respective XRD patterns. Moreover, the relative positions
of the predominant diﬀraction peaks were not shifted and no new peaks
were observed (insets of Fig. 2a in XRD patterns), suggesting the absence of SCN-species after sintering. Generally, the presence of SCN- in

annealed at various temperatures.
By carefully optimizing the chemical sintering conditions, the best
solution concentration and annealing temperature was established:
6 mg/ml and 120 °C for α-FAPbI3, 6 mg/ml and 80 °C for MAPbI3, 2 mg/
ml and 120 °C for MAPbI2Br. No optimal conditions were found for
MAPbBr3. Fig. 2a shows the top-view scanning electron microscopy
(SEM) images and corresponding X-ray diﬀraction (XRD) patterns of the
OIHP ﬁlms before/after sintering for diﬀerent OIHP materials. Their
743
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Unfortunately, the Eu of MAPbBr3 ﬁlm increased from (29.0 ± 0.7)
meV to (31.0 ± 0.8) meV after sintering, which suggests a considerable improvement in the electronic disorder. This variation of Urbach
energy highlights this chemical sintering protocol can intrinsically reduce the parasitic traps of as-formed PbI2-templated OIHP ﬁlm, suggesting the signiﬁcance of the lead halide template in determining the
electronic disorder.
Fig. 2d shows the absorption stability (located at 550 nm) of αFAPbI3 ﬁlm before/after chemical sintering in ambient air. It is clear
that the as-formed ﬁlm rapidly degrades into the δ phase (Fig. S6) but
the sintered ﬁlm is stable as at the beginning after 48 h. Besides, in-situ
scanning transmission electron microscope high-angle annular darkﬁeld (STEM-HAADF) observation of beam damage on the specimen
cross-section in Fig. 2e also conﬁrmed the enhanced stability assisted by
our sintering method. These results of stability evaluation tell that the
chemical sintering can signiﬁcantly enhance the air against stability
due to suppressed parasitic traps with reduced grain boundary.
To further learn whether SCN- anions were inserted into the sintered
OIHP lattices, we used X-ray photoemission spectroscopy (XPS) and
energy dispersive X-ray (EDX) to acquire elemental information (Fig.
S7). No distinct trace of sulfur was found in the α-FAPbI3 sintered ﬁlm
by either method, though a trace amount was detected in the MAPbBr3
sintered ﬁlm, suggesting that the chemical sintering process applied to
in particular the PbI2-templated ﬁlm occurs without foreign anions. A
previous work involving NH4SCN into FAPbI3 solutions demonstrates
that some SCN- ions will be incorporated into the crystal lattice to
stabilize the α phase [46]. However, no SCN- found in this work again
suggests that the enhanced stability may be attributed to the reduced
grain boundary defects.
In the following section we’ll discuss the mechanism behind the
chemical sintering process and how it leads to a reduction of grain
boundary.
The OIHP crystal lattice is formed by a PbX2 template, which is
stabilized by ﬁlling with monovalent organic/inorganic moieties
[47,48]. However, the distinct diﬀerent results in chemical sintering
between the PbI2- and PbBr2-templated OIHP places the PbX2 template
to be the likely most crucial factor. The ionic radius of I-, SCN- and Brare 0.220 nm, 0.217 nm and 0.196 nm [49], indicating the Pb-I bond
strength is the weakest, followed by Pb-SCN, then Pb-Br. As a result,
treating the PbI2 template with NH4SCN could probably lead to Pb
(SCN)2 if I- anions are substituted by SCN-. Generally, the rates of native
anion extraction and foreign anion incorporation should be balanced.
Otherwise, over anion accumulation would lead to the lattice collapse.
However, this conversion is blocked for the PbBr2 template due to
imbalanced anion exchange. Considering the properties PbI2-templated
OIHP ﬁlms were unaﬀected after sintering, the PbI2-template has to
recover from the intermediate Pb(SCN)2 template. Such recovery is
theoretically possible on the basis of proton transfer equilibrium: the
dissociation constant (pKa) of hydroiodic acid (HI) and thiocyanic acid
(HSCN) is −9.5 and −1.85, respectively, which allows the release of
volatile HSCN from the intermediate phase (H+ may result from the
decomposition of NH4+). Overall, the total process can be regarded as
ﬁrstly intermediate Pb(SCN)2 template formation via I- extraction and
SCN- incorporation simultaneously and then PbI2 template recovery
from lower formation enthalpy due to proton transfer equilibrium. The
mechanism is regarded as that anion catalyzes rebuilding of lead halide
(PbX2) template (ACRT) in OIHP ﬁlms.
We validated our hypothesis with two experiments designed on
simple model systems. In the ﬁrst instance, as-formed PbI2 and PbBr2
ﬁlms were in-situ sintered with NH4SCN solutions under the same
conditions as making respective OIHP ﬁlms. Fig. 3a–b show the evolution of SEM and XRD of the corresponding PbX2 ﬁlms. For the PbI2
template, a smooth ﬁlm with tiny grains was converted into a porous
ﬁlm with plate shaped grains. Meanwhile, the average size of the
“melted” grain was increased around three fold. The reduced FWHM of
12.60° diﬀraction peak, assigned to (001) lattice plane, rationalized this

the OIHP crystal lattice would cause the diﬀraction peaks to shift toward lower angles [28,29]. In contrast, for the PbBr2-templated OIHP
ﬁlm, the grain boundary remained mostly the same, along with formation of some irregular ﬂakes, indicating some slight disturbance of
the grain boundary. The FWHM value almost remained the same, but
the peak position moved from 14.9° to 14.87°. This diﬀerent phenomenon caused by chemical sintering between PbI2- and PbBr2-templated
OIHP ﬁlms may originate from diﬀerent lead halide templates. The
absorption (Abs) spectra of all OIHP ﬁlms before/after chemical sintering are shown in Fig. S2. Intriguingly, only an obvious enhancement
compared to the controlled ﬁlm was observed in α-FAPbI3. Presumably,
small δ-phases mingled in the as-formed ﬁlm were beyond the XRD
resolution. After chemical sintering, they transformed into α-phases. To
prove this hypothesis, we intentionally treated a yellow color δ-FAPbI3
ﬁlm with NH4SCN solutions. As a result, a black ﬁlm with α-phase was
converted, as conﬁrmed by XRD spectra (Fig. S3). The crystal size of the
α-FAPbI3 ﬁlm treated with only IPA, or NH4I solutions shows no obvious change in Fig. S4, thus excluding possible inﬂuence of solvent and
cations. Accordingly, SCN- anions should play the dominated role in our
chemical sintering protocol. In addition, some works reported that Pb
(SCN)2 incorporation was able to decrease grain boundaries, conﬁrming
the importance of SCN- anions [28]. We also conﬁrmed this phenomenon in Fig. S4.
To better comprehend the evolution of grain boundary defects of the
PbI2-templated OIHP ﬁlms during the chemical sintering process, we
studied the time-dependent grain size particularly within α-FAPbI3
ﬁlm, as summarized in Fig. 2b. More detailed data could be found in
Fig. S5. The evolution law is described in 3 steps as follows: 1) α-phase
was immediately transformed into δ-phase, during which the grain size
grew from around 200 nm to above 2000 nm. The XRD patterns in Fig.
S5 further prove this transient phase transformation. The reason why αδ phase transformation induced enlargement of grain size can be addressed as follows: In cubic α phase (Pm3m), FA+ cations have isotropic
orientation with larger entropy. By contrast, in hexagonal δ phase
(P63mc), FA+ cations will adopt strong preferential orientations with
lower entropy [43]. In polycrystalline ﬁlm, grain boundaries generally
serve as preferential diﬀusion channel for ions/defects. Once grain
boundaries were exposed to foreign ions, ion diﬀusions will radically
occur on these boundaries, where changed local stoichiometric and
entropy will trigger and accelerate phase transition. This phase transformation is initiated from grain boundaries. As ion treatment time/
strength increases, α-δ phase transition gradually proceeds from grain
boundaries to grain interiors and ﬁnally drives all the adjacent α phase
grains fused into δ phase, thus leading to a large cluster of nonperovskite crystals [44]. Here, high density of foreign ions (NH4SCN) in
grain boundaries will greatly facilitate α-δ phase transition. 2) Afterwards, the average grain size diminished to around 600 nm at 1 s, and
then spontaneously grew to above 690 nm at 2 s, a rapid 3.45 times
change compared to the initial ﬁlm. 3) After 2 s, however, the grain size
remained almost constant. The variation process of grain size implies
that this chemical sintering protocol is highly eﬃcient. In this scenario,
on account of unobvious change of grain surface in this work, our
protocol should mainly contribute to signiﬁcantly reduce defects on
grain boundaries.
In order to further understand the inﬂuence of the reduced grain
boundary defects induced by the chemical sintering protocol, photothermal deﬂection spectroscopy (PDS), an ultrasensitive absorption
measurement technique, was applied to study the change in the Urbach
energy (Eu). The Eu can be obtained by ﬁtting the exponential decay at
the band edge of corresponding PDS curve, which is given by A = A0
exp (E/Eu), where A is the absorbance, A0 is the ﬁtting constant and E is
the excitation energy in electronvolts [45]. As shown in Fig. 2c, a lower
Urbach energy (12.5 ± 0.3) meV of α-FAPbI3 sintered ﬁlm was estimated compared to (14.0 ± 0.3) meV of as-formed ﬁlm. This 1.5 meV
diﬀerence is signiﬁcant, revealing an intrinsic lower electronic disorder
and a lower density of parasitic traps induced by our protocol.
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Fig. 3. (a) Top-view SEM images (scale bars: 500 nm), (b) XRD patterns, (c) absorption spectra of PbI2 and PbBr2 ﬁlms before/after chemical sintering. (d)
Photographs and (e) XRD patterns of PbI2 powders (0.37 g), Pb(SCN)2 powders (0.26 g) and ORG powders (0.37 g) stored in transparent bottles. ORG is the reaction
product of Pb(SCN)2 and hydroiodic acid (HI) within 3 min (f) Absorption spectra and (g) top-view SEM images of PbI2, Pb(SCN)2 and ORG ﬁlms. Scale bars in (g) are
250 nm and colorful photographs are the as-formed ﬁlms. (h) Possible mechanism of the chemical sintering protocol for PbI2-templated OIHP ﬁlm.

PbI2, Pb(SCN)2 and ORG powders, whose XRD patterns are summarized
in Fig. 3e. Identical positions of diﬀraction peaks were observed for
each sample, indicating no diﬀerence in crystal lattice between these
three materials. However, the Abs spectra of the corresponding materials in Fig. 3f shows the same photo-physical property between ORG
and PbI2 ﬁlm, which completely diﬀers from the Pb(SCN)2 ﬁlm. Hence
we deduced that PbI2 was naturally produced. As shown by the SEM
images in Fig. 3g, bulk grains in porous ORG ﬁlm likely grew from
smaller grains in PbI2 ﬁlm, which was consistent with PbI2 ﬁlm after
chemical sintering. In this way, the intermediate phase Pb(SCN)2 is
proved to be justiﬁable.
We can presume the ACRT mechanism of the chemical sintering
protocol may be divided into two stages, as illustrated in Fig. 3h: 1) The
octahedral coordination of I- anions in the PbI2-templated OIHP ﬁlm are
exchanged with SCN-: PbI2 + 2SCN- → Pb(SCN)2 + 2I-. As a result, the
intermediate Pb(SCN)2 template is immediately formed. However, this
stage is much less proliﬁc for the PbBr2-templated OIHP ﬁlm. 2) Once
stage 1 was established, the PbI2 template is simultaneously recovered
by reacting the Pb(SCN)2 template with HI: Pb(SCN)2 + 2HI → PbI2
+ 2HSCN (gas). Through periodic conversion, the PbI2 template is
quickly rebuilt via anion catalysis and grain boundary disturbance in
as-formed PbI2-templated OIHP ﬁlm is substantially suppressed after
chemical sintering.
Planar solar cells with a p-i-n heterojunction architecture: ITO/poly

morphology change. These changes agreed with the changes in the
PbI2-templated OIHP ﬁlms, indicating a potential recovery process. For
the PbBr2 template, however, the compact ﬁlm was broken into striped
grains. Moreover, the predominant XRD peak migrated from 12.60° to
17.08°. Br- is not expected to exchange with SCN-, thus the unrecoverable phase with 17.08° peak may be complex formed by the
interaction of a few SCN species. Additionally, the absorption spectra in
Fig. 3c unveiled similar changes in these ﬁlms. We used XPS spectra to
understand whether SCN- was incorporated into PbX2 sintered ﬁlms, as
shown in Fig. S8. In the PbI2 sintered ﬁlm, the signals of Pb 4f and I 3d
remained almost constant and no signal of S 2p could be observed.
Conversely, in the PbBr2 sintered ﬁlm, the binding energies of Pb 4f and
Br 3d increased by about 0.5 eV and a S 2p feature emerged. If SCN- was
to occupy Br- position, the binding energies of Pb would be reduced due
to the formation of Pb-SCN bonds which are weaker than the Pb-Br
bond [49]. However, this hypothesis is contradictory to our ﬁndings,
indicating a likely complex compound formation with a few SCN-. All
the above analyses conﬁrm the validity of the ACRT mechanism behind
the chemical sintering protocol. In our second experiment, provided Pb
(SCN)2 was produced, 3.2 g Pb(SCN)2 white powders were used to react
with HI solutions. After a few seconds reaction, yellow precipitates
were rapidly produced in a round ﬂask (Fig. S9). We then obtained
result orange (ORG) powders by rotary evaporation and washed the
powders repeatedly with ethyl ether. Fig. 3d shows the photos of fresh
745
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Fig. 4. (a) High-magniﬁcation (left) and low-magniﬁcation (right) cross-sectional STEM-HAADF images of the devices based on α-FAPbI3 before/after chemical
sintering (scale bars: 200 nm (left) and 1 µm (right)). (b) J-V curves of the devices diﬀerent OIHP materials before/after chemical sintering. (c) Time-resolved PL
spectra of the ﬁlms deposited on glass upon excitation (at 406 nm) with a pump ﬂuence of ~300 nJ cm−2. (d) J-V curve, (e) photovoltaic parameter distribution and
(f) stability without encapsulation in ambient of the best solar cells using chemical sintering.
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on traps within the whole device after chemical sintering. From TPV
measurement, we could observe that the carrier recombination lifetime
(54.99 μs) of the sintered device was prolonged compared to that
(35.01 μs) of the original device. As for light intensity-dependent Voc
measurement, the relationship between the Voc and the light intensity
(I) can be derived as:

Table 1
Summary of the optimal photovoltaic parameters for the planar solar cells with
diﬀerent OIHP ﬁlms before/after chemical sintering.
OIHP
α-FAPbI3
MAPbI3
MAPbI2Br
MAPbBr3

Before
After
Before
After
Before
After
Before
After

Jsc (mA cm−2)

Voc (V)

FF (%)

PCE (%)

20.74
22.50
20.39
21.69
11.79
13.36
7.76
0.15

1.01
1.08
1.04
1.09
1.1
1.15
1.26
0.12

75.8
76.6
74.4
76.7
73.8
76.4
64.5
37.2

15.89
18.61
15.78
18.13
9.58
11.75
6.31
0.006

Voc =

nkT
ln(I) +C
q

Where q is the basic electric charge, α is the ideality factor, k is the
Boltzmann's constant and T is the temperature. In principle, a trap-free
photovoltaic device should have a slope of kT/q (n = 1). Here the
larger slope of the original device (n = 1.32) implied the signiﬁcant
monomolecular (Shockley-Read-Hall) recombination, whereas the
slope value n was greatly reduced to 1.11 after chemical sintering, revealing that trap-assisted recombination is eﬀectively inhibited in the
device. Overall, our chemical sintering protocol is shown to be an efﬁcient route to reduce parasitic traps on the grain boundaries.
To achieve the most eﬃcient solar cells, we tried to use mixed OIHP
with triple cations (FA0.7MA0.2Cs0.1PbI3) as the light absorbing layer
due to lower trap density within the mixed OIHP [51]. Fig. 4d shows
the J-V curve of the highest performance induced by our chemical
sintering with a PCE of 19.68%, featuring a negligible hysteresis between the forward and reverse scan. In addition, much higher eﬃciency
and reproducibility for the sintered devices were illustrated by the
parameter deviations in Fig. 4e. Most importantly, as for the device
stability without encapsulation in ambient in Fig. 4f, the original device
quickly degraded after 100 h but the sintered device retained 80% of
this eﬃciency even after 720 h. Hence, the performance and stability of
device was greatly improved by our chemical sintering approach.
To popularize our chemical sintering protocol, we have also applied
this method on traditional one-step solution deposited perovskite devices (Fig. S14). We found that the photovoltaic performances can be
signiﬁcantly improved from 11.05% to 16.5% after the chemical sintering, revealing the wide feasibility for future application.

[bis(4-phenyl)(2,4,6-trimethylphenyl)amine]
(PTAA)/OIHP/phenylC61-butyric acid methyl ester (PCBM)/ branched polyethylenimine
(PEI)/Ag were fabricated to evaluate the chemical sintering protocol.
Fig. 4a shows the cross-sectional STEM-HAADF images of the α-FAPbI3
devices, where plenty of smaller grains were observed in the original
ﬁlm but single large grains directly contacting with anode and cathode
were observed in the sintered ﬁlm. This signiﬁcant discrepancy indicates that the chemical sintering method can diminish the trap-induced exciton recombination that occurs strongly at the grain boundaries so as to eﬃciently enhance carrier lifetime and charge extraction.
The low magniﬁcation STEM images revealed a much uniform and
compact ﬁlm after chemical sintering compared to the original one. The
well-deﬁned planar proﬁles were shown as the elemental maps of respective EDX spectra (Fig. S10). Fig. 4b exhibits the photocurrent-voltage (J-V) curves of the optimized devices employing various OIHP
materials before/after chemical sintering. With regards to J-V hysteresis, there was no obvious discrepancy between the forward and reverse
sweep directions, which is the general case within the p-i-n conﬁguration [7]. The corresponding photovoltaic parameters are summarized in Table 1. Obviously, when PbI2-templated OIHP was used, the
short circuit current densities (Jsc) of the sintered devices signiﬁcantly
surpassed those yielded by the original devices. External quantum efﬁciency (EQE) measurements were carried out to conﬁrm the photocurrent improvement by the sintering protocol, as observed in Fig. S11.
Since there was no evident enhancement of the absorption spectra, the
Jsc increase can be attributed to the reduced parasitic traps on the grain
boundary. As a consequence, the best PCE of the sintered devices using
α-FAPbI3, MAPbI3 and MAPbI2Br was 18.61%, 18.13% and 11.75%,
with improvement of 17.12%, 14.89% and 22.65%, proving the chemical sintering protocol as an eﬃcient step to enhance PbI2-templated
OIHP device performance. However, the sintered device of MAPbBr3
failed to work with a PCE of 0.006%, which was caused by the serious
grain boundary defects.
To assess the photoluminescence lifetimes of the corresponding
ﬁlms, time-resolved photoluminescence (TRPL) spectra were measured
(Fig. 4c). All the curves were ﬁtted with a double-exponential decay
function: L = Cfastexp(-t/τfast) + Cslowexp(-t/τslow), where L is the PL
intensity, Cfast and Cslow are the amplitudes, and τfast and τslow are the
corresponding carrier lifetime, respectively [50]. Among these parameters, the value of τslow is generally regarded as the decay lifetime
because it represents the bimolecular recombination in the OIHP volume. By ﬁtting all the decay curves into this model (the ﬁtting data can
be seen in Fig. S12), we observed that τslow (71 ns, 21 ns and 37 ns) of
as-formed α-FAPbI3, MAPbI3 and MAPbI2Br ﬁlms were profoundly
lower than τslow (105 ns, 57 ns, and 44 ns) of the sintered ﬁlms, respectively. Hence the prolonged carrier lifetime encouraged by the reduced grain boundary disturbance will eﬃciently enhance the bimolecular band-to-band recombination, accounting for the enhanced
photocurrent of the PbI2-templated sintered devices. Unfortunately,
τslow of the MAPbBr3 ﬁlm was reduced from 10 ns to 5 ns after sintering.
In addition, transient photovoltage decay (TPV) and light intensitydependent Voc (shown in Fig. S13) were used to supply detailed change

3. Conclusion
In summary, the grain boundary defects are eﬀectively reduced via
a novel chemical sintering protocol toward as-formed PbI2-tempated
OIHP ﬁlm. We ﬁnd that this easy and fast process will signiﬁcantly
reduce in a few seconds the parasitic traps lying in the grain boundary.
The PDS spectra reveal substantially suppressed parasitic traps with an
Urbach energy reduced by 1.5 meV. We demonstrate the underlying
mechanism that the anion catalyzes rebuilding of lead halide template,
which is caused by PbI2-template recovery from the intermediate Pb
(SCN)2, and is mostly dependent on the size of halide anion. A best PCE
of 19.68% is achieved for the mixed OIHP solar cell by chemical sintering, of which 80% is retained beyond 720 h in ambient conditions
without encapsulation. We expect that our investigation of such a
simple yet time-saving chemical method would inspire similar innovations to reduce or even eliminate the grain boundary defects in
other related ﬁlm photovoltaic areas, and could possibly alleviate the
need for complicated precursors, additives and annealing in the manufacturing process.
4. Experimental section
4.1. Substrate preparation
ITO-coated glass (20 Ω/square) was sequentially cleaned with detergent, deionized water, acetone for 15 min before drying. After exposure with a 5 min ultraviolet ozone plasma, the ITO substrate was
covered with PTAA solution (2 mg/ml) in toluene by spin-coating at
6000 rpm for 1 min, and then annealed at 100 °C for 10 min.
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4.2. OIHP ﬁlm fabrication

4.6. Device characterization

FAI, MAI, MABr and CsI were purchased from 1-M (Canada), and
used with 70 mg/ml by dissolving in 2-propanol (99.5 wt%, Alfa Aesar).
PbI2, PbBr2 and Pb(SCN)2 were all obtained from Alfa Aesar. To prepare
the polycrystalline OIHP ﬁlms, PbI2 or PbBr2 solution (600 mg/ml in
DMF) was initially spin-coated on the PTAA/ITO substrate at 6000 rpm
for 40 s. For α-FAPbI3, MAPbI3, MAPbI2Br and FAMACsPbI3 ﬁlms,
200 μL FAI, MAI, MABr, FAI/MAI/CsI solutions in 2-propanol heated to
60 °C were spin-coated on PbI2 ﬁlm at 6000 rpm for 30 s, then crystallized by annealing at 120 °C for 120 min, respectively. For MAPbBr3
ﬁlm, 200 μL MABr solution was similarly spin-coated on t PbBr2 ﬁlm,
then annealed at 90 °C for 20 min. After annealing, all the prepared
OIHP ﬁlms were washed with 2-propanol for 1 min to remove residual
organic components. All the solution processes were implemented in a
N2-ﬁlled glovebox.

The photovoltaic performance was estimated under a AAA solar
simulator (XES-L300SS, SAN-EI), AM 1.5G irradiation with an intensity
of 100 mW cm−2. The light intensity was calibrated by a monocrystalline silicon cell (VLSI Standards S/N: 10510-0533). The photocurrent-voltage (J-V) curve was measured by a Keithley (2602 Series
Sourcemeter), and the scan rates were performed by 0.05 V/s starting
from −0.1 V to 1.2 V. Incident photon-to-current conversion eﬃciency
(IPCE) spectra were collected at DC mode by the solar cell quantum
eﬃciency measurement system (SolarCellScan 100, Zolix instruments.
Co. Ltd). The area of each device, calibrated by the shadow mask, was
9.00 mm2.
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4.3. Chemical sintering process
NH4SCN (99.99% trace metal basis, CAS No. 1762-95-4) was purchased from Sigma-Aldrich and used without further purifying. To drive
the OIHP ﬁlms recrystallization, 2 mg/ml, 4 mg/ml, 6 mg/ml, 8 mg/ml
NH4SCN solutions were ﬁrst prepared with 2-propanol, respectively. In
order to optimize the grain crystallinity, varied concentrations of
NH4SCN solution were spin-coated onto the OIHP ﬁlms at 3000 rpm for
30 s and then annealed at 80 °C, 100 °C and 120 °C for 5 min. Finally,
droplets of 2-propanol were spin-coated upon the OIHP ﬁlms to wash
oﬀ unreacted NH4SCN.
4.4. Device completion
PCBM layer was deposited on the OIHP ﬁlm by spin-coating PCBM
(99.5 wt%, Solenne)/chlorobenzene (20 mg/ml) solution at 3000 rpm
for 1 min. Afterwards, 0.2% weight concentration of PEI (molecular
weight of 25,000 g/mol, Sigma-Aldrich) in 2-propanol was spin-coated
sequentially at 5000 rpm for 1 min. Finally, 120 nm silver electrodes
was evaporated at a rate of 1.0 Å/s under vacuum of 10−5 mbar.
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Appendix A. Supporting information
Supplementary data associated with this article can be found in the
online version at doi:10.1016/j.nanoen.2018.11.021.

4.5. Material and ﬁlm characterization
A ﬁeld emission scanning electron microscope (SEM) (Quanta 250,
FEI, USA) was used to investigate the morphology and crystallinity. The
cross-sectional STEM-HAADF measurement was carried out in a FEI
Osiris STEM (200 kV acceleration voltage) on cross-sectional lamellae
prepared with a FEI Helios Nanolab FIB/SEM. The EDX maps were
acquired using a Bruker Super-X detector, with a probe current of 700
pA and a dwell time of 100 ms/pixel (Ref. [52]). The crystalline
structure on PTAA/ITO substrate was performed by a X-ray diffractometer (D/MAX-2400, Rigaku, Japan) with Cu Kα radiation. The
absorption spectra were conducted by a ultraviolet-visible spectrophotometer (Fluoromax 4, Horiba Jobin Yvon, USA). All the samples
were measured for three times to improve accuracy. A X-ray photoemission spectroscopy (AXIS ULtrabld, Kratos, UK) was employed to
analyze the element distribution, which was calibrated with the C 1s
orbit (284.66 eV). Time-resolved PL spectra were obtained by exciting
the samples prepared on glass with pulsed laser (NanoLED-405LH,
Horiba) emitting at 406 nm with a pulse width of 100 ps and a repetition rate of 1 MHz. In case of TPV measurements, the devices are
connected to the oscilloscope with 1 MΩ input terminal, and the constant background illumination was obtained from a white LED (Guang
Hong B001, Taiwan). The perturbation was applied through a 530 nm
green LED pulse (Guang Hong B033, Taiwan). The resulting photovoltage transient are recorded in an oscilloscope (TDS 2024B, Tektronix).
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