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Organohalide perovskite films are usually prepared with the solid-state reaction at a high temperature
>100°C, which causes the increase of non-radiative defects and decomposition of perovskite films. Here,
we demonstrate it's feasible to prepare high-quality perovskite films with the solid-state reaction method
even at a temperature of 75 °C, when enhanced by less-crystallized nanoporous Pbl; (In-Pbl;) films. The
replacement of compact Pbl, (c-Pbl;) by In-Pbls, results in a significant improvement of crystallinity of
perovskite films, besides the elimination of remnant Pbl,. As a result, In-Pbl, based perovskite solar cells
display much higher power conversion efficiency (PCE) and better stability. Moreover, annealing duration
was found to be critical for high PCE and was optimized as 60 min. Finally, with the optimal process, the
champion device displayed a PCE of 13.8% and the average PCE reached 10.1% with a satisfactory devia-
tion. Furthermore, we found annealing at high temperature (140°C) led to a lower PCE compared with
that annealed at 75°C, because non-radiative defects increased significantly during high-temperature
annealing. This work may open up a promising avenue for preparing high-quality perovskite films with
the low-temperature solid-state reaction method, which is desirable for real application.

© 2017 Elsevier B.V. All rights reserved.
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1. Introduction

Organometal halide perovskite solar cells (PSCs) have been a hot
topic in the field of photovoltaic research since 2012. During the
past five years, its power conversion efficiency (PCE) has improved
sharply from 9.7% to over 20% [1-5]. The dramatic improvement of
PCE mainly comes from the great strides made in the preparation
methods of fabricating high quality perovskite films, namely com-
pact, pinhole-free and Pbl,-free perovskite films [3,6-8]. Among
them, the two-step solution deposition method is widely used,
because it offers more controllable morphology than the one-
step method [3,9,10]. Whereas, the conventional two-step dipping
method, in which Pbl;, films are dipped into CH3NH3I (MAI) solu-
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tion to react, is notorious for failing in complete conversion of Pbl,
into perovskite, especially in planar PSCs [3,11-13]; on the other
hand, dipping too long will result in abnormally large grains on the
surface [14-16]. That leads to a dilemma between the conversion
completeness and controlled morphology.

To solve the problem, with some modifications to the two-step
dipping method, a class of methods based on solid-state reac-
tion have been proposed, in which Pbl, films react with MAI solid
rather than MAI solution [17-20]. However, for all those methods,
a high temperature >100°C is often needed to drive the reac-
tion to happen, which is not desirable for energy-saving. More
importantly, Peng et al. demonstrated that non-radiative defects
of perovskite film increased significantly at higher growth temper-
ature, deteriorating the photovoltaic performance [21]. In addition,
some reports have shown that high-temperature annealing will
lead to the decomposition of perovskite and presence of remnant
Pbl,, which deteriorates the photovoltaic performance, stability
and reproducibility [11,22,23].In a word, it’s meaningful to prepare
perovskite films with the solid-state reaction method at a much
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lower temperature; however, to our best knowledge, no concerning
study has been reported thus far.

Taken into account the reaction mechanism of those solid-state
reaction methods, a layer of MAI is usually stacked on a compact
Pbl, (c-Pbl;) layer, in which the reaction is realized through a long-
range interdiffusion between Pbl, and MAI [17,19,20]. However,
the diffusion is ineffective due to the lack of kinetically favorable
van der Waals gap in the formed CH3NH3Pbl; interlayer between
MAI and Pbl, [24,25]. As a result, to enhance the diffusion, high
temperature annealing is always applied in solid-state reaction for
preparing perovskite films [25,26]. In short, the necessity of high-
temperature annealing in the conventional solid-state reaction, lies
in the long distance for diffusion. Therefore, instead of elevating the
reaction temperature to accelerate the diffusion, shortening the
distance for diffusion is another choice, while avoiding the neg-
ative effects of high-temperature annealing. That can be realized
by the application of nanoporous Pbl, (n-Pbl;) films in the solid-
state reaction: the diffusion distance in the case of n-Pbl, film will
be reduced to the size of Pbl, particles rather than the thickness
of entire Pbl, layer. Moreover, many reports have shown that the
n-Pbl, will facilitate the reaction between Pbl, and MAI, as much
larger reaction interface is present in a n-Pbl, film than the con-
ventional compact one [11,12,15,23,27].

In our previous work, we developed a facile way to prepare
n-Pbl, films with the antisolvent-solvent extraction method [15].
In this work, however, we managed to fabricate a new type
of n-Pbl, with much worse crystallinity by omitting the post-
annealing process of Pbl, films after preparation, which is desirable
for energy-saving. Moreover, we found that the less-crystallized
nanoporous Pbl, (In-Pbl,) film was able to convert into perovskite
film more rapidly, compared with the well-crystallized nanoporous
Pbl, (wn-Pbl,, with post-annealing). It can be ascribed to the fact
that good crystallinity of Pbl;, will retard the conversion of Pbl, into
perovskite [22,28,29].

Here, we apply In-Pbl, films to realize effective low-
temperature solid-state reaction (LT-SSR). The replacement of
c-Pbl, by In-Pbl,, leads to better crystallized and Pbl,-free per-
ovskite films, compared with the Pbl,-remained films based on
c-Pbl,. Resultantly, those In-Pbl, based PSCs deliver both of much
higher PCE and better stability in ambient air, as the remnant Pbl,
plays animportantrole in the deterioration of c-Pbl, based samples.
Furthermore, the annealing duration was optimized, which was
found to be a critical factor to obtain efficient PSCs. With the optimal
process, a champion PCE of 13.8% was obtained and the average PCE
of 70 samplesreached 10.1% with a satisfactory deviation. Addition-
ally, compared with the sample prepared at 75°C, non-radiative
defects increased significantly when the sample was prepared at
140°C. As a result, the champion PCE of 140 °C decreased to 11.8%
from 13.8% (75 °C).

2. Experimental section
2.1. Materials and reagents

MAI was prepared in-house according to the procedure

reported in literature [25]. Pbl;, anhydrous chloroben-
zene, Li-bis(trifluoromethanesulfonyl)imide  (Li-TFSI) and
4-tert-butylpridine (t-BP) were obtained from Sigma-

Aldrich. 2,2',7,7'-Tetrakis[N,N—di(4-methoxyphenyl)amino]-9,
9',-spirobifluorene (Sipro-MeOTAD) and Tris(2-(1H—pyrazol-1-yl)
-4-tert-butylpyridine)-cobalt(IIl)Tris(bis(trifluoromethylsulfonyl)
imide)) (FK209 Co(IIl) TFSI salt) were purchased from Lumines-
cence Technology Corp., Taiwan. Both of dimethylformamide
(DMF) and 2-propanol (IPA) were dehydrated by molecular sieves
(4A) before use.

2.2. Device fabrication

Fluorine-doped tin oxide (FTO; 15 Q2 sq~!, Nippon Sheet Glass)
glass substrates were patterned by etching with Zn powder and
diluted HCI solution. The patterned FTO substrates were cleaned
with ultrasonication sequentially in detergent (Hellmanex II, 2%),
water, ethanol, acetone and ethanol, respectively. Then those
cleaned FTO substrates were treated with ultraviolet (UV) for
15min before being coated with a compact TiO, layer by spin-
coating a yellowish solution of tetrabutyl titanate [30]. After drying
at 70°C, they were annealed at 500 °C for 30 min. Then, the films
were treated with TiCl4 solution (40 mM, 70°C) for 30 min, and
rinsed with deionized water and ethanol before being annealed at
500 °C for another 30 min.

When cooled down, the substrates were treated with UV for
15 min again, before the deposition of perovskite layer. Specifically,
a layer of Pbl, was prepared by spin-coating 1 M Pbl, solution (in
DMEF kept at 70 °C) at 3000 r.p.m, from which the c-Pbl; films were
obtained by drying at 70 °C; while wn-Pbl, and In-Pbl, films were
fabricated with additional antisolvent-solvent extraction process
developed by our group, and post-annealing was conducted on wn-
Pbl, but not on In-Pbl, [15]. Finally, perovskite films were obtained
by sequentially spin-coating of 8 mg/ml and 30 mg/ml MAI solution
(in IPA) onto those Pbl, films and annealing at 75°C or 140°C for
varied duration. For annealing at 140°C, the duration was short-
ened to 20 min to avoid the decomposition of perovskite films. For
the two-step dipping method, perovskite films were fabricated by
dipping In-Pbl; films into MAI solution (10 mg/ml in IPA) for sev-
eral minutes. Then, those perovskite films were washed by IPA and
annealed at 75 °C, unless stated otherwise.

The hole-transporting layer (HTL) was fabricated by spin-
coating of a solution of Spiro-MeOTAD (72.3 mg/ml) at 4000 r.p.m
for 30s with a recipe as reported [3], and was oxidized in a des-
iccator overnight. At last, a layer of Ag (~100 nm) was evaporated
onto the top of HTL, with an effective area of 0.15 cm? for device.
For preparing perovskite layer and HTL, all the procedures were
conducted inside an Ar-filled glovebox.

2.3. Measurement and characterization

X-ray diffraction (XRD) spectra were obtained from Rigaku
D/max 2550V (using Cu Ka radiation, with a step size of 0.02°).
A field emission scanning electron microscopy (FESEM; SU8220,
Hitachi) was used to characterize the morphology of perovskite
films and conduct Energy Dispersive X-Ray Spectroscopy (EDS)
test. A UV/Vis/NIR spectrophotometer (Lambda 950, Perkin Elmer)
was used to measure the absorption spectra of CH3NH3Pbl; films.
Photoluminescence (PL) measurement was conducted on a spec-
trometer (FLS 980, Edinburg Instruments). The topography of
perovskite films was measured in the tapping mode with an
atomic force microscope (AFM; ScanAsyst, Veeco Dimension Icon).
Under the simulated AM 1.5G illumination (100 mW/cm?; Oriel
Sol3A Class AAA Solar Simulator, Newport), the J-V curves of PSCs
were recorded by a Keithley 2400 source meter through reverse
scan (1V to —0.1V) with a step size of 11 mV and delay time
of 20 ms. And the simulated illumination had been calibrated by
an optical power meter (Newport, 1918-R) before each test. An
incident photon-to-electron conversion efficiency (IPCE) test sys-
tem (Zahner, CIMPS-pcS3/IPCE) was used to measure IPCE spectra.
Electrochemical Impedance spectroscopy (EIS) were recorded by
an electrochemical workstation (CHI660D, CH Instruments) under
simulated AM 1.5G illumination, in the frequency range from 1 MHz
to 1 HZ. The measurement of photovoltaic performance (J-V curves
and EIS) was conducted at room temperature with a controlled
relative humidity (RH) of 20%.
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Fig. 1. Schematic illustration of preparing perovskite films by the LT-SSR method based on different types of Pbl,: (a) c-Pbly, (b) In-Pbl,.

3. Results and discussion
3.1. Advantages of In-Pbl, over c-Pbl,

Fig. 1 schematically shows the process of preparing perovskite
films by the LT-SSR method. The c-Pbl, film was prepared in the
conventional way, in which the film was annealed directly after
the spin-coating of Pbl, solution; while the In-Pbl, film was fabri-
cated using the antisolvent-solvent extraction method reported by
our previous work, except that the post-annealing of nanoporous
Pbl, was eliminated in this work [15]. The elimination of annealing
resulted in a much worse crystallinity which was reported to be

beneficial for conversion of Pbl, into perovskite, though the mor-
phology was similar to the annealed one (Fig. S1a-c) [22,28,29].
Consequently, as depicted in Fig. S1d, In-Pbl, is able to convert into
CH3NH;3Pbl;3 faster compared with wn-Pbl,. When those Pbl; films
were sequentially spin coated with a combination of low and high
concentration of MAI solution, CH3NH3Pbl3 films were obtained
after being annealed at 75 °C for varied duration.

Fig. 2 compares the differences between In-Pbl, and c-Pbl; films
and their distinct behavior during the conversion into CH3NH3Pbl3
films. The In-Pbl;, film is nanoporous, while the c-Pbl, film is really
compact, as shown in Fig. 2a and d. Additionally, both types of
Pbl, films display a strong (001) peak of Pbl, (near 12.66°); how-
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Fig. 2. SEM images of (a) In-Pbl, and (d) c-Pbl,. XRD spectra of films at different preparation stages based on (b)(c) In-Pbly, (e)(f) c-Pbl,.
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Fig. 3. SEM images of perovskite films based on (a)(c) c-Pbl,, (b)(d) In-Pbl,, which
were annealed for 60 min at 75 °C.

ever, the In-Pbl, film (0.386°) delivers a smaller full width at half
maximum (FWHM) than that of the c-Pbl, one (0.268°), indicat-
ing a worse crystallinity of In-Pbl,. Consequently, as depicted in
Fig.2band e, In-Pbl; is able to convert into CH3NH3Pblz much faster
compared with c-Pbl,, due to its synergetic effect of nanoporous
morphology and worse crystallinity [12,15,28,29]. Fig. 2b shows
the evolution of phase composition with the reaction going on,
based on In-Pbl, films. Surprisingly, the as prepared film based
on In-Pbl, only shows a weak (001) peak of Pbl, even without
any annealing (Fig. 2b), indicating the fast conversion of Pbl, into
CH3NH3Pbl3. When annealed at 75°C for only 5 min, the charac-
teristic peak of Pbl, disappears completely, implying a Pbl,-free
CH3NH3Pbl3 film is obtained. When extending the duration to
60 min, the crystallinity of perovskite film gets better, as indicated
by the sharper (110) peak (Fig. 2¢). Contrastively, the conversion of
Pbl, into CH3NH;3Pbls based on the c-Pbl, film is less complete, as
shown in Fig. 2e. The (001) peak of remnant Pbl; is more signifi-
cant in the as prepared film based on c-Pbl,, compared with that of
the In-Pbl, based one. Though the crystallinity of CH3NH3Pbl; film
improves apparently by extending the annealing duration, signif-
icant Pbl; still remains when annealed for 60 min (Fig. 2e and f).
Additionally, the crystallinity of perovskite film based on In-Pbl, is
better than that of the c-Pbl, based one, as indicated by a smaller
FWHM for the In-Pbl; based sample (0.139°) than that of the one
based on c-Pbl;, (0.154°). The purer phase and better crystallinity
of perovskite film in the case of In-Pbl, compared with that based
on c-Pbl,, mainly comes from the nanoporous morphology of Pbl,
which facilitates the homogenization process.

The morphology of perovskite films based on c-Pbl, and In-Pbl,
were compared as well, displayed in Fig. 3. Both kinds of perovskite
film consist of polycrystals, whose average sizes are similar, as
shown in the top-view SEM images (Fig. 3a and b); in addition,
both films deliver similar RMS roughness as well (Fig. S2). How-
ever, the perovskite film based on In-Pbl, seems more compact
than that of the c-Pbl, based one, indicated by its more ambigu-
ous grain boundaries (Fig. 3b). On the other hand, those perovskite
films differ much in the morphology of cross-section, as displayed
in Fig. 3c and d. For the c-Pbl; based one, the top layer is a compact
perovskite layer; however, an additional layer of remnant Pbl, is
present between the perovskite and compact TiO, layer, as indi-
cated by those relatively brighter nanoplates in Fig. 3¢ (marked
by the red dashed box) [31,32]. That was confirmed by EDS test,
as depicted in Fig. S3. The remnant Pbl, was reported to hinder
the transfer of electron from perovskite into TiO, layer [11,33,34].
Additionally, the perovskite film based on c-Pbl; is not totally com-
pact due to the incomplete conversion of Pbl,, as labelled by the
yellow arrow (Fig. 3c). Contrastively, the In-Pbl, based perovskite
film mainly consists of several stacking layers of small grains; and
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Fig. 4. (a) UV-vis spectra of perovskite films based on different types of Pbl,. (b)J-V
curves, corresponding (c) Nyquist plots (the best samples in the same batch) and (d)
device stability of PSCs based on different types of Pbl,.

no remnant Pbl, is observed, agreeing with the XRD result (Fig. 2b).
Moreover, the cross-section of In-Pbl, based perovskite film is very
compact, without the presence of any pinholes, as shown in Fig. 3d.
It is worth noting that, with the two-step dipping method [3],
it’s facile to fabricate perovskite films at low-temperature (75 °C) as
well; however, the quality of those films is much worse than those
prepared by the LT-SSR method, as indicated by Fig. S4. Specifically,
when dipped too short, Pbl, doesn’t convert into CH3NH3Pbl; com-
pletely and the resultant perovskite film is far from compact (Fig.
S4a and c); while dipped too long, many micron-sized grains are
present on the surface (Fig. S4b). It demonstrates the advantages
of LT-SSR method over the two-step dipping method in controlling
perovskite film’s morphology and the conversion completeness.
Furthermore, we compared the absorption spectra of those
perovskite films based on different types of Pbl,, as shown in
Fig. 4a. Specifically, In-Pbl, based perovskite film delivers higher
absorbance than that of the c-Pbl, based one in the range from
400nm to 600nm, while their absorbances are similar above
600 nm. However, it will not affect the J,- apparently because
their light-harvesting efficiencies are almost identical, as depicted
in Fig. S5. The lower absorbance of the c-Pbl, based one mainly
results from the incomplete conversion of Pbl, into CH3NH3Pbls,
as shown in Figs. 2e and 3c. Then, both types of perovskite
films were fabricated into PSCs with a setup of FTO/compact
TiO,/CH3NH;3Pbl;/Spiro-MeOTAD/Ag. For the c-Pbl, based ones,
most samples deliver considerably low efficiency (below 5%); while
the In-Pbl, based ones show much better performance. Here, the
champion samples of each group are displayed in Fig. 4b. The c-Pbl,
based sample show a V,. of 0.888V, little lower than that of the In-
Pbl, based one (0.939V). Meanwhile, the differences of Jsc and FF
between these two samples are more significant. The Jsc of the In-
Pbl, based sample (21.6 mAcm~2) is over 3 mAcm~2 higher than
that of the c-Pbl, based one (18.5mA cm~2); while the FF of the
c-Pbl, based one only reaches 40.8%, 25% relatively lower than its
counterpart based on In-Pbl; (54.2%). Therefore, the In-Pbl, based
champion device delivers a PCE of 11.0%, 64% relatively higher than
that of the c-Pbl, based one (6.7%). The lower performance of the
c-Pbl, based samples can be ascribed to two factors: Firstly, the
crystallinity of c-Pbl, based perovskite films are worse than that
of In-Pbl; based ones, as indicated in the XRD test mentioned pre-
viously, which will deteriorate the photovoltaic performance [35].
Secondly, the remnant Pbl, interlayer between CH3NH3Pbl; and
TiO, will inhibit the injection of electron from CH3NH3Pbls into
TiO, layer [11,33,34], which was confirmed by the EIS test as well
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Fig. 5. SEM images of perovskite films with varied annealing duration: (a)(d) 30 min, (b)(e) 60 min, (c)(f) 120 min.

(Fig. 4c). According to Cheng’s theory, the high-frequency features
of Nyquist plots should be attributed to the charge recombina-
tion across the perovskite/contact interfaces in planar PSCs [36].
As displayed in Fig. 4c, the Nyquist plots can be fitted well by
Cheng’s model. Based on it, we can infer that the charge recom-
bination resistance (high-frequency semicircle) of the c-Pbl; based
one (0.40kS2) is much lower than that of the one based on In-Pbl,
(1.58kS2), indicating an easier recombination across the interface of
CH3NH3Pbl; (Pbl,)/TiO, for the c-Pbl, based one. It mainly comes
from the inhibited injection of electron by the remnant Pbl, inter-
layer, intensifying the recombination near the interface [11].

Moreover, we compared the stability of the samples from those
two groups. All the samples were tested without encapsulation in
ambient air (~30% RH, 27 °C). As shown in Fig. 4d, the PCE of the
c-Pbl; based sample drops sharply in the first three days, while the
In-Pbl, based one can stabilize for one week. The worse stability
of the c-Pbl, based sample should be attributed to the remnant
Pbl, as well, as demonstrated by others [23,37]. On the other hand,
even the In-Pbl, based sample delivers a worse stability compared
with other reports [11,23]. That may come from the application of a
more reactive electrode of Ag rather than Au [11,23,38], which will
accelerate the degradation process by consuming HI (the byproduct
of the decomposition of CH3NH3Pbl3) and shifting the equilibrium
of the decomposition reaction to the side of products [38].

3.2. Optimization of annealing duration

In order to increase PCE further, the annealing duration was
optimized. Firstly, we observed the evolution of perovskite film'’s
morphology with the annealing duration (from 30 min to 120 min),
as displayed in Fig. 5. As the top-view images show, all the per-
ovskite films are compact, pinhole-free, consisting of polycrystals
whose sizes are around 200 nm. Due to annealing at a low temper-
ature (75 °C), no significant grain growth was observed during the
extension of annealing duration from 30 min to 120 min; on the
contrary, some grains of the perovskite film annealed for 30 min
are surprisingly little larger than those with longer annealing dura-
tion (60 min and 120 min), as depicted in Fig. 5a—c. That may result
from the grain growth during the stage of IPA washing, as more MAI
tends to remain on the surface when annealed for shorter duration,
with which more additional MAI solution will form on the surface
(during this stage) to facilitate the grain growth of CH3NH;3Pbls.
Furthermore, as the AFM test shows, the perovskite film of 60 min
delivers the lowest RMS (Fig. S2b and S6), indicating the smoothest
surface which is desirable for efficient PSCs [39]. On the other hand,

the cross-sections of those films are similar as well, mainly consist-
ing of several stacking layers of small grains (Fig. 5d-f). However,
some grains reach a size as large as film'’s thickness in both films
annealed for 60 min and 120 min (labelled by the red dashed boxes),
which are absent in the case of 30 min. It indicates that grain growth
of CH3NH3PbI3 in the thickness direction is possible even when
annealed at a temperature as low as 75 °C, which can be ascribed
to the facilitation of grain growth by the setup of MAI evenly dis-
tributed inside an In-Pbl, film.

Meanwhile, XRD characterization was conducted to monitor the
changes of phase composition and crystallinity when extending the
annealing duration. Fig. 6a shows that all those perovskite films are
Pbl,-free and display the same characteristic peaks, with 14.20°,
20.13¢, 23.62° and 24.61° assigned to (110), (200), (211) and (202)
crystal planes of CH3NH3Pbls (tetragonal phase), respectively [40].
That demonstrates the advantage of LT-SSR method applied here,
as several reports have proved CH3NH;3Pbl3 film is facile to decom-
pose into Pbl, even annealed for short duration at high temperature
[31,41]. On the other hand, the FWHM of (110) peak varies much
with the duration, as shown in Fig. 6b. Specifically, the FWHM is
0.162°, 0.139° and 0.180° for 30 min, 60 min and 120 min, respec-
tively. That means the perovskite film annealed for 60 min delivers
the best crystallinity, which is desirable for efficient PSCs [35].
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Fig. 6. Effects of annealing duration on (a) XRD spectra, (b) FWHM, (c) UV-vis
spectra and (d) PL spectra.



H. Zheng et al. / Applied Surface Science 405 (2017) 412-419 417

I"’“ﬁe;\u :'- s j o (;Ef 5
T
E 0.8
>8 :
0.6 « ~
0.4 1
30 60 120 30 60 120

Annealing duration (min)

(@

Annealing duration (min)

- 12 :;‘T.:;
3 60 < 10,
o w
w 8
o
w a

IS
o
o Y

60 120 30 60 120
Annealing duration (min) Annealing duration (min)

Fig. 7. Effects of annealing duration on the photovoltaic performance: (a) Vo, (b)
Jse, (€) FF, (d) PCE. Solid stars are mean values, while hollow circles represent raw
data.

The deterioration of crystallinity, during the extension of anneal-
ing duration from 60 min to 120 min, may indicate some kinds of
defects generate when annealed too long.

As the morphology (Fig. 5) and XRD spectra (Fig. 6a) do not
vary much for those samples with different annealing duration, the
UV-vis spectra do not change apparently (Fig. 6¢), either. Further-
more, PL spectra were characterized in order to study the effect
of annealing duration on the density of non-radiative defects. As
depicted in Fig. 6d, all the samples show a strong PL peak around
770 nm, in accordance with other reports [21,42]. For the samples
annealed for 30 min and 60 min, the PL intensities are compara-
tive; however, when further extending the annealing duration to
120 min, the PL intensity drops to only 75% of that of the sample
annealed for 30 min. That suggests long-time annealing, even at a
temperature as low as 75°C, will lead to a significant increase of
non-radiative defects, which will deteriorate the photovoltaic per-
formance [21]. Those defects probably contribute to the decrease

of crystallinity for the sample of 120 min as well, as indicated in
Fig. 6b.

Then, we compared the photovoltaic performance of those three
groups based on varied annealing duration, as displayed in Fig. 7.
When the annealing duration extends from 30 min to 60 min, the
average Vo, Jsc and FF improve a bit, from 0.878V, 19.4 mA cm—2
and 50.1% to 0.920V, 20.6 mAcm~2 and 54.1% (Table S1), respec-
tively. As a result, the average PCE rises from 8.4% to 10.2%. The
improvement of photovoltaic performance can be ascribed to two
aspects: enhanced crystallinity [35] and smoother surface [15,43]
of CH3NH3Pbl; film annealed for 60 min. When further prolonging
the duration to 120 min, a slight drop is observed in all average
parameters, as shown in Fig. 7 and Table S1. Therefore, the average
PCE decreases to only 8.9% (120 min) from 10.2% (60 min). The sharp
fall of photovoltaic performance mainly comes from the increase of
non-radiative defects during the extension of duration to 120 min,
which cause sever recombination (as indicated by the PL spectra
in Fig. 6d). Hence, annealing for 60 min is the optimal preparation
process.

Fig. 8a displays the typical setup of planar PSC fabricated with
the optimal process, in which the perovskite layer is about 320 nm
with a slight variation in thickness. The uniformity in thickness is
critical to high photovoltaic performance and reproducibility [6]. In
order to display the merits of the low-temperature solid-state reac-
tion, we compared the champion devices of low-temperature (75 °C
for 60 min) and high-temperature (140 °C for 20 min) annealing. As
showninFig. 8b, the device prepared at 75 °Cdelivers a PCE of 13.8%,
with a Jsc of 22.5mAcm~2, Ve of 0.956V and FF of 64.2%; while
its counterpart prepared at 140 °C only shows a champion PCE of
11.8%, with a Jsc of 22.4mAcm~2, V, of 0.866V and FF of 60.6%.
The significant lower PCE of 140°C based sample mainly results
from the loss in Vo, and FF, which indicates a severer recombina-
tion in the case of high-temperature annealing compared with the
low-temperature one. That was confirmed by the PL spectra test,
as displayed in Fig. 8c. The PL intensity of the sample prepared at
140°C, is only 23% as high as that of the sample annealed at 75 °C,
demonstrating more non-radiative recombination defects gener-
ate during the high-temperature annealing which will deteriorate
the photovoltaic performance [21]. To exclude the effect of crys-
tallinity and phase purity, XRD spectrum of the sample annealed at
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Fig. 8. (a) Setup of planar PSCs in which the perovskite layer was annealed for 60 min at 75°C. (b) J-V curves (champion devices in each group) and (c) PL spectra of samples
prepared at 75°C (60 min) and 140 °C (20 min), respectively. (d) IPCE and the corresponding integrated Js. of the champion device prepared at 75 °C (60 min). (e) Statistics on

power conversion efficiency based on the optimal process (75 °C x 60 min, 70 devices).
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140°Cis provided in Fig. S7a. The spectrum suggests that the sam-
ple prepared at 140 °C seems to be pure-phase perovskite, without
any visible Pbl,; moreover, the crystallinity of the perovskite film
annealed at 140°C is better than that annealed at 75 °C, indicated
by a smaller FWHM (0.111°) than that of the low-temperature
one (0.139°). The non-radiative defects probably originate from the
slight decomposition of perovskite layer on the surface during high-
temperature annealing, as indicated by those tiny bright particles
present at grain boundaries, as displayed in Fig. S7b [32].

Additionally, the J-V curves of the champion device
(75°Cx 60min) are displayed in Fig. S8, with varied scanning
directions and scanning rates. The reverse scan delivers a PCE of
13.8%, higher than that under forward scan (10.5%), displaying
scan-direction-dependent hysteresis (Fig. S8a). On the other hand,
the PCE is independent of scan-rate when changing the dwell time
from 10 ms to 100 ms, as shown in Fig. S8b. This phenomenon of
scanning-parameters-dependent J-V curves is frequently reported
in PSCs, whose origin is still not clear [44,45]. Moreover, the IPCE
spectrum of the best sample (75 °C x 60 min) is presented in Fig. 8d,
which shows a strong response (with efficiency over 80%) in the
range from 408 nm to 737 nm and peaks at 89.4% (610 nm). Resul-
tantly, the integrated J. reaches as high as 21.4mA cm~2, in good
accordance with that measured from the J-V curve (22.5 mA cm2).
Furthermore, the PCE distribution of 70 samples prepared with
the optimal process is shown in Fig. 8e, whose average efficiency
reaches 10.1% with a deviation of 1.6%. It demonstrates the desir-
able reproducibility of this method, namely, the low-temperature
solid-state reaction enhanced by In-Pbl, films.

4. Conclusion

In summary, low-temperature (75°C) solid-state reaction has
been demonstrated to be able to prepare high quality perovskite
films, when enhanced by In-Pbl, films. The results indicate In-
Pbl, films are superior to c-Pbl, films when applied in the LT-SSR
method, resulting in more complete conversion into better crys-
tallized CH3NH;3Pbl3 films. As a result, the champion PCE of the
In-Pbl, based PSC (11%) is 64% relatively higher than its coun-
terpart based on c-Pbl, (6.7%). In addition, the c-Pbl, based PSC
displays a much worse stability in ambient air, compared with
that of the one based on In-Pbl,, due to the negative effect of
remnant Pbl,. Moreover, we thoroughly investigated the effects
of annealing duration on the properties and photovoltaic perfor-
mance of CH3NH;3Pbls films. Surprisingly, we found that annealing
for 60 min was the best: too short duration would lead to a rough
surface and worse crystallinity, while annealing too long would
result in the increase of non-radiative defects. With the optimal
process, the champion device delivered a PCE of 13.8% and the
average PCE reached 10.1%. Additionally, the device prepared with
this low-temperature method delivers a much better photovoltaic
performance, compared with those annealed at high-temperature
(140°C), because the non-radiative defects are effectively inhib-
ited by avoiding annealing at a high-temperature. This work proves
the feasibility of preparing high quality CH3NH3Pbl3 films at low
temperature (75°C) with the solid-state reaction method when
enhanced by In-Pbl, films. Moreover, it demonstrates the merits
of this low-temperate method, compared with the conventional
high-temperature one, which is able to inhibit the generation of
non-radiative defects and is more energy-saving. Due to the dif-
ficulty of effective grain growth at low-temperature in solid-state
reaction, the performance based on this method is still behind some
high-temperature ones [17,19]. However, with some modification
to accelerate the grain growth, this low-temperature method will
fabricate PSCs as efficient as those prepared at high temperature.
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