
F

L
l
p

H
a

D
b

c

P

a

A
R
R
A
A

K
P
L
S
N
N

1

t
p
s
P
m
p
t
b
s
m

a
S

h
0

Applied Surface Science 405 (2017) 412–419

Contents lists available at ScienceDirect

Applied  Surface  Science

journa l h om epa ge: www.elsev ier .com/ locate /apsusc

ull  Length  Article

ow-temperature  (75 ◦C)  solid-state  reaction  enhanced  by
ess-crystallized  nanoporous  PbI2 films  for  efficient  CH3NH3PbI3

erovskite  solar  cells

uifeng  Zhenga,b, Yangqiao  Liua,c,∗,  Jing  Suna,∗∗

State Key Laboratory of High Performance Ceramics and Superfine Microstructure, Shanghai Institute of Ceramics, Chinese Academy of Sciences, 1295
ingxi  Road, Shanghai 200050, PR China
University of Chinese Academy of Sciences, 19 Yuquan Road, Beijing 100049, PR China
Suzhou Institute of SICCAS (Shanghai Institute of Ceramics, Chinese Academy of Sciences), 238 North Changchun Road, Taicang 215499, Jiangsu Province,
R  China

 r  t  i  c  l e  i  n  f  o

rticle history:
eceived 6 December 2016
eceived in revised form 7 February 2017
ccepted 8 February 2017
vailable online 12 February 2017

eywords:
erovskite solar cells
ow-temperature annealing

a  b  s  t  r  a  c  t

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  PbI2 (ln-PbI2)  films.  The
replacement  of compact  PbI2 (c-PbI2) by  ln-PbI2, results  in a significant  improvement  of  crystallinity  of
perovskite  films,  besides  the  elimination  of  remnant  PbI2. As a result,  ln-PbI2 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
olid-state reaction
anoporous PbI2

on-radiative defects

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.
. Introduction

Organometal halide perovskite solar cells (PSCs) have been a hot
opic in the field of photovoltaic research since 2012. During the
ast five years, its power conversion efficiency (PCE) has improved
harply from 9.7% to over 20% [1–5]. The dramatic improvement of
CE mainly comes from the great strides made in the preparation
ethods of fabricating high quality perovskite films, namely com-

act, pinhole-free and PbI2-free perovskite films [3,6–8]. Among
hem, the two-step solution deposition method is widely used,

ecause it offers more controllable morphology than the one-
tep method [3,9,10]. Whereas, the conventional two-step dipping
ethod, in which PbI2 films are dipped into CH3NH3I (MAI) solu-

∗ Corresponding author at: State Key Laboratory of High Performance Ceramics
nd Superfine Microstructure, Shanghai Institute of Ceramics, Chinese Academy of
ciences, 1295 Dingxi Road, Shanghai 200050, PR China.
∗∗ Corresponding author.

E-mail addresses: yqliu@mail.sic.ac.cn (Y. Liu), jingsun@mail.sic.ac.cn (J. Sun).

ttp://dx.doi.org/10.1016/j.apsusc.2017.02.057
169-4332/© 2017 Elsevier B.V. All rights reserved.
tion to react, is notorious for failing in complete conversion of PbI2
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 PbI2 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

PbI2, 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

dx.doi.org/10.1016/j.apsusc.2017.02.057
http://www.sciencedirect.com/science/journal/01694332
http://www.elsevier.com/locate/apsusc
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ower temperature; however, to our best knowledge, no concerning
tudy has been reported thus far.

Taken into account the reaction mechanism of those solid-state
eaction methods, a layer of MAI  is usually stacked on a compact
bI2 (c-PbI2) layer, in which the reaction is realized through a long-
ange interdiffusion between PbI2 and MAI  [17,19,20]. However,
he diffusion is ineffective due to the lack of kinetically favorable
an der Waals gap in the formed CH3NH3PbI3 interlayer between
AI  and PbI2 [24,25]. As a result, to enhance the diffusion, high

emperature annealing is always applied in solid-state reaction for
reparing perovskite films [25,26]. In short, the necessity of high-
emperature annealing in the conventional solid-state reaction, lies
n the long distance for diffusion. Therefore, instead of elevating the
eaction temperature to accelerate the diffusion, shortening the
istance for diffusion is another choice, while avoiding the neg-
tive effects of high-temperature annealing. That can be realized
y the application of nanoporous PbI2 (n-PbI2) films in the solid-
tate reaction: the diffusion distance in the case of n-PbI2 film will
e reduced to the size of PbI2 particles rather than the thickness
f entire PbI2 layer. Moreover, many reports have shown that the
-PbI2 will facilitate the reaction between PbI2 and MAI, as much

arger reaction interface is present in a n-PbI2 film than the con-
entional compact one [11,12,15,23,27].

In our previous work, we developed a facile way to prepare
-PbI2 films with the antisolvent-solvent extraction method [15].

n this work, however, we managed to fabricate a new type
f n-PbI2 with much worse crystallinity by omitting the post-
nnealing process of PbI2 films after preparation, which is desirable
or energy-saving. Moreover, we found that the less-crystallized
anoporous PbI2 (ln-PbI2) film was able to convert into perovskite
lm more rapidly, compared with the well-crystallized nanoporous
bI2 (wn-PbI2, with post-annealing). It can be ascribed to the fact
hat good crystallinity of PbI2 will retard the conversion of PbI2 into
erovskite [22,28,29].

Here, we apply ln-PbI2 films to realize effective low-
emperature solid-state reaction (LT-SSR). The replacement of
-PbI2 by ln-PbI2, leads to better crystallized and PbI2-free per-
vskite films, compared with the PbI2-remained films based on
-PbI2. Resultantly, those ln-PbI2 based PSCs deliver both of much
igher PCE and better stability in ambient air, as the remnant PbI2
lays an important role in the deterioration of c-PbI2 based samples.
urthermore, the annealing duration was optimized, which was
ound to be a critical factor to obtain efficient PSCs. With the optimal
rocess, a champion PCE of 13.8% was obtained and the average PCE
f 70 samples reached 10.1% with a satisfactory deviation. Addition-
lly, compared with the sample prepared at 75 ◦C, non-radiative
efects increased significantly when the sample was prepared at
40 ◦C. As a result, the champion PCE of 140 ◦C decreased to 11.8%
rom 13.8% (75 ◦C).

. Experimental section

.1. Materials and reagents

MAI  was prepared in-house according to the procedure
eported in literature [25]. PbI2, anhydrous chloroben-
ene, Li-bis(trifluoromethanesulfonyl)imide (Li-TFSI) and
-tert-butylpridine (t-BP) were obtained from Sigma-
ldrich. 2,2′,7,7′-Tetrakis[N,N−di(4-methoxyphenyl)amino]-9,
′,-spirobifluorene (Sipro-MeOTAD) and Tris(2-(1H−pyrazol-1-yl)
4-tert-butylpyridine)-cobalt(III)Tris(bis(trifluoromethylsulfonyl)

mide)) (FK209 Co(III) TFSI salt) were purchased from Lumines-
ence Technology Corp., Taiwan. Both of dimethylformamide
DMF) and 2-propanol (IPA) were dehydrated by molecular sieves
4A) before use.
ience 405 (2017) 412–419 413

2.2. Device fabrication

Fluorine-doped tin oxide (FTO; 15 � sq−1, Nippon Sheet Glass)
glass substrates were patterned by etching with Zn powder and
diluted HCl 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
15 min  before being coated with a compact TiO2 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 PbI2 was prepared by spin-coating 1 M PbI2 solution (in
DMF  kept at 70 ◦C) at 3000 r.p.m, from which the c-PbI2 films were
obtained by drying at 70 ◦C; while wn-PbI2 and ln-PbI2 films were
fabricated with additional antisolvent-solvent extraction process
developed by our group, and post-annealing was conducted on wn-
PbI2 but not on ln-PbI2 [15]. Finally, perovskite films were obtained
by sequentially spin-coating of 8 mg/ml  and 30 mg/ml  MAI solution
(in IPA) onto those PbI2 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 ln-PbI2 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 30 s 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 cm2 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 2550 V (using Cu K� 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 CH3NH3PbI3 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/cm2; Oriel
Sol3A Class AAA Solar Simulator, Newport), the J-V curves of PSCs
were recorded by a Keithley 2400 source meter through reverse
scan (1 V to −0.1 V) 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

. Results and discussion

.1. Advantages of ln-PbI2 over c-PbI2

Fig. 1 schematically shows the process of preparing perovskite
lms by the LT-SSR method. The c-PbI2 film was prepared in the
onventional way, in which the film was annealed directly after
he spin-coating of PbI2 solution; while the ln-PbI2 film was  fabri-

ated using the antisolvent-solvent extraction method reported by
ur previous work, except that the post-annealing of nanoporous
bI2 was eliminated in this work [15]. The elimination of annealing
esulted in a much worse crystallinity which was  reported to be

Fig. 2. SEM images of (a) ln-PbI2 and (d) c-PbI2. XRD spectra of films at
R method based on different types of PbI2: (a) c-PbI2, (b) ln-PbI2.

beneficial for conversion of PbI2 into perovskite, though the mor-
phology was  similar to the annealed one (Fig. S1a–c) [22,28,29].
Consequently, as depicted in Fig. S1d, ln-PbI2 is able to convert into
CH3NH3PbI3 faster compared with wn-PbI2. When those PbI2 films
were sequentially spin coated with a combination of low and high
concentration of MAI  solution, CH3NH3PbI3 films were obtained
after being annealed at 75 ◦C for varied duration.

Fig. 2 compares the differences between ln-PbI2 and c-PbI2 films

and their distinct behavior during the conversion into CH3NH3PbI3
films. The ln-PbI2 film is nanoporous, while the c-PbI2 film is really
compact, as shown in Fig. 2a and d. Additionally, both types of
PbI2 films display a strong (001) peak of PbI2 (near 12.66◦); how-

 different preparation stages based on (b)(c) ln-PbI2, (e)(f) c-PbI2.
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viously, which will deteriorate the photovoltaic performance [35].
ig. 3. SEM images of perovskite films based on (a)(c) c-PbI2, (b)(d) ln-PbI2, which
ere annealed for 60 min  at 75 ◦C.

ver, the ln-PbI2 film (0.386◦) delivers a smaller full width at half
aximum (FWHM) than that of the c-PbI2 one (0.268◦), indicat-

ng a worse crystallinity of ln-PbI2. Consequently, as depicted in
ig. 2b and e, ln-PbI2 is able to convert into CH3NH3PbI3 much faster
ompared with c-PbI2, due to its synergetic effect of nanoporous
orphology and worse crystallinity [12,15,28,29]. Fig. 2b shows

he evolution of phase composition with the reaction going on,
ased on ln-PbI2 films. Surprisingly, the as prepared film based
n ln-PbI2 only shows a weak (001) peak of PbI2 even without
ny annealing (Fig. 2b), indicating the fast conversion of PbI2 into
H3NH3PbI3. When annealed at 75 ◦C for only 5 min, the charac-
eristic peak of PbI2 disappears completely, implying a PbI2-free
H3NH3PbI3 film is obtained. When extending the duration to
0 min, the crystallinity of perovskite film gets better, as indicated
y the sharper (110) peak (Fig. 2c). Contrastively, the conversion of
bI2 into CH3NH3PbI3 based on the c-PbI2 film is less complete, as
hown in Fig. 2e. The (001) peak of remnant PbI2 is more signifi-
ant in the as prepared film based on c-PbI2, compared with that of
he ln-PbI2 based one. Though the crystallinity of CH3NH3PbI3 film
mproves apparently by extending the annealing duration, signif-
cant PbI2 still remains when annealed for 60 min  (Fig. 2e and f).
dditionally, the crystallinity of perovskite film based on ln-PbI2 is
etter than that of the c-PbI2 based one, as indicated by a smaller
WHM for the ln-PbI2 based sample (0.139◦) than that of the one
ased on c-PbI2 (0.154◦). The purer phase and better crystallinity
f perovskite film in the case of ln-PbI2 compared with that based
n c-PbI2, mainly comes from the nanoporous morphology of PbI2
hich facilitates the homogenization process.

The morphology of perovskite films based on c-PbI2 and ln-PbI2
ere compared as well, displayed in Fig. 3. Both kinds of perovskite
lm consist of polycrystals, whose average sizes are similar, as
hown in the top-view SEM images (Fig. 3a and b); in addition,
oth films deliver similar RMS  roughness as well (Fig. S2). How-
ver, the perovskite film based on ln-PbI2 seems more compact
han that of the c-PbI2 based one, indicated by its more ambigu-
us grain boundaries (Fig. 3b). On the other hand, those perovskite
lms differ much in the morphology of cross-section, as displayed

n Fig. 3c and d. For the c-PbI2 based one, the top layer is a compact
erovskite layer; however, an additional layer of remnant PbI2 is
resent between the perovskite and compact TiO2 layer, as indi-
ated by those relatively brighter nanoplates in Fig. 3c (marked
y the red dashed box) [31,32]. That was confirmed by EDS test,
s depicted in Fig. S3. The remnant PbI2 was reported to hinder
he transfer of electron from perovskite into TiO2 layer [11,33,34].
dditionally, the perovskite film based on c-PbI2 is not totally com-

act due to the incomplete conversion of PbI2, as labelled by the
ellow arrow (Fig. 3c). Contrastively, the ln-PbI2 based perovskite
lm mainly consists of several stacking layers of small grains; and
Fig. 4. (a) UV–vis spectra of perovskite films based on different types of PbI2. (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 PbI2.

no remnant PbI2 is observed, agreeing with the XRD result (Fig. 2b).
Moreover, the cross-section of ln-PbI2 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, PbI2 doesn’t convert into CH3NH3PbI3 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 PbI2, as shown in
Fig. 4a. Specifically, ln-PbI2 based perovskite film delivers higher
absorbance than that of the c-PbI2 based one in the range from
400 nm to 600 nm,  while their absorbances are similar above
600 nm.  However, it will not affect the Jsc apparently because
their light-harvesting efficiencies are almost identical, as depicted
in Fig. S5. The lower absorbance of the c-PbI2 based one mainly
results from the incomplete conversion of PbI2 into CH3NH3PbI3,
as shown in Figs. 2e and 3c. Then, both types of perovskite
films were fabricated into PSCs with a setup of FTO/compact
TiO2/CH3NH3PbI3/Spiro-MeOTAD/Ag. For the c-PbI2 based ones,
most samples deliver considerably low efficiency (below 5%); while
the ln-PbI2 based ones show much better performance. Here, the
champion samples of each group are displayed in Fig. 4b. The c-PbI2
based sample show a Voc of 0.888 V, little lower than that of the ln-
PbI2 based one (0.939 V). Meanwhile, the differences of Jsc and FF
between these two samples are more significant. The Jsc of the ln-
PbI2 based sample (21.6 mA  cm−2) is over 3 mA  cm−2 higher than
that of the c-PbI2 based one (18.5 mA cm−2); while the FF of the
c-PbI2 based one only reaches 40.8%, 25% relatively lower than its
counterpart based on ln-PbI2 (54.2%). Therefore, the ln-PbI2 based
champion device delivers a PCE of 11.0%, 64% relatively higher than
that of the c-PbI2 based one (6.7%). The lower performance of the
c-PbI2 based samples can be ascribed to two factors: Firstly, the
crystallinity of c-PbI2 based perovskite films are worse than that
of ln-PbI2 based ones, as indicated in the XRD test mentioned pre-
Secondly, the remnant PbI2 interlayer between CH3NH3PbI3 and
TiO2 will inhibit the injection of electron from CH3NH3PbI3 into
TiO2 layer [11,33,34], which was confirmed by the EIS test as well
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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].
Fig. 5. SEM images of perovskite films with varied ann

Fig. 4c). According to Cheng’s theory, the high-frequency features
f Nyquist plots should be attributed to the charge recombina-
ion across the perovskite/contact interfaces in planar PSCs [36].
s displayed in Fig. 4c, the Nyquist plots can be fitted well by
heng’s model. Based on it, we can infer that the charge recom-
ination resistance (high-frequency semicircle) of the c-PbI2 based
ne (0.40 k�) is much lower than that of the one based on ln-PbI2
1.58 k�), indicating an easier recombination across the interface of
H3NH3PbI3 (PbI2)/TiO2 for the c-PbI2 based one. It mainly comes
rom the inhibited injection of electron by the remnant PbI2 inter-
ayer, intensifying the recombination near the interface [11].

Moreover, we compared the stability of the samples from those
wo groups. All the samples were tested without encapsulation in
mbient air (∼30% RH, 27 ◦C). As shown in Fig. 4d, the PCE of the
-PbI2 based sample drops sharply in the first three days, while the
n-PbI2 based one can stabilize for one week. The worse stability
f the c-PbI2 based sample should be attributed to the remnant
bI2 as well, as demonstrated by others [23,37]. On the other hand,
ven the ln-PbI2 based sample delivers a worse stability compared
ith other reports [11,23]. That may  come from the application of a
ore reactive electrode of Ag rather than Au [11,23,38], which will

ccelerate the degradation process by consuming HI (the byproduct
f the decomposition of CH3NH3PbI3) and shifting the equilibrium
f the decomposition reaction to the side of products [38].

.2. Optimization of annealing duration

In order to increase PCE further, the annealing duration was
ptimized. Firstly, we observed the evolution of perovskite film’s
orphology with the annealing duration (from 30 min  to 120 min),

s displayed in Fig. 5. As the top-view images show, all the per-
vskite films are compact, pinhole-free, consisting of polycrystals
hose sizes are around 200 nm.  Due to annealing at a low temper-

ture (75 ◦C), no significant grain growth was observed during the
xtension of annealing duration from 30 min  to 120 min; on the
ontrary, some grains of the perovskite film annealed for 30 min
re surprisingly little larger than those with longer annealing dura-
ion (60 min  and 120 min), as depicted in Fig. 5a–c. That may  result
rom the grain growth during the stage of IPA washing, as more MAI
ends to remain on the surface when annealed for shorter duration,
ith which more additional MAI  solution will form on the surface
during this stage) to facilitate the grain growth of CH3NH3PbI3.
urthermore, as the AFM test shows, the perovskite film of 60 min
elivers the lowest RMS  (Fig. S2b and S6), indicating the smoothest
urface which is desirable for efficient PSCs [39]. On the other hand,
 duration: (a)(d) 30 min, (b)(e) 60 min, (c)(f) 120 min.

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 ln-PbI2 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
PbI2-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 CH3NH3PbI3 (tetragonal phase), respectively [40].
That demonstrates the advantage of LT-SSR method applied here,
as several reports have proved CH3NH3PbI3 film is facile to decom-
pose into PbI2 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
Fig. 6. Effects of annealing duration on (a) XRD spectra, (b) FWHM, (c) UV–vis
spectra and (d) PL spectra.
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ata.

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

As the morphology (Fig. 5) and XRD spectra (Fig. 6a) do not
ary much for those samples with different annealing duration, the
V–vis spectra do not change apparently (Fig. 6c), either. Further-
ore, PL spectra were characterized in order to study the effect

f annealing duration on the density of non-radiative defects. As
epicted in Fig. 6d, all the samples show a strong PL peak around
70 nm,  in accordance with other reports [21,42]. For the samples
nnealed for 30 min  and 60 min, the PL intensities are compara-
ive; however, when further extending the annealing duration to
20 min, the PL intensity drops to only 75% of that of the sample
nnealed for 30 min. That suggests long-time annealing, even at a

◦
emperature as low as 75 C, will lead to a significant increase of
on-radiative defects, which will deteriorate the photovoltaic per-

ormance [21]. Those defects probably contribute to the decrease

ig. 8. (a) Setup of planar PSCs in which the perovskite layer was  annealed for 60 min  at 7
repared at 75 ◦C (60 min) and 140 ◦C (20 min), respectively. (d) IPCE and the correspondi
ower conversion efficiency based on the optimal process (75 ◦C × 60 min, 70 devices).
ience 405 (2017) 412–419 417

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 Voc, Jsc and FF improve a bit, from 0.878 V, 19.4 mA cm−2

and 50.1% to 0.920 V, 20.6 mA  cm−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 CH3NH3PbI3 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
shown in Fig. 8b, the device prepared at 75 ◦C delivers a PCE of 13.8%,
with a Jsc of 22.5 mA cm−2, Voc of 0.956 V and FF of 64.2%; while
its counterpart prepared at 140 ◦C only shows a champion PCE of
11.8%, with a Jsc of 22.4 mA cm−2, Voc of 0.866 V and FF of 60.6%.
The significant lower PCE of 140 ◦C based sample mainly results
from the loss in Voc 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-
the photovoltaic performance [21]. To exclude the effect of crys-
tallinity and phase purity, XRD spectrum of the sample annealed at

5 ◦C. (b) J-V curves (champion devices in each group) and (c) PL spectra of samples
ng integrated Jsc of the champion device prepared at 75 ◦C (60 min). (e) Statistics on
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40 ◦C is provided in Fig. S7a. The spectrum suggests that the sam-
le prepared at 140 ◦C seems to be pure-phase perovskite, without
ny visible PbI2; moreover, the crystallinity of the perovskite film
nnealed at 140 ◦C is better than that annealed at 75 ◦C, indicated
y a smaller FWHM (0.111◦) than that of the low-temperature
ne (0.139◦). The non-radiative defects probably originate from the
light decomposition of perovskite layer on the surface during high-
emperature annealing, as indicated by those tiny bright particles
resent at grain boundaries, as displayed in Fig. S7b [32].

Additionally, the J-V curves of the champion device
75 ◦C × 60 min) are displayed in Fig. S8, with varied scanning
irections and scanning rates. The reverse scan delivers a PCE of
3.8%, higher than that under forward scan (10.5%), displaying
can-direction-dependent hysteresis (Fig. S8a). On the other hand,
he PCE is independent of scan-rate when changing the dwell time
rom 10 ms  to 100 ms,  as shown in Fig. S8b. This phenomenon of
canning-parameters-dependent J-V curves is frequently reported
n PSCs, whose origin is still not clear [44,45]. Moreover, the IPCE
pectrum of the best sample (75 ◦C × 60 min) is presented in Fig. 8d,
hich shows a strong response (with efficiency over 80%) in the

ange from 408 nm to 737 nm and peaks at 89.4% (610 nm). Resul-
antly, the integrated Jsc reaches as high as 21.4 mA  cm−2, in good
ccordance with that measured from the J-V curve (22.5 mA cm−2).
urthermore, the PCE distribution of 70 samples prepared with
he optimal process is shown in Fig. 8e, whose average efficiency
eaches 10.1% with a deviation of 1.6%. It demonstrates the desir-
ble reproducibility of this method, namely, the low-temperature
olid-state reaction enhanced by ln-PbI2 films.

. Conclusion

In summary, low-temperature (75 ◦C) solid-state reaction has
een demonstrated to be able to prepare high quality perovskite
lms, when enhanced by ln-PbI2 films. The results indicate ln-
bI2 films are superior to c-PbI2 films when applied in the LT-SSR
ethod, resulting in more complete conversion into better crys-

allized CH3NH3PbI3 films. As a result, the champion PCE of the
n-PbI2 based PSC (11%) is 64% relatively higher than its coun-
erpart based on c-PbI2 (6.7%). In addition, the c-PbI2 based PSC
isplays a much worse stability in ambient air, compared with
hat of the one based on ln-PbI2, due to the negative effect of
emnant PbI2. Moreover, we thoroughly investigated the effects
f annealing duration on the properties and photovoltaic perfor-
ance of CH3NH3PbI3 films. Surprisingly, we found that annealing

or 60 min  was the best: too short duration would lead to a rough
urface and worse crystallinity, while annealing too long would
esult in the increase of non-radiative defects. With the optimal
rocess, the champion device delivered a PCE of 13.8% and the
verage PCE reached 10.1%. Additionally, the device prepared with
his low-temperature method delivers a much better photovoltaic
erformance, compared with those annealed at high-temperature
140 ◦C), because the non-radiative defects are effectively inhib-
ted by avoiding annealing at a high-temperature. This work proves
he feasibility of preparing high quality CH3NH3PbI3 films at low
emperature (75 ◦C) with the solid-state reaction method when
nhanced by ln-PbI2 films. Moreover, it demonstrates the merits
f this low-temperate method, compared with the conventional
igh-temperature one, which is able to inhibit the generation of

on-radiative defects and is more energy-saving. Due to the dif-
culty of effective grain growth at low-temperature in solid-state
eaction, the performance based on this method is still behind some
igh-temperature ones [17,19]. However, with some modification
o accelerate the grain growth, this low-temperature method will
abricate PSCs as efficient as those prepared at high temperature.
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