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Recent developments of PSCs have achieved great progress with power conversion eﬃciency reached to 22.1%.
The crystal growth process as an important factor will signiﬁcantly inﬂuence the quality of perovskite ﬁlms and
the device performance. In this paper, we demonstrate a simple approach for fast preparation based on the
precursor compositions of (FAPbI3) 0.85 (MAPbBr3)0.15 by regulating the temperature during annealing process
for transition from FAI, PbI2, MABr, and PbBr2 to perovskite. The ﬁlm will be shaped in 15 s for one-step
deposition at annealing temperature of 220 °C. It has been found that higher temperature will induce perovskite
to form larger size and oriented crystal grains rapidly. This will contribute to longer carrier lifetime and smaller
carrier recombination which, are beneﬁcial for solar cell device. The champion cell with PCE of 17.1% had been
obtained measured under conditions of AM 1.5 G, 100 mW/cm2. Furthermore, this method exhibits good
stability which is beneﬁted from large size crystal, the device will not be deteriorated and the PCE maintained
over 90% after 3 months.

1. Introduction
Organic-inorganic perovskite and its derivatives as a new branch of
solar cells have achieved rapid development since miyasaka and coworkers reported perovskite solar cells (PSCs) for the ﬁrst time in 2009
[1–7]. In the past few years, PSCs have shown rapid progress due to the
high power conversion eﬃciency (PCE) and relatively low potential
cost. Park et al. reported Spiro-OMeTAD as HTM used in solid state
organic/inorganic perovskite solar cells (PSCs) and got photoelectric
conversion eﬃciency of 9.7% [8]. In last year, seok's team used
intramolecular exchange process (IEP) technique to induce perovskite
to form crystals by PbI2-DMSO reacting with FAI and got 20.1% power
conversion eﬃciency. This certiﬁed record was refreshed up to 22.1%
until today [9].
Despite such a rapid progress in perovskite solar cells [10–13],
many issues about eﬃciency and stability in the light-harvesting
process still remain unclear. The intrinsic property of the metal-halide
perovskite was proposed as a fundamental factor inﬂuencing the
performance. The poor morphology of the perovskite thin ﬁlm, trap
states at surface, interstitial defects in crystal lattice, recombination
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between charge carriers, and the crystallization process during the
growth of the perovskite thin ﬁlms not only cause electrical shorting
but also harm charge carriers transportation. In order to increase
devices performance and avoid energy loss, researchers focus their
attention on making dense and low defects perovskite layer with high
quality crystallization.
A large number of recent successes on lead halide perovskite solar
cells are observed in solution processed thin ﬁlms due to their facile
fabrication and several strategies have been used to control the
crystallization processes. Adjustment of precursor solution [14], additives like HX [15], gas-assisted method [16], microwave irradiation
process [17], and laser-assisted crystallization [18] have been used for
nucleation and to promote growth of the perovskite crystals. The eﬀect
of crystallization conditions, especially temperature has an important
impact on the morphology of the perovskite ﬁlms. The eﬀect of
temperature and annealing time on the perovskite crystal formation
have lot of reports, ranging from 90 °C to 130 °C and from 20 to 90 min
respectively. Liu's team had reported that higher temperature will
produce perovskite ﬁlms (MAPbI3) not only got better crystallinity and
larger grain size, but also better photovoltaic performance with a PCE
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carrier gas, at 460 °C from a precursor solution of 0.6 ml of titanium
diisopropoxide and 0.4 ml of bis (acetylacetonate) in 7 ml of anhydrous
isopropanol. A mesoporous TiO2 layer (dysol, particle size: about
30 nm, crystalline phase: anatase, diluted to w/w=1/6 in ethanol)
about 160–180 nm thickness ﬁlm was deposited by spin coating at
4000 rpm for 20 s onto the bl-TiO2/FTO substrate. After spin coating,
the substrate was immediately dried on a hotplate at 80 °C, and the
substrates were then calcined at 500 °C to remove organic components.
The perovskite ﬁlm was deposited by spin coating onto the TiO2
substrate. The prepared FAI powders and PbI2 (TCI) for 1.2 M
(FAPbI3) 0.85 (MAPbBr3)0.15 solution were stirred in a mixture of
DMSO and DMF (v/v=8:2) at 60 °C for completely dissolved. The
resulting solution was coated onto the mp-TiO2/bl-TiO2/FTO substrate
by a consecutive two-step spin-coating process at 1100 and 5000 r.p.m
for 20 s and 30 s respectively. During the second spin-coating step at
last 10 s, the substrate was treated with weak corrosive mixed antisolvent (chlorobenzene1) to form the perovskite crystal, and the
substrate was then heated at 220 °C for 15 s on a hotplate under low
speed ﬂow clean dry air. Then quickly transferred to the aluminum
plate for radiating to prevent the ﬁlm from continuous overheating.
When the temperature decreased to 80–100 °C, annealing at 105 °C for
another 5 min. (The conventional method was that the ﬁlm coated with
perovskite precursor was directly heated at 100 °C for 1 h). FAI was
synthesized from hydroiodic acid reacting with formamidine acetate
according to reference. The HTM layer was deposited by spin-coating
at 4000 rpm for 20 s, using a solution of spiroMeOTAD, 4-tertbutylpyridine, and lithium bis (triﬂuoromethylsulphonyl) imide and
the Co (III)-complex. Finally, Gold (80 nm) counter electrode was
deposited by thermal evaporation on top of the device to form the back
contact.

of 12.9% prepared at 200 °C and heated for 6 min [19]. But the most
commonly used lead halide perovskite of MAPbI3 has a lower thermal
decomposition temperature, and the decomposition process can be
further accelerated by high temperature [20–22]. Due to the thermal
stability obstacle, high temperature treatment of lead halide perovskite
ﬁlm crystallization for fast preparation only has scarcely studies [23–
25]. In this aspect, a higher thermal decomposition material (FAPbI3)x
(MAPbBr3)1−x is desired to resist heating destruction, which will enable
perovskite ﬁlms can be subjected to high temperature treatment owing
to improved stability of intrinsic perovskite absorber layer and much
higher formation energies [26,27].
The conventional thermal annealing process transfers energy into
the as-prepared perovskite ﬁlm is from bottom to up, which retards the
evaporation of the solvent and makes the grains grow gradually. In
contrast, high-temperature provides a simple and straight forward way
to deﬁne the crystal orientation, unit cell volume and grain size.
Compared with conventional annealing method which usually produces
more defects with small crystal grain, perovskite ﬁlms treated by high
temperature always have slightly larger grain size which could render
low trap density and excellent charge-carrier diﬀusion length. This can
eﬀectively reduce carrier recombination rate, and at the same time
improve the carrier mobility and charge carrier collection eﬃciency
[28–30]. All of this will deliver decent power conversion eﬃciency
(PCE).
In this work, we demonstrate a simple approach for fast preparation method at annealing temperature of 220 °C, and the ﬁlm will be
shaped in 15 s. The precursor composition was changed from MAPbI3
to (FAPbI3) 0.85 (MAPbBr3)0.15 for one-step deposition. The eﬀects of
high-temperature treatment on the crystallinity, morphology of perovskite ﬁlm and associated photovoltaic performance were systematically investigated. Results showed that higher annealing temperature
would accelerate transition rate from FAI, PbI2, MABr, and PbBr2 to
(FAPbI3) 0.85 (MAPbBr3)0.15 and produce perovskite ﬁlm with better
crystallinity, enhanced crystal orientation and larger crystal grain,
which was further conﬁrmed by an XRD analysis. The TAS results
showed that the carrier lifetime increased from 200.6 to 440.1 ns by
high temperature treatment. The largest crystal grains around 800 nm
had been produced at 220 °C, which delivered a highest PCE of 17.1%.
In addition the as-prepared perovskite solar cell have higher stability.
The device without any encapsulation did not deteriorate with the PCE
maintaining over 90% for 3 months after its preparation while the
device prepared by conventional method only held 3 weeks.

2.3. Characterization
The PCE and J–V curves were measured by using a solar simulator
(Newport, Oriel Class A, 91195A) with a source meter (Keithley 2420)
at 100 mA/cm2 illumination AM 1.5 G and a calibrated Si-reference
cell certiﬁed by NREL. The J–V curves for all devices were measured by
masking the active area with a black mask 0.09 cm2. UV–vis absorption
spectra were recorded on a UV–vis spectrometer (Hitachi U-3300).
Incident photon to current eﬃciency (IPCE) were conﬁrmed as a
function of wavelength from 300 to 800 nm (PV Measurements, Inc.),
with dual Xenon/quartz halogen light source, measured in DC mode
with no bias light used. The setup was calibrated with a certiﬁed silicon
solar cell (Fraunhofer ISE) prior to measurements. Film morphology
was investigated by using a high-resolution scanning electron microscope equipped with a Schottky Field Emission gun. PL spectra were
recorded by exciting the perovskite ﬁlms deposited onto mesoporous
TiO2 at 490 nm with a standard 450 W Xenon CW lamp. The signal was
recorded by a spectroﬂuorometer (photon technology international)
and analyzed by the software Fluorescence. X-ray diﬀraction spectra of
the perovskite ﬁlms were recorded on an X’Pert MPD PRO
(PANalytical). The data were collected at room temperature in the 2θ
range 10–50°. The automatic divergence slit (10 mm) and beam mask
(10 mm) were adjusted to the dimension of the ﬁlms. A baseline
correction was applied to all X-Ray thin ﬁlm diﬀractograms to
compensate for the broad feature arising from the FTO glass and
anatase substrate. Transient absorption spectra (TAS) was record on
LKS (Applied photophysics). The cells were measured before evaporating gold counter with a pump light wavelength of 500 nm and a probe
light wavelength of 760 nm. Repetition rate of 5 Hz, the energy of laser
device is 150 μJ/cm2.

2. Experimental
2.1. Materials
Lead (II) Iodide (99.99%, trace metals basis) [for Perovskite
precursor] was purchased from TCI, CH3NH3I from Xi’an Polymer
Light Technology Corp., TiO2 (particle size: about 30 nm, crystalline
phase: anatase) TiO2 from dysol. DMF, chlorobenzene, lithium bis
(triﬂuoromethylsulphonyl) imide (Li-TFSI) and 4-tert-butylpyridine
(tBP) from Aldrich, and spiroMeOTAD from Borun New Material
Technology Co., Ltd. All chemicals were directly used without further
puriﬁcation. Patterned FTO-coated glass substrates with a sheet
resistance of 15 Ω sq−1 were cleaned sequentially by ultrasonication
in mild detergent, deionized water, acetone and ethanolamine. The
substrates were exposed to UV-ozone for 20 min prior to the spin
coating step.
2.2. Solar cell device fabrication
A thick dense blocking layer of TiO2 (bl-TiO2) was deposited onto Fdoped SnO2 (FTO) substrate by spin coating to prevent direct contact
between the FTO and the hole-conducting layer. A TiO2 blocking layer
was deposited on the cleaned FTO by spray pyrolysis, using dry air as

3. Result and discussion
Fig. 1 depicted the preparation process, the precursor solution was
spin-coated on the TiO2 substrate to form perovskite layer followed by
61
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Fig. 1. Schematic of high temperature treatment for Perovskite solar cell rapid preparation and large particles crystals prepared by high temperature-induced method. Low temperature
aluminum as heat transfer plate to prevent the ﬁlm from continuous heating.

thermal annealing around 220 °C for 15 s to complete the perovskite
crystal formation. Then, the ﬁlm was quickly moved to low temperature
heat transfer plate to prevent the ﬁlm from continuous heating.
Thermal stability perovskite capping layer was formed due to enhanced
cohesion in crystal lattice. In additional, the beneﬁt of the approach can
also act as templates to direct nucleation or crystal growth, which
would help ﬁlm to form a uniform surface morphology and big size
grain.
The morphology of perovskite ﬁlm based on one-step solution
deposition method was mainly governed by nucleation and crystal
growth. When the perovskite ﬁlm landed on the hot substrate for
annealing, the solvents quickly evaporated and the perovskite began to
nucleating and crystallizing. Generally, rapid nucleation and slow
crystal growth were promising ways to obtain perovskite ﬁlms of high
optoelectronic quality. We introduced high temperature annealing as a
method for crystal engineering of perovskite. It could enable heterogeneous nucleation which was believed to be orders of magnitude faster
than the homogeneous nucleation. This was attributed to continuously
supplying heat was far more than the nucleation free energy barrier
[31,32]. Therefor it resulted in smooth perovskite ﬁlms with fewer
defects and larger oriented grains.
In order to check the eﬀect of temperature on the perovskite
formation, XRD measurement has been conducted to monitor this
process. XRD patterns of MAPbI3 and (FAPbI3) 0.85 (MAPbBr3)0.15
ﬁlms annealing at 220 °C for 15 s, the MAPbI3 ﬁlm was decomposed
obviously (Fig. S1), the XRD peak located at 12.6° which is assigned to
(001) of the PbI2 becomes stronger while (110) peak (belongs to
perovskite) becomes weaker. It indicates that formamidine perovskite
ﬁlm has a higher decomposition temperature. The ﬁlms of (FAPbI3) 0.85
(MAPbBr3)0.15 annealing at 160 °C, 180 °C, 200 °C, 220 °C and 240 °C
for 15 s respectively, as illustrated in Fig. 2(a), PbI2 gradually
transformed into perovskite and all the perovskite ﬁlms exhibited
strong diﬀraction peaks at 14.1°, 28.4° and 31.9°, which can be indexed
to the (110), (220) and (310) planes of the perovskite crystal (β- phase)
[33]. Compound of PbI2 was completely converted to perovskite at
220 °C, and the diﬀraction peaks almost cannot be detected. But the
transition from (FAPbI3) 0.85 (MAPbBr3)0.15 to PbI2 was signiﬁcantly
observed while annealing temperature increasing from 220 to 240 °C,
indicating the partially decomposition of the perovskite ﬁlm.
Additionally, an increase of diﬀraction intensity ratio between (110)
and (310) indicated that the orientation of perovskite crystal was

Fig. 2. (a) XRD patterns of perovskite ﬁlms deposited on glass substrate treated by
diﬀerent temperature (b) UV absorption of perovskite ﬁlm annealing at diﬀerent time
deposited on meso-TiO2/bl-TiO2/FTO substrates.
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enhanced with increasing temperature. The result clearly showed that
the intensity of (110) and (220) peaks were very strong compared to
other peak, demonstrating better crystallization of perovskite ﬁlm
which is good for optoelectronic device performance. The perovskite
ﬁlms were annealing at 220 °C for 10 s, 20 s, 30 s and 60 s (Fig. S2).
Parts of PbI2 had not transformed into perovskite completely which can
be ascribed to the insuﬃcient crystallization when the heating time is
only 5 s. Along with the heating time increased to 30 s, an additional
peak at 12.6° related to PbI2 still can be observed in the XRD pattern,
which means the partially decomposition and leads to the descent of
crystallinity. The perovskite ﬁlms of pure (FAPbI3) 0.85 (MAPbBr3)0.15
were formed under high temperature treatment for 15 s, indicating the
remaining solvent will evaporate in less than 15 s. The fast evaporation
of solvent accelerated the crystallization as well as directed nucleation
or crystal growth which would lead to the higher quality of perovskite
ﬁlm.
The optical absorption of pristine ﬁlms annealing at 220 °C were
investigated by UV–vis spectrometers as shown in Fig. 2(b), there was
a notable increase in the absorbance in 15 s, probably due to the
increased PbI2 conversion to perovskite at higher speed and better
crystallinity; after 20 s, the absorbance had a signiﬁcantly decrease
which should be ascribed to perovskite decomposition, and this result
correlated with the XRD data.
In order to have a comprehensive understanding of temperature
inﬂuence on the crystallization, the surface and sectional morphology
of perovskite ﬁlms were investigated by scanning electron microscopy
(SEM) which were prepared by conventional one-step deposition
annealing at 100 °C and high temperature treatment at 160 °C,
220 °C respectively. The corresponding results are shown in Fig. 3, a
series of clear changes have taken place on the ﬁlms. As exhibited in
Fig. 3(a) and (c), perovskite thin ﬁlm prepared at 100 °C with the
crystal size around 200 nm. The sectional crystal boundary was not
clearly and most area was blur, indicating poor crystallize. As temperature increased to 160 °C, the crystal grains and boundary were
observed more clearly with grain size increased gradually. More heat
energy was provided to improve the crystallization of the pristine ﬁlm
at 220 °C. Therefore, the ﬂatter surface and arranged crystal grains
were formed with the maximum diameter of 800 nm shown in Fig. 3(b)
and (d), indicating higher reaction temperature will produce larger
crystal grains and less grain boundaries. The crystallinity of perovskite

Fig. 4. TAS response of perovskite ﬁlm deposit on glass substrate treated with diﬀerent
annealing temperature (160 °C, 180 °C, 200 °C, 220 °C), charge carries lifetime (tL) was
simulated by LKS (produced by Applied photophysics). The test were measured with a
pump light wavelength of 500 nm and a probe light wavelength of 760 nm. The red solid
line represents the ﬁtting result with bi-exponential function. (For interpretation of the
references to color in this ﬁgure legend, the reader is referred to the web version of this
article.)

Fig. 3. The surface morphology and cross sectional SEM images of perovskite solar cells prepared at diﬀerent temperature, (a) and (d) 100 °C, (b) and (e) 160 °C, (c) and (f) 220 °C.
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ﬁlms was closely related to the device performance，which has already
been conﬁrmed. The beneﬁts of larger crystal could be arose from the
following aspects: (1) reduced charge trapping and recombination (2)
enhanced grain orientation of the perovskite ﬁlm and charge carrier
collection eﬃciency (3) reduced grain boundary and enhanced intrinsic
stability of the perovskite itself.
For the purpose of further understanding the eﬀect of high
temperature on the light absorbing layer, transient absorption spectra
(TAS) was used to detect the electron and hole recombination signal.
As shown in Fig. 4, The TAS spectrum have been measured from ﬁlm
side which was deposited on the glass. The electrons and holes were
generated while the perovskite ﬁlm under laser excitation and a large
bleaching signal was observed, which was considered as the recombination of electrons and holes due to no electron injection to electron
transfer layer. If the recombination of electrons and holes occurred
diﬃcultly, the longer of charge carrier lifetimes will be got [34–36]. In
other words, the perovskite layer with a longer charge carries life time
represents higher quality ﬁlm. By ﬁtting the TA decay with biexponential, we found that the decay processes existed a lifetime of
200.6 ns at 160 °C. As increasing the temperature, the charge carrier
life become longer. At annealing temperature of 220 °C, the electronic
life signiﬁcantly increased to 440.1 ns probably ascribe to larger crystal
and reduced grain boundary. A faster decay process appeared in the TA
response when the ﬁlm treated with 240 °C, only got 151.3 ns (Fig. S4).
This may be resulted from interactions of multiple charge carrier
recombination and the decomposition of PbI2 which generated a lot of
defect states traps. Additionally, a sharp decrease decay process was
observed, only got 29.9 ns (Fig. S4) when perovskite deposited on the
TiO2/FTO/glass substrate. This is because electrons will inject into the
quencher layer and only a small part contribute to carries life time, thus
resulting in non-signiﬁcant TAS signal results.
To demonstrate the feasibility of high temperature induced crystallization in the actual devices, we prepared devices with structure of
FTO/compact TiO2/meso-TiO2/(FAPbI3) 0.85 (MAPbBr3)0.15/HTM/Au.
The current density-voltage curves of devices were shown in Fig. 5, and
photovoltaic parameters were summarized in the inset table. The
perovskite ﬁlm treated with 160 °C that was fabricated by conventional
anti-solvent method showed a Jsc of 18.90 mA/cm2, Voc of 0.97, ﬁll
factor (FF) of 70.6%, and a total PCE of 12.94%. Typically, as annealing
temperature increased to 220 °C, the average grain size increased up to
800 nm. At the same time the photovoltaic parameters of devices
showed signiﬁcant increases. The devices demonstrate a Jsc of
20.93 mA/cm2, Voc of 1.05 V, and FF of 75.5%, corresponding to the
PCE of 16.59%. The improvement of device performance mainly

Fig. 6. J-V and IPCE characteristics for the best cell obtained in this study. (a) J-V
curves of forward and reverse bias sweep for the solar cell (b) corresponding incident
photon-to-current conversion eﬃciency (IPCE) and integrated Jsc spectra.

reﬂected in the rise of Jsc and Voc. This can be explained as light
absorption improved and charge carrier recombination reduced caused
by the improved crystallization, and it will enable the devices to have
higher light-harvest capability and generate more carries eﬀectively.
However, if temperature increased further to 240 °C, the device
showed a PCE of 10.73%, with Jsc, Voc, and FF of 16.71 mA/cm2,
0.95 V and 67.6%, respectively. While the temperature increasing to
260 oC, the PCE reduced further and only remained 7.7% (Fig. S5) due
to the limited thermal stability of the perovskite ﬁlms. In addition, as
annealing time increased from 15 s to 30 s at 220 °C, the PCE reduced
rapidly apparently due to the partially decomposed of perovskite,
which leading to the descent of crystallinity and ﬁlm cracks.
30 devices have been fabricated and characterized, and the parameters of Voc, Jsc, FF and PCE were plotted as a function of
temperature (as shown in Fig. S6), indicating higher reproducibility
and stability. Our results demonstrate that high performance devices
can be easily obtained ascribe to high quality crystallinity. The
performance of the best device leads to a PCE of 17.1% shown in
Fig. 6(a), and the device showed an average PCE of 16.6% with Jsc of
21.16 mA/cm2, Voc of 1.05 V, and FF of 75.0%. The forward and
backward scan results shows smallest diﬀerence, indicating less
hysteresis. The calculated photocurrent from IPCE was 20.79 mA/
cm2 which was in close agreement with these measurements.
The high quality of oriented crystal perovskite ﬁlms gives the
devices a better photoelectric performance as well as remarkably
stability. The device exhibited slower deterioration rate, and the
performance of device kept over 90% which was stored in dry air and
dark conditions after 3 months. However, the conventional devices
showed rapidly deterioration with PCE dropping 5% after 9 days and
10% after 21 days as depicted in Fig. 7. Especially in the humidity and

Fig. 5. The photovoltaic performance of the devices prepared by diﬀerent annealing
temperature (160 °C, 180 °C, 200 °C, 220 °C, 240 °C) were measured under simulated
AM 1.5 G (100 mW/cm2) solar irradiation in air, which was calibrated using a certiﬁed
monocrystalline silicon solar cell.
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temperature environment, the as-prepared device can hold the PCE
of 80% in the ﬁrst day and 60% in the second day, yet the device made
by conventional method which only remained half of PCE. Further
work on the study and employment of increasing the thermal and
humidity stability of perovskite is on progress.
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