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AbstractPerovskite solar cells with the structure of glass/florine-doped tin oxide (FTO)/electron transfer layer (ETL)/
perovskite/hole transfer layer (HTL)/Ag were fabricated. The effects of blending solvents and thermal annealing on the
surface morphology, structural, and optical properties of perovskite (CH3NH3PbI3) active layer were investigated. The
active layer was optimized by adding 2-butanol (2-BTA) as an eco-friendly solvent into methyl ammonium iodide
(MAI) solution used for spin coating on PbI2/(dimethylformamide (DMF)+dimethyl sulfoxide (DMSO)) film in the
second step. The resulting morphology of CH3NH3PbI3 films was smooth and pinholes in the films were also reduced
without change in the structure. The effects of thermal annealing on the surface morphology and structural properties
of active layer were also studied. The fabricated device for the optimized condition showed the maximum power con-
version efficiency (PCE) of ~8.6%.
Keywords: Perovskite, Solar Cell, Optical, Morphological, Structural, Thermal Annealing

INTRODUCTION

Perovskite solar cells (PSCs) have become one of the most poten-
tial photoelectric conversion devices for inexpensive and high photo-
voltaic conversion efficiency (PCE) [1,2]. Perovskites have unique
properties such as suitable band gap, excellent light-harvesting prop-
erties, broad-spectrum absorption range and sufficient carrier mobil-
ity [3-7]. Moreover, abundance of the materials, along with the low-
cost in processing and the efficiency of the devices have made PSCs
become one of the most promising photovoltaic cells to enter into
the market [8]. PCS can also be combined with photoelectrochemi-
cal cells to simultaneously produce green hydrogen. The first sig-
nificant perovskite solar cell was made by Miyasaka and co-workers,
who reported an efficiency of 3.81% in 2009 [9]. Recently, per-
ovskite-silicon tandem cells with 25.7% efficiency were fabricated
by King Abdullah University of Science and Technology (KAUST)
and University of Toronto team [10].

The most efficient perovskite material for the photovoltaic appli-
cation to date is methylammonium lead trihalide (CH3NH3PbX3).
Various techniques such as spin coating [11], dip coating [12], vapor
deposition [13,14], spray coating [15] and inkjet printing [16] have
been used to develop high-quality perovskite thin-films. Among
them, a spin coating method is widely used due to the low-cost and
ease in the processing. The spin-coating used for the perovskite solar
cells is typically divided into one-step and sequential two-step meth-
ods [17]. In one-step method, both inorganic (e.g., PbX2, X=Cl, Br,
I) and organic (e.g., methylamine iodide (MAI)) materials are in-
cluded and dissolved in the same solution using polar organic sol-
vents (e.g., -butyrolactone, dimethylformamide (DMF), dimethyl

sulfoxide (DMSO)) or a mixture of them to form the precursor
solution [18-20]. The precursor solution is then spin-coated or
drop-casted on the prepared substrate. However, the problem of
poor coverage of perovskite thin film has been an issue due to the
fast crystallization of perovskite materials [21]. To solve this prob-
lem, two-step deposition was introduced, resulting in a denser and
smoother perovskite thin film [21,22]. In this method, a lead (II)
iodide (PbI2) precursor solution is spin-coated on the substrate, and
post-conversion to perovskite (CH3NH3PbI3) by reacting with a
methyl ammonium iodide (MAI) solution [23]. However, the main
problems of two sequential steps is the incomplete conversion of
PbI2 to perovskite and rough surface structure of perovskite thin
films [24,25]. Hence, much effort has been undertaken to improve
perovskite film quality by introducing additives during the fabrica-
tion process. For instance, Li et al. fabricated high-quality planar
perovskites film via HCl accelerated formation by adding 33 wt%
hydrochloric acid (HCl) to the lead (II) iodide PbI2 [26]. In 2015,
4-tert-butylpyridine (TBP) was used as an additive into the PbI2

solution to achieve uniform and pin-holes-free perovskite thin films
[27]. Also, 1-chloronaphthalene was introduced in the precursor
solution to enhance the perovskite film quality and it was observed
that the PCE of the devices was significantly improved (9.46%) [28].
More recently, Su et al. investigated a significant enhancement of
PCE (17.21%) in the PSCs via adding trimesic acid (TMA) addi-
tive into the PbI2 solution by a two-step method [29]. Although
many research groups have paid attention to the additives into PbI2,
few reports were focusing on additives into MAI solution [30,31].
In addition, the additives into MAI solution, such as iodide (I2) and
methyl ammonium chloride (MACl) may remain in the films after
fabrication, which can change the properties of the films.

In this research, 2-butanol (2-BTA) was first used as an additive
into MAI solution to grow perovskite film by the typical sequential
deposition for preparing high-quality perovskite films. The improve-
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ment in the CH3NH3PbI3 thin film quality indicates that the addi-
tives to MAI are as important as additives to PbI2 solution on the
morphology of perovskite film. Due to the less polarity of 2-buta-
nol (2-BTA), leading to increasing the reaction time, the additive
significantly improved the quality of perovskite films and reproduc-
ibility of the experiment. Moreover, 2-BTA is an environmentally
friendly solvent that can be removed easily from the films after
annealing without changing the properties of the films, which
ensures the purity of perovskite thin films. A device with the struc-
ture of FTO/ZnO/perovskite/spiro-OMETAD/Ag was fabricated
and characterized.

EXPERIMENTAL DETAILS

1. Materials
All chemicals, methylamonium iodide (MAI, 99.5%), acetonitrile

(CH3CN, 99.5%), 2-propanol (C3H8O, 99.5%), 2-butanol (C4H10O,
99.5%), zinc powder, Lead(II) iodide (PbI2, 99%), Lithium bis(tri-
fluoromethanesulfonyl)imide (LiTFSI, 98%), and 4-tert-butylpyri-
dine (tBP, 98%), were products from Sigma Aldrich and used without
any further purification.
2. Device Fabrication
2-1. The Electron Transport Layer (ZnO) Solution Preparation

The electron transfer layer solution was prepared by dissolving
Zn(CH3CO2)2·2H2O, in 0.2mL ethanolamine, 4.8mL 2-methoxyeth-
anol and stirring overnight.
2-2. The PbI2 Solution

The PbI2 solution was prepared by dissolving 924 mg PbI2 with
a mixed solvent (DMF:DMSO=9:1) and stirring at 100 oC for 24hr.
2-3. MAI Solution

The different MAI solutions (8 mg/mL) were prepared by chang-
ing the volume ratio (vol%) of 2-BTA in the mixture solvent of
(IPN+2-BTA) solution (0%, 5%, 25%, 50%, 100%).
2-4. The Hole Transfer Layer (HTM) Layer

The hole transfer layer solution was prepared by dissolving Spiro-
MeOTAD (0.068 M), LiTFSI (0.018 M) and tBP (0.05 M) in the
1 mL mixed solvent of chlorobenzene and acetonitrile.
2-5. Device Fabrication

The fluorine-doped tin oxide (FTO) substrates were ultrasoni-
cated sequentially with acetone, isopropanol and deionized water
for 10 min of each and dried by nitrogen gun. The ETL layer was
deposited on the top of Glass/FTO substrate at 3,000 rpm for 30 s
and heated at 250 oC for 15 min on a hotplate. PbI2 solution was
spin-coated at 6,000 rpm for 30 s, then annealed at 60 oC for 15
min and then annealed at 100 oC for 45 min to form the PbI2 films.
Then, the MAI solutions with different volume ratio (vol%) of 2-
BTA in the mixture solvent of (IPA+2-BTA) were spin-coated on
top of FTO/ZnO/PbI2 film at 4,000 rpm for 20 s to form perovskite
structure. The HTL was spin-coated on top of the perovskite films
at 3,000 rpm for 30 s. Finally, Ag (~120 nm) was deposited on the
top of perovskite film by using E-beam thermal evaporation to
form Glass/FTO/ZnO/Perovskite/Spiro-MeOTAD/Ag structure, as
shown in Fig. 1.
3. Characterizations

The structural properties of perovskite thin films were meas-
ured by X-ray diffraction (XRD, PANalytical, X’Pert-PRO) with 3kW

X-ray generator. The surface morphology and surface roughness
of perovskite films were carried out by scanning electron micros-
copy (SEM, Hitachi S-4800) and atomic force microscopes (AFM,
XE-100 Park system). The transmittance spectra of perovskite films
were characterized by UV-Vis spectrophotometer (Cary 5000,
Varian) in the wavelength range from 200 to 1,800 nm. The PL
characteristics of CH3NH3PbI3 thin films were examined by the
photoluminescence spectrometer. The device’s power conversion
efficiency (PCE) was measured under simulated solar radiation,
100 mW/cm2, 400 V (Keithley model 2400 Source).

RESULTS AND DISCUSSION

1. Effects of Blending Solvent on the Structural, Morphologi-
cal, and Optical Properties of Perovskite Thin-films

Fig. 2 shows the XRD patterns of perovskite films, which con-

Fig. 1. Schematic diagram of the device structure.

Fig. 2. X-ray diffraction (XRD) patterns of pure (a) IPA, (b) 5%, (c)
25%, (d) 50% 2-BTA and (e) pure 2-BTA based CH3NH3PbI3
films.
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firms the role of additive 2-BTA on the crystallization of perovskite
films. All the films have a high intensity of diffraction peaks located
at 14.14o and 28.43o corresponding to the (110) and (220) major
planes of perovskite thin-films, respectively [32]. Besides, an impu-
rity diffraction peak at 12.6o indicates the existence of PbI2 demon-
strating the incomplete conversion from PbI2 to MAPbI3, which
can reduce the PCE of the solar cells [33]. When the volume ratio
(%) of 2-BTA in blending solvent increases to 5 vol% and 25 vol%,

Fig. 3. SEM images of perovskite films processed by MAI dissolved in IPA/2-BTA mixed solvent containing 0, 5, 25, 50 and 100% 2-BTA
(scale bar: 5m).

Fig. 4. 2D AFM images of perovskite films processed by MAI dissolved in IPA/2-BTA mixed solvent containing 0, 5, 25, 50 and 100% 2- BTA.

the intensity of peak MAPbI3 increases, whereas the intensity of
impurity peak PbI2 (at 12.8o) is quenched. But when the ratio of 2-
BTA in the mixed solvent increases to more than 50 vol%, the
intensity of the PbI2 peak increases dramatically. This may be due
to the retarding crystallization process that will be discussed in the
following section.

SEM and AFM were used to evaluate the effect of additive 2-
BTA volume ratio (vol%) on the coverage and roughness of per-
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ovskite films. As shown in Fig. 3(a), the pristine perovskite films
without 2-BTA additive had many pin-holes and voids. The dis-
continuous and low surface coverage led to poor charge transport
and insufficient light-harvesting in perovskite films [7,21]. By add-
ing 2-BTA 25 vol%, the films with 2-BTA (25 vol%) became more
uniform and presented much better coverage as shown in Fig. 3(c).
However, when the concentration of 2-BTA increased more than
25 vol% as shown in Fig. 3(d), (e), the film surface morphology
became worse because many voids were produced between the
grains with the low surface coverage of CH3NH3PbI3 thin films,
leading to increase in the recombination of carriers [7].

Effects of 2-BTA additive on the perovskite film’s surface rough-
ness were measured by AFM, as shown in Fig. 4 and the root mean
square (RMS) values were tabulated in Table 1. From Table 1, the
pristine film produced without additive has high roughness with
an RMS of ~36nm, while the films produced with 2-BTA additive
have lower roughness except for the film with 100% 2-BTA addi-
tive. In addition, the film with 25% 2-BTA additive has very low
roughness (~6 nm), which indicates that a mixed solvent contain-
ing 25% 2-BTA additive is good for perovskite thin films preparation.

The improved quality of perovskite film might be explained in
detail. In this research, perovskite active layers were prepared by
the 2-step method following the two mechanisms.

In situ intercalation:
PbI2(s)+MAI(l)CH3NH3PbI3(s) (1)

Dissolution- recrystallization:
PbI2(l)+2I(l)PbI4

2
(l) (2)

PbI4
2

(l)+MAI+
(l)CH3NH3PbI3(s)+I(l) (3)

The crystal growth of perovskite thin films can be classified into
two types: in situ intercalation (1) and dissolution-recrystallization
(2), (3) [34]. At a low MAI concentration, the reaction follows in
situ intercalation but PbI2 cannot convert completely to CH3NH3PbI3

due to the lack of MAI [35]. To push the reaction (1) forward, a
higher MAI concentration can be used, but reactions (2) and (3)
also can happen. So, the formation of perovskite films will follow
the dissolution-crystallization mechanism, leading to decrease in
the uniformity of the films [35]. In this research, the use of low
polarity solvent and larger molecular such as 2-BTA allowed per-
ovskite thin films to grow via the in situ intercalation mechanism
than the dissolution-crystallization when using IPA. It can be
observed that low polarity solvent does not favor the dissolution of
PbI2 and suppresses reactions (2) and (3). With in situ intercala-
tion, the CH3NH3PbI3 grains grow in situ to fill the void between
the PbI2 molecules (Fig. 5) and maintain the parallel geometries of
PbI2 framework, resulting in dense and high coverage perovskite

thin-films. Thus, in situ intercalation retards the crystallization pro-
cess and reduces the voids in the films by the gradual expansion of
crystals. But when total IPA was changed by 100% 2-BTA the film
had a high roughness and many pin holes. This may be explained
by the higher boiling point of 2-BTA solvent, that needs higher
annealing temperature and longer annealing time. We should
remember that at high temperature and longer annealing time the
perovskite thin-films can be decomposed to PbI2 and MAI, which
can be confirmed by the high intensity of impurity PbI2 peak from
XRD result. From XRD, SEM and AFM, we chose 25vol% additive
2-BTA as the best condition to prepare the perovskite thin-films.

To further understand the effect of 2-BTA additive on the per-
ovskite films, we carried out ultraviolet-visible absorption spectros-
copy. All the perovskite thin-films showed a strong absorption over
the whole UV-VIS range with an absorption band edge at 760 nm
as shown in Fig. 6. We observed significant differences in the change
of normalized absorbance for the pristine without additive and modi-
fied samples with 2-BTA additive. The higher absorption of the
films with 5vol% and 25vol% of 2-BTA addition indicates the higher

Table 1. Roughness analysis of the AFM images
Root mean square (nm)

Pristine 0~36
2-BTA vol.5% 0~15
2-BTA vol.25% 00~6
2-BTA vol. 50% 0~13
2-BTA vol.100% ~195

Fig. 5. SEM image of PbI2 thin-film (scale bar: 5m).

Fig. 6. UV-vis absorption spectra of (a) pure IPA, (b) 5% BTA, (c) 25%
BTA, (d) 50% BTA and (e) 100% 2-BTA based CH3NH3PbI3
perovskite films on FTO substrates.
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crystallinity of perovskite corresponding to the XRD results. The
higher absorption led to improving of the device’s current density.
Additionally, the bandgap energy Eg was calculated according to
the following equation: h=A(hEg)1/2, where Eg is the band
gap energy, A is a constant, hv is the photon energy,  is the ab-
sorption coefficient [36]. The Eg of additive 2-BTA 25 vol% per-
ovskite film is about 1.58 eV, as shown in Fig. 7, which matches
with the Eg of perovskite thin film.

The effects of 2-BTA additive solvent on the optical property of
perovskite film were also studied by measuring the steady-state
photoluminescence. Fig. 8 shows the PL spectrum of perovskite
film without and with 25 vol% of 2-BTA additive exhibits emission
peaks located at around 790 nm, which matches with the previ-
ous reports [37]. However, we also observed that the peak inten-

sity of perovskite film with 25 vol% 2-BTA additive is higher than
that of the perovskite film without 2-BTA additive. The higher inten-
sity of perovskite film demonstrates higher crystallinity and better
morphology of the film with 2-BTA additive. This can mainly be
ascribed to the fact that the number of crystal defects induced is
decreased, so non-radiative recombination paths are reduced by
the 2-BTA addition. The decrease of defects is beneficial to im-
proving Voc, Jsc and the FF as well as PCE.

PVSCs based perovskite films without and with 2-BTA additive
were fabricated. The performance of the fabricated device (shown
in Fig. 9) was tested with the device parameters such as Jsc, Voc, FF,
and PCE as shown in Table 2. The pristine device without 2-BTA
additive shows a PCE is about 3.5% (Jsc ~10.40 mA/cm2; Voc ~0.59 V;
FF ~57.0%). Therefore, the device with 25 vol% of 2-BTA additive
shows a PCE of about 6.9% (Jsc ~13.08 mA/cm2; Voc ~0.82 V; FF
~64.5%). The efficiency of the device with 2-BTA additive was in-
creased about twice compared with the device without 2-BTA addi-
tive due to the higher crystallinity and lower defect states in the per-
ovskite films.
2. Effects of Thermal Annealing on the Structural and Mor-
phological Properties of Perovskite Thin-films

Three different annealing processes were performed for per-
ovskite thin films, as shown in Fig. 10. Fig. 10(a) shows the first
annealing process; the films were annealed in two steps (at 60 oC/
15min and then 100 oC/45min). Fig. 10(b) shows the second anneal-

Fig. 8. Steady-state photoluminescence (PL) of perovskite thin films
prepared with pure IPA and 25% additive 2-BTA+75% IPA.

Fig. 9. Current density-voltage (J-V) curves of perovskite films pro-
cessed by MAI dissolved in IPA/2-BTA mixed solvent con-
taining 0, 5, 25, 50 and 100% 2-BTA.

Table 2. Photovoltaic current-voltage parameters of perovskite solar
cells at different additive ratio of 2-BTA

Samples Voc (V) Jsc (mA/cm2) FF (%) PCE (%)
Pristine 0.59 10.40 57.0 3.5
2-BTA vol.5% 0.62 13.02 44.6 3.7
2-BTA vol.25% 0.82 13.08 64.5 6.9
2-BTA vol. 50% 0.52 09.74 57.7 2.9
2-BTA vol.100% 0.23 06.26 29.1 0.4

Fig. 7. The plot of (h)2 versus photon energy h of perovskite
film by MAI dissolved in IPN/2-BTA mixed solvent contain-
ing 25% of 2-BTA.
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Fig. 10. Three annealing methods for perovskite thin-films.

Fig. 11. XRD patterns and SEM images of perovskite thin-films at different annealing process.
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ing process, the films were heated directly at 100 oC for 60 min
and Fig. 10(c) shows the third annealing process; the films were
heated in three steps (at 60 oC/15 min, 100 oC/30 min and 150 oC/
15 min).

After annealing, the structural and morphological properties of
the films were characterized using XRD and SEM (as shown in
Fig. 11).

Fig. 11(i) shows the XRD pattern, which indicates that all the
films have strong diffraction peaks at 14.14o and 28.43o correspond-
ing to the planes (110) and (220) of perovskite thin films, respec-
tively [32]. The PbI2 diffraction peak at 12.6o indicates the existence
of PbI2 demonstrating the incomplete conversion from PbI2 to
CH3NH3PbI3, which can reduce the performance of the cells [33].
The intensity of PbI2 peak of the sample in the first annealing pro-
cess is lower than the sample in the second and the third anneal-
ing process. In the second annealing process, heating the film
immediately at 100 oC may cause too fast and uncontrollable evap-
oration of the solvent, which may result in an incomplete reaction
and the film had many voids. In the third annealing process, when
the reaction temperature reached 150 oC, CH3NH3PbI3 decom-
posed into MAI and PbI2, which was confirmed by a higher unre-
acted PbI2 peak. However, in the first annealing process, the XRD
pattern shows the smallest of PbI2 peak. This can be explained by
the slow solvent evaporation that leads to an increase in the reac-
tion time between two precursors. The temperature was held at
60 oC for 15 min, leading to the evaporation of the solvent slower
and MAI had more time to penetrate into the thick PbI2 layer.

Fig. 11(ii) shows the morphology of the samples after anneal-
ing. In the first annealing process, the surface morphology of the
sample is more uniform with higher coverage compared with the
samples in the second and third annealing process. From the ob-
tained results, we selected the first annealing process (at 60 oC/
15 min and 100 oC/45 min) as the optimized condition for the fab-
rication of the device.

The devices of PVSCs at different annealing process were fabri-
cated and characterized (shown in Fig. 12 and Table 3). The maxi-

mum power conversion efficiency of the fabricated device is about
8.6% (Jsc ~14.64 mA/cm2; Voc ~0.87 V; FF ~67.7%). Our results show
that the slow evaporation process can improve the quality of per-
ovskite films, leading to increase the PCE of the device.

CONCLUSIONS

The effects of blending solvents and thermal annealing on the
CH3NH3I active layer’s properties were investigated. In this proce-
dure, the results showed that the efficiency of perovskite solar cells
could be enhanced by adding a volume of 25% 2-BTA solvent and
optimizing the annealing temperature. Device parameters such as
Jsc, Voc, FF, and efficiency were increased in comparison with the
pristine device without optimization. The maximum power con-
version efficiency is 8.6% (Jsc ~14.64mA cm2; Voc ~0.87V; FF ~67.7%).
The enhancement of device performance by optimization of HTL
and ETL will be studied and reported in further work.
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