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Perovskite solar cells (PSCs) were fabricated using a two-step spin-coating method with MACl added to the inorganic layer. The
properties of the perovskite films were characterized by SEM, XRD, PL, UV-vis spectra, etc. The morphology of the PbI2 film was
significantly changed, and the formation of MACl-related intermediate phase was observed at the grain boundaries. The grain size
and crystallinity of the perovskite film increased, and the morphology at grain boundaries was optimized, while the composition of
perovskite remained unchanged. The introduction of MACl improved the open circuit voltage (VOC) and fill factor (FF) of PSCs,
and the optimal device efficiency reached 21.59%. This paper presents a new approach using additives in inorganic layers to
optimize the crystallization process for efficient PSCs.

1. Introduction

Since first reported in 2009, PSCs have made great progress
with highest photoelectric conversion efficiency (PCE) of
25.7% [1–12]. Additive engineering plays an important role
in achieving highly efficient and stable PSCs. MABr coher-
ently incorporates into the lattice of MAPbI3, where Br−

and I− ions can be combined in any ratio with band gap
changing continuously [13, 14], while MACl does not match
the lattice of MAPbI3 [15, 16]. As a result, Cl

− ions retain at
the surface of perovskite rather than incorporate into the lat-
tice [17–19]. Nevertheless, the introduction of MACl will
significantly improve the perovskite film morphology, which
may arise from the sublimation ofMACl or the loss of interme-
diate phase formed by MACl at a relatively low temperature
[20–23]. Recently, Zuo et al. reported annealing MAPbI3 film
in a MACl vapor atmosphere, leading to significantly increased
grain size and improved film quality, which confirmed this
conjecture from the side [24].

Compared to MAPbI3, FAPbI3 is thermally more stable,
with more ideal band gap for high performance PSC. How-
ever, phase transition occurs in FAPbI3 below 150°C, where
black α-phase becomes photoinactive yellow δ-phase, caus-
ing stability issues [8, 25]. Kim et al. reported α-phase
FAPbI3 film before annealing by using MACl additive and
observed improved film morphology with increased grain
size [26].

In the two-step method, two thin film crystallization
processes are carried out sequentially, i.e., spin-coating
PbI2 with short time annealing first, then spin-coating FAI
with long time annealing, which is different from the one-
step method. PbI2 crystallizes in the first process, and
through chemical reaction, perovskite crystallizes in the sec-
ond [25, 27]. Traditionally, MACl is added to the organic
halide precursor (FAI) only [23, 28]. Here, we use MACl
as an additive in the inorganic halide precursor (PbI2).
MACl enlarges PbI2 grains and forms an intermediate phase
scattered distributing on the surface of PbI2. As a result,
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perovskite films are prepared with better morphology, larger
grains, higher crystallinity, less defects at grain boundary,
longer carrier lifetime, and band gap unchanged. Finally,
we fabricate MACl optimized PSC with PCE of 21.59%.

2. Materials and Methods

2.1. Materials. SnO2 colloidal solution (15wt% in water) was
purchased from Alfa Aesar. N,N-dimethylformamide (DMF),
dimethyl sulfoxide (DMSO), isopropanol (IPA), chloroben-
zene (CB), acetonitrile (ACN), 4-tert-Butylpyridine (tBP),
tris(2-(1H-pyrazol-1-yl)-4-tert-butylpyridine)cobalt(III)tri[-
bis(trifluoromethane)sulfonimide] (FK209 Co(III)), and lith-
ium bis(trifluoromethanesulfonyl)imide (Li-TFSI) were
purchased from Sigma-Aldrich. PbI2 (99.99%) was purchased
from TCI. Formamidinium iodide (FAI) and methylammo-
nium bromide (MABr) were purchased from GreatCell Solar
(Australia). PbCl2, CsI, and methylammonium chloride
(MACl) were purchased from Xi’an Polymer Light Technol-
ogy in China. Spiro-OMeTAD (99.86%) and ITO (7Ω/sq,
2:5 ∗ 2:5 cm2) were purchased from Youxuan Technology in
Liaoning, China.

2.2. Device Fabrication. ITO glass substrates were soaked in
deionized water diluted detergent for 3 hours then cleaned
by deionized water and ethanol in an ultrasonic cleaner for
30min, respectively. The ITO glasses were dried by a nitro-
gen gun and treated with UV-ozone for 15min before use.
0.5mL of SnO2 colloidal solution (15wt%) was diluted in

1.5mL of deionized water. SnO2-based electron transport
layer was spin-coated on the precleaned ITO glasses at
4000 rpm for 20 s, followed by annealing at 180°C for
20min in air. The substrates were then treated with UV-
ozone for 12min before transferring into the glovebox. For
the fabrication of perovskite films, a typical two-step sequen-
tial deposition method was deployed here. First, 80μL of
PbI2 precursor solution (600mg PbI2, 17.4mg CsI, and
9mg PbCl2 dissolved in 0.9mL of DMF and 0.1mL of
DMSO) was spin-coated on SnO2 films at 1500 rpm for
30 s. We added 2mg/5mg/10mg MACl to PbI2 mixture sep-
arately before dissolving. The as-prepared FAI/MABr/MACl
mixed solution (60mg FAI, 6mg MABr, and 6mg MACl
dissolved in 1mL IPA) was spin-coated on the PbI2 film at
1700 rpm for 30 s. Afterward, the films were annealed at
150°C for 15min in a glovebox filled with N2 gas. After cool-
ing to room temperature, a spiro solution, which consists of
73mg spiro-OMeTAD dissolved in 1mL CB, added with
30μL 4-tert-Butylpyridine, 18μL Li-TFSI solution (520mg
Li-TSFI in 1mL of ACN), and 29μL FK209 Co(III) solution
(300mg FK209 Co(III) in 1mL of ACN) was deposited on
perovskite films at 4000 rpm for 30 s. Finally, 100 nm of Au
was thermally evaporated as the electrode under a high vac-
uum using an electron-beam thermal evaporation system.

2.3. Characterization. The SEM images were obtained by
Phenom Pro (Phenom-World B.V.) and the XRD patterns
were characterized by DX-2700 (HaoYuana Instrument)
using a Cu Kα. The steady-state PL and time-resolved PL
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Figure 1: The surface SEM images of PbI2 films added different concentrations of MACl: (a) without MACl; (b) with 2 g/L MACl; (c) with
5 g/L MACl; (d) with 10 g/L MACl (scale: 5μm).
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decay were measured by FLS980 (Edinburgh Instruments)
with a xenon light at the wavelength of 600nm and a
655nm laser excitation source. The J-V curves were charac-
terized under simulated air mass (AM) 1.5G illumination
using a solar simulator (Enlitech SS-F5-3A, 100mWcm−2)
and a Keithley 2400 SourceMeter. The solar cells were mea-
sured under reverse scan (+1.2V to −0.1V) and forward
scan (−0.1V to +1.2V) with a step of 0.01V and a delay time
of 100ms.

3. Results and Discussion

3.1. Characterization of Lead Iodide and Perovskite Thin
Films. The surface morphology of PbI2 and perovskite films
can be directly observed by the high-resolution SEM.
Figure 1 shows the effect of adding different concentrations
of MACl on the morphology of the PbI2 layer: (a) without
MACl, (b) 2 g/L MACl, (c) 5 g/L MACl, and (d) 10 g/L
MACl. The grains at the bottom of PbI2 are dense and are
loose and small at the surface. After spin-coating the PbI2
precursor solution, PbI2 thin film was annealed on a hot
plate at 70°C for 13 s. Due to the low annealing temperature,
short time and heating from the bottom to the top, PbI2
grains on the surface were not fully grown. In the cases
added with MACl, spindle-shaped grains appeared on the
surface of PbI2 films. With the addition of MACl increasing,

size of grains on the surface of PbI2 increased, and more
spindle-shaped grains formed and became thicker. It is espe-
cially obvious on the surface of the PbI2 film added with
10 g/L MACl. The small grains of PbI2 that were originally
granular and dispersed grew into large grains with intercon-
nected and indistinguishable boundaries. Many spindle-
shaped grains were attached or embedded in PbI2 grains.

The composition of the spindle-shaped grains may be
MACl or an intermediate phase formed by the reaction of
MACl and PbI2. The intermediate phase is distributed on
the surface of the PbI2 layer and may serve as the nucleation
site of perovskite grains during subsequent spin-coating of
the organic layer, promoting the formation of the perovskite
phase [29–32]. The MACl component in it, sublimed in the
subsequent annealing process, may optimize the perovskite
film formation process and increase the grain size, which
was confirmed in the subsequent experiments.

Figure 2 shows the effect of adding different concentra-
tions of MACl on the surface morphology of the perovskite
films prepared by the two-step method: (a) without MACl,
(b) 2 g/L MACl, (c) 5 g/L MACl, and (d) 10 g/L MACl. The
grain size of the formed perovskite film increases gradually
with the increase of the additional amount of MACl. In
Figure 2(a), small grains with discontinuous and broken
edges exist, and some tiny irregular grains accumulate at
the grain boundaries, which can introduce defects. After
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Figure 2: The surface SEM images of perovskite films added different concentrations of MACl: (a) without MACl; (b) with 2 g/L MACl; (c)
with 5 g/L MACl; (d) with 10 g/L MACl (scale: 2μm).
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Figure 3: The XRD patterns of perovskite films added different concentrations of MACl.
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Figure 4: (a) The UV-vis spectra and (b) Tauc curves of perovskite films added different concentrations of MACl.
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the addition of MACl, this problem was significantly opti-
mized. On the surface of the perovskite film with 10 g/L
MACl added, the grains showed a regular geometric shape,
and the grain boundaries were tightly packed. At the same
time, large grains mean smaller grain boundary density
and therefore less grain boundary defects. The introduction
of MACl improves the quality of perovskite thin films by
affecting the morphology of the PbI2 layer and the crystalli-
zation process of the perovskite layer, which increases the
perovskite grain size and optimizes the morphology at grain
boundary.

We performed XRD experiment to test the crystal struc-
ture of the perovskite films, as shown in Figure 3. Symbol ‘#’
marks the PbI2 phase, which corresponds to the (001) crystal
plane of PbI2, and the ‘∗’ marks the perovskite phase, corre-
sponding to the (101, 202) planes of the perovskite. The
intensity of the diffraction peaks of the perovskite phase
increases with the increase of the additional amount of
MACl. With 10 g/L MACl addition, the diffraction peak
intensity of the perovskite phase is significantly enhanced
compared with that of without MACl addition, which indi-
cates that the addition of MACl in the PbI2 layer promotes
the formation of the perovskite phase, which is also consis-
tent with the phenomenon that perovskite grains increase
after adding MACl showed in the SEM image, indicating
that the crystallinity of perovskite improved. The position
of the diffraction peak remains unchanged, so the interpla-
nar spacing remains unchanged according to the Bragg for-
mula 2dsinθ = nλ. No diffraction peaks appeared or
disappeared, indicating that the crystal structure and phase
were remained. The diffraction peak intensity of PbI2 phase
remained basically the same after adding 2 g/L MACl,
increased after adding 5 g/L MACl, and decreased but still
existed after adding 10 g/L MACl. This is due to the presence
of excess PbI2 in the perovskite film prepared with this pre-
cursor ratio, which is beneficial for reducing defects and
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Figure 6: The J-V curves under AM1.5 condition, and the inserted
plot shows the device structure of the fabricated perovskite solar
cell.

Table 1: The double exponential fitting results of TRPL curves of
perovskite monolayer films added different concentrations of
MACl.

MACl (g/L) τ1 (ns) A1 (%) τ2 (ns) A2 (%) τavg (ns)

0 131.6 6.1 958.8 93.9 951.5

2 59.56 4.5 1455 95.5 1452.3

5 63.01 5.4 1639 94.6 1635.5

10 87.77 3.3 1586 96.7 1583.2
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Figure 5: (a) The steady-state PL spectra and (b) TRPL curves of films added different concentrations of MACl (sample structure: corning
glass/perovskite).
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improving device performance. On the one hand, it was
observed from the SEM that the surface morphology of the
PbI2 layer was changed after the addition of MACl, and
there was an intermediate phase formed on the surface of
the PbI2 layer, that is, the influence of MACl mainly affected
the surface of the PbI2 layer, which explained that PbI2 still
exists in the finally formed perovskite film. On the other
hand, the intermediate phase on the surface of PbI2 can act
as a nucleation center in the subsequent reaction with the
organic layer, and sublimation of MACl can occur during
the second step of annealing, which improves the perovskite
film formation process and increases the perovskite grain
size. Therefore, the diffraction peak intensity of the perov-
skite phase increases, and the position of the peak does not
change.

Figure 4 shows (a) UV-vis transmission spectra and (b)
Tauc curves of perovskite films after adding different con-
centrations of MACl. The transmittance curves of the perov-
skite films added with different concentrations of MACl
basically overlap. According to the Tauc formula, for a direct
semiconductor, ðαhυÞ2 = A ðhυ − EgÞ, where hυ is the inci-
dent photon energy, A is a constant, and α is the absorption
coefficient. Transmittance T = I/I0 = exp ð−αxÞ, where I0 is
the intensity of incident light, I is the intensity of out light
after absorption by the film, and x is the film thickness. In
the Tauc plot in Figure 4, the intercept of the curve on the
horizontal axis is the optical band gap Eg of the film. From
the Tauc plot, within the error range, the optical band gap

of the perovskite films prepared by adding different concen-
trations of MACl to the PbI2 layer remains unchanged, indi-
cating that the chlorine atoms do not enter the perovskite
lattice, or the amount of entering is very small. This result
is similar to the addition of MACl to the organic layer and
the addition of MACl to the one-step precursor solution
reported in literature, which may be attributed to the lower
sublimation temperature of MACl and the large difference
in the radii of chloride and iodide ions, which leads to lattice
mismatch.

In order to study the effect of MACl on the optoelec-
tronic properties, carrier lifetime, and transport properties
of the formed perovskite films, PL and TRPL tests were per-
formed on the perovskite films added with different concen-
trations of MACl, and the results are shown in Figure 5(a)
steady-state PL spectrum and (b) TRPL curve (sample struc-
ture: corning glass/perovskite). As the addition of MACl
increased, the positions of the PL peaks remained unchanged
at 788nm, corresponding to a band gap of 1.57 eV, which
was consistent with the results calculated by the Tauc plot,
indicating that the addition of MACl did not change the band
gap of the perovskite film. This shows that chlorine atoms do
not enter the perovskite lattice or enter in a small amount. The
PL intensity gradually increased with the increase of the addi-
tion of MACl, indicating that the addition of MACl to PbI2
may reduce the defect density, thereby weakening the nonra-
diative recombination, reducing the number of carriers
trapped by deep-level defects, and more photoexcited carriers
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Figure 7: The box charts of photovoltaic parameters of PSCs added different concentrations of MACl: (a) JSC, (b) VOC, (c) FF, and (d) PCE.
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transition to lower energy levels by radiative recombination
and releasing energy in the form of photons. According to
the SEM results, as the addition of MACl increases, the grains
of the formed perovskite films increase and the grain bound-
aries become denser, and the irregular grains at the grain
boundaries decrease, so the grain boundary density decreases
and grain boundary defects decrease, which together lead to
the reduction of deep-level defects. That is consistent with
the results of PL. TRPL tests were performed on perovskite
monolayers with different additions of MACl at a measure-
ment frequency of 0.5MHz. And we fitted the TRPL curve
in Figure 5(b) using the double exponential formula:

R tð Þ = A1e
− t/τ1ð Þ + A2e

− t/τ2ð Þ, ð1Þ

where A1 and A2 represent the weights of different decay pro-
cesses and τ1 and τ2 correspond to the lifetime of each process.
The average lifetime is measured as

τavg =
A1τ

2
1 + A2τ

2
2

A1τ1 + A2τ2
: ð2Þ

The result is showed in Table 1. As the addition of MACl
increases, the lifetime of the carriers in the prepared perovskite
films gradually increases, indicating that the deep-level defects
in the film are reduced and the nonradiative recombination is
weakened, which is consistent with the analysis of the PL
results. As the addition of MACl further increases, the carrier
lifetime tends to be stable, indicating that the perovskite film
has been sufficiently passivated.

3.2. Device Fabrication and Performance. The perovskite
solar cell devices added with different concentrations of
MACl were prepared, and the device structure was ITO/
SnO2/PVSK/Spiro-OMeTAD/Au. The steady-state J-V
curves of the device were tested under AM1.5 illumination,
as shown in Figure 6. With the increase of MACl addition,
the JSC,, VOC, and FF of the device all improved, and the best
device efficiency of 21.59% was achieved by adding 10 g/L
MACl to the PbI2 layer, corresponding to a fill factor of
77.46%, which benefited from the improved perovskite mor-
phology, increased grain size, and reduced grain boundary
defects.

The statistics of device performance with different sub-
cells are shown in Figure 7. The introduction of MACl
improves the FF of the cell, and the overall performance of
the device with the addition of 10 g/L MACl improves. Due
to the improvement of VOC and FF, the PCE of the device
is improved. The optimized VOC indicates the density of
deep-level defects decreased, and the nonradiative recombi-
nation was suppressed.

4. Conclusions

We added different amount of MACl to PbI2 precursor solu-
tion in the two-step spin-coating method. With the addition
of MACl, an intermediate phase formed on the surface of
PbI2 and the surface morphology of PbI2 significantly chan-
ged. The intermediate phase can react as nucleation site of

perovskite grains or release gaseous MACl during the second
annealing process, leading to larger grain size, less grain
boundary defect, and better crystallinity, which was con-
firmed by XRD. Tauc plot and PL both demonstrate that
MACl cannot incorporate into the lattice of FAPbI3. With
the addition of MACl, carrier lifetime and PL intensity
increased, indicating deep-level defect decreased and nonra-
diative suppressed, which is due to better perovskite film
morphology, larger grain size, and less broken in grain
boundaries. With the addition of MACl, we fabricated PSC
with better performance, especially higher VOC and FF.
The PCE of the best device is 21.59%, and the FF is 77.46%.
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