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Nowadays, organo-lead halide is one of the most interesting materials for perovskite solar cells. This is because of its ease of
fabrication, long absorption wavelength region, and long diffusion length. In this study, we investigated the bandgap tuning of
hybrid mixed-halide perovskite films. The films were prepared by sequential two-step deposition technique, using 5-ammonium
valeric acid iodide (5-AVAI), PbI2, and a mixture of CH3NH3I and CH3NH3Br as precursor solutions. The results confirmed
the formation of 2D perovskites in the presence of 5-AVAI. The obtained films had higher moisture resistance, better surface
coverage, and smaller grain size, compared to the films without 5-AVAI. With the introduction of Br− ions, the change in the
lattice parameter was observed. The bandgap was also found to increase with increasing Br− content.

1. Introduction

Perovskite solar cells have currently gained a prominent
attention in the academic community and in the solar cell
industry. It is the fastest advancing energy technology in
the world, growing from an efficiency of just 3.8% in 2009
[1] to over 22% in 2017 [2]. The only major concern in the
field of perovskite research is the stability of the devices and
the use of lead in perovskite compounds. For the latter issue,
lead alternatives have been proposed to be used in perovskite
solar cells. However, the power conversion efficiency of such
devices is still significantly behind lead-based devices.

A perovskite structure is anything that has the generic
form ABX3, where A is a large atomic or an organic cation
(i.e., CH3NH3

+ andCH(NH2)2
+), B is a positively charged cat-

ion (i.e., Pb2+ and Sn2+), and X is a smaller atom which is
negatively charge (anion) (i.e., Cl−, I−, and Br−). In the case
of perovskite solar cells, the most efficient devices so far have
been produced with the 3-dimensional (3D) organic-

inorganic halide perovskite, in which CH3NH3
+ as an organic

cation, Pb2+ as a big inorganic cation, and halide ions such as
Cl− and I− as slightly small anions. Such perovskite mate-
rials can be made of cheap raw materials in a relatively
simple manufacturing process. Additionally, they possess
interesting optical and electronic properties including
broad absorption spectrum, fast charge separation, long
charge and exciton diffusion length, long carrier separation
lifetime, and tunable bandgap.

The drawbacks of this material is that it is an ionic crystal
and unstable against moisture. Previous researches have
shown that there are several reaction pathways leading to deg-
radation such as the reactions withwater and oxygen and even
the diffusion of electrode materials [3]. To improve the resis-
tance to moisture, several approaches have been made in all
areas of perovskite processing, including mixed-phase perov-
skites and two-dimensional (2D) perovskite structures [4, 5].

While the best perovskite structures with high and uni-
form qualities of the deposited films have been fabricated
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with vacuum deposition methods, such processes are compli-
cated. Low-temperature solution deposition routes, on the
other hand, offer a much simpler process. Recent improve-
ments to device solution-based processing have led to signif-
icant increases in the surface coverage while reducing the
surface roughness [6, 7]. In this study, we investigated the
possibility to tune the energy bandgap of mixed-cation
perovskite in the presence of ammonium valeric acid iodide
(5-AVAI). A combination of Br− halide ions was also incor-
porated into the perovskite structure, using precursor solu-
tions of CH3NH3I and CH3NH3Br with various molar ratios.

2. Materials and Methods

2.1. Materials. Lead iodide (PbI2) was purchased from
Aldrich Chemistry. Methylammonium iodide (CH3NH3I
(MAI)), methylammonium bromide (CH3NH3Br (MABr)),
5-ammonium valeric acid iodide (C5H12INO2 (5-AVAI)),
and fluorine-doped tin oxide (FTO) conductive glass sub-
strates (TEC8, 8Ω/square) were purchased from Dyesol.
N,N-Dimethylformamide (DMF) and 2-propanol were pur-
chased fromAjax Finechem Pty Ltd. All chemicals were com-
mercially available and used without further purification.

2.2. Precursor Preparation. MAIxBry precursor (10mg/ml)
was prepared by mixing various molar ratios (100 : 0,
75 : 25, 50 : 50, 25 : 75, and 0 : 100) of MAI and MABr in
2-propanol. 0.95ml 1M PbI2 and 0.05ml 1M 5-AVAI (5%
5-AVAI) in DMF were mixed together under stirring at 70°C.

2.3. Film Preparation. Fluorine-doped tin oxide (FTO) con-
ductive glass substrates with dimensions of 2 5 cm × 2 5 cm
were first cleaned with distilled water, ethanol, and acetone
and then dried in an oven at 70°C. The perovskite films were
then prepared by the sequential two-step deposition tech-
nique. 20μl of mixed PbI2+5-AVAI solution was first intro-
duced onto the FTO substrates by spin-coating at 3000 rpm
for 30 s under ambient condition. After annealing at 70°C
for 10min, a MAIxBry precursor solution (~200μl) was sub-
sequently spin-coated on top at 3000 rpm for 30 s. This step
was repeated 5 times to ensure an excess supply of organic
precursors for complete reactions of perovskite films. The
films were finally annealed at 70°C for 20min.

2.4. Characterization. XRD analyses of perovskite films were
performed using a Shimadzu XRD-6100 diffractometer with
Cu Kα radiation (λ = 0 154056 nm, 40 kV, and 30mA). The
optical properties were measured by ultraviolet-visible
(UV-vis) absorption spectra (UV-1800, Shimadzu). The
energy bandgap was calculated using the Tauc plots [8] of
αE = A E − Eg

1/2, where α is the absorption coefficient, E
is energy, Eg is energy bandgap, and A is a constant. Raman
spectra were obtained using a Bruker Senterra Infinity 1
Ramanmicroscope. Field-emission scanning electronmicros-
copy (FE-SEM) (Mira3, Tescan) was employed to determine
the surface morphologies of the perovskite films. All of the
samples were gold coated to ensure good electrical conductiv-
ity. For themoisture stability test, all the perovskite films were
put into a container, in which the air humidity was held

constant by employing a beaker filled with saturated salt solu-
tions. The salt, NaCl, was used for controlling the humidity
level to 75% relative humidity (RH).All experimentswere per-
formed at room temperature.

3. Results and Discussion

In this research, 5% 5-AVAI was used for film preparation.
Generally, the introduction of 2D perovskites into 3D coun-
terparts has been shown to enhance the environmental sta-
bility to the 3D structure. This is because 2D perovskites
are formed on the 3D perovskite grains to passivate interfa-
cial defects and vacancies and enhance moisture resistance
[9]. Previous researches have reported that the addition of a
suitable amount of bulky organic cations, i.e., 5-AVA cations,
between the anionic layers to induce the formation of 2D
perovskites would result in smoother 2D perovskite layers
with a better coverage, which is one of the possible reasons
to improve the stability of perovskite films [5, 10]. Based on

10 20 30 40 50

Br
 (2

00
)

I(
31

0)

Br
 (1

00
)

Br
 (1

00
)

Br
 (1

10
)

Br
 (1

00
)

Br
 (1

00
)

Br
 (1

10
)

Br
 (2

00
)

Br
 (2

00
)

I (
11

0)
I (

11
0)

⁎
⁎

⁎ I (
31

0)

I (
22

0)

(B)

(A)

2�휃 (degrees)

FTO

(D)

(C)

(F)

(E)

I (
11

0)

⁎
⁎

⁎

I (
11

0)

I (
22

0)

I (
31

0)

I (
11

0)

I (
22

0)

I (
31

0)

2D

2D

2D

In
te

ns
ity

 (a
.u

.)

Figure 1: XRD patterns of MAPb(I1-xBrx)3 prepared from MAI
+MABr precursor solution at various molar ratios: (A) 100 : 0 w/o
5-AVAI; (B) 100 : 0; (C) 75 : 25; (D) 50 : 50; (E) 25 : 75; and (F)
0 : 100. (I =MAPbI3, Br =MAPbBr3,

∗ = FTO).
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Figure 2: Absorption spectra ofMAPb(I1-xBrx)3 prepared fromMAI
+MABr precursor solution at various molar ratios: (A) 100 : 0 w/o
5-AVAI; (B) 100 : 0; (C) 75 : 25; (D) 50 : 50; (E) 25 : 75; and (F) 0 : 100.
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our previous work, it has been found that 5% 5-AVAI was
likely to be the optimized content for the preparation of 2D
perovskite in 3DMAPbI3 due to its uniform and smooth sur-
face with no pinhole and complete surface coverage. In addi-
tion, perovskite films with 5% 5-AVAI addition have the
bandgap matching with that of 3D MAPbI3. At other
5-AVAI contents, the bandgap tended to slightly decrease.

Figure 1 presented the XRD patterns of the perovskite
films. The traditional MAPbI3 film (Figure 1(a)) clearly
showed the three main peaks at 14.83°, 25.21°, and 29.13°,
which could be indexed to the (110), (220), and (310) planes
of tetragonal perovskite structure, respectively [11]. Similar

(a) (b)

(c) (d)

(e) (f)

Figure 3: Photographs of MAPb(I1-xBrx)3 prepared from MAI
+MABr precursor solution at various molar ratios: (a) 100 : 0 w/o
5-AVAI; (b) 100 : 0; (c) 75 : 25; (d) 50 : 50; (e) 25 : 75; and (f) 0 : 100.
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Figure 4: Tauc plots of MAPb(I1-xBrx)3 prepared fromMAI+MABr
precursor solution at various molar ratios: (A) 100 : 0 w/o 5-AVAI,
(B) 100 : 0, (C) 75 : 25, (D) 50 : 50, (E) 25 : 75, and (F) 0 : 100.

Table 1: Absorption edge and bandgap of MAPb(I1−xBrx)3
prepared from MAI+MABr precursor solution at various molar
ratios.

MAI :MABr Absorption edge (nm) Bandgap (eV)

100 : 0 (w/o 5-AVAI) 793 1.56

100 : 0 793 1.56

75 : 25 780 1.59

50 : 50 601 2.06

25 : 75 574 2.17

0 : 100 510 2.43
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Figure 5: Raman spectra of MAPb(I1-xBrx)3 prepared from MAI
+MABr precursor solution at various molar ratios: (A) 100 : 0 w/o
5-AVAI, (B) 100 : 0, (C) 75 : 25, (D) 50 : 50, (E) 25 : 75, and (F)
0 : 100.

3International Journal of Photoenergy



XRD patterns were also observed for the 5-AVAI/MAI
mixed perovskites (Figure 1(b)). With the addition of Br−

ions in the precursor solution, the shift in XRD peaks to
larger angles was observed, corresponding to a decrease in
the lattice parameter. This could be due to the difference in
the ionic radius of Br− and I− ions [12]. These films could,
therefore, suffer from severe structural disorder and high
density of traps. Nevertheless, no characteristic peak of PbI2
was observed, illustrating that all PbI2 was fully converted
to perovskite crystals.

The XRD patterns of MAPbBr3-rich perovskites
(Figures 1(d)–1(f)) showed that it had a highly crystalline
cubic phase. An additional diffraction peak at approximately
9.01° (marked with a black arrow), corresponding to the

interlayer d-spacing of 9 7Å, was also observed. This peak
provided an evidence of the formation of a 2D perovskite lay-
ered structure [13]. This could be due to the relatively small
ionic radius of Br− and the intercalation of the organic moiety
from 5-AVAI, which allowed the formation of layered struc-
ture [5, 13]. In general, the perovskites made from mixed
organic cations, especially with large 5-AVA cations, could
produce a 2D layered structure [5]. Although no clear evi-
dence of the peaks related to the 2D structure was observed
for other films with 5-AVAI (Figures 1(b) and 1(c)), it might
be because only a thin layer of 2D perovskite was formed, on
top which a pure 3D perovskite was crystallized [5].

Figure 2 shows the absorption spectra of the films
obtained by 5% 5-AVAI with various amount of I− : Br−

(a) (b)

(c) (d)

(e) (f)

Figure 6: FE-SEM images of MAPb(I1-xBrx)3 prepared from MAI+MABr precursor solution at various molar ratios: (a) 100 : 0 w/o 5-AVAI;
(b) 100 : 0; (c) 75 : 25; (d) 50 : 50; (e) 25 : 75; and (f) 0 : 100.
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ratios. For the MAPbI3 perovskite with 5-AVAI addition
(Figure 2(b)), the absorption band edge matched with that
of 3D MAPbI3 perovskite without 5-AVAI (Figure 2(a)).
The absorption edges, however, were blue-shifted with
increasing Br− content. For MAPbBr3-rich perovskites
(Figures 2(d)–2(f)), on the other hand, the prominent peaks
at approximately 486-556 nm were observed. The peaks were
also blue-shifted as the Br− content was increased. This was
reported to be a result of exciton absorption attributed to
the 2D quantum confinement [13]. Similar results were also
observed for PbI2 crystal intercalated with organic molecules
[14]. Bandgap tunability of perovskite could be clearly seen
from the photographs of deposited films (Figure 3). From
the figure, the perovskite films turned from dark-red/black
color to red color and finally to yellow color as the Br− con-
tent was increased.

In this study, it could be clearly observed that the band-
gap of the perovskite could be tuned by varying the molar
ratios of the mixed halide (MAI :MABr). The Tauc plots
and calculated bandgap values were shown in Figure 4 and
Table 1, respectively. A large bandgap variation from 1.56
to 2.43 eV was observed from 100 : 0 (MAPbI3) to 0 : 100
(MAPbBr3) molar ratios. The enlargement of bandgap with
increasing Br− content could be due to a strong dependence
of electronic energies on the effective exciton mass [15].
The above result was confirmed with a clear blue shift in
the UV-vis absorption band edge in the absorption spectra

as shown in Figure 2 and Table 1. The absorption onset of
MAPbI3 was located at 793nm, while that of MAPbBr3 thin
film was blue-shifted to 510nm.

Figure 5 compared the Raman spectra of the perovskite
films obtained with laser excitation at 532nm. For the films
with low Br− content, the distinct peaks at 148 cm−1 were
observed, which could be assigned to the vibrational mode
of the organic cation. The films also showed Raman peaks
at 69 cm−1 and 110 cm−1, which were associated to the vibra-
tion modes of organic cations and PbI2-layered crystal,
respectively. For MAPbBr3-rich perovskites (Figures 5(d)–
5(f)), the films exhibited Raman broad bands at 50-
200 cm−1. These bands composed of a number of superim-
posed peaks, which were very similar to that of PbI2 interca-
lated with organic molecules [15, 16], as discussed earlier.
This result confirmed the presence of the 2D layered perov-
skite structure.

The effect of 5-AVAI and Br− ions on the morphology of
the perovskite films was investigated by FE-SEM analysis.
The surface FE-SEM images of all the perovskite films were
shown in Figure 6. It could be seen that the tightly compact
perovskite crystals with free pinhole and smaller grain size
were obtained with the incorporation of 5-AVAI. This could
be due to the promotion of perovskite nucleation by the
bulky 5-AVA cations. No needle-like PbI2 structures were
observed in the films, confirming that PbI2 was fully con-
verted into perovskite, as discussed in XRD analysis. With
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Figure 7: XRD patterns and photographs of degradedMAPb(I1-xBrx)3 prepared fromMAI+MABr precursor solution at various molar ratios:
(A) 100 : 0 w/o 5-AVAI, (B) 100 : 0, (C) 75 : 25, (D) 50 : 50, (E) 25 : 75, and (F) 0 : 100. (I =MAPbI3, Br =MAPbBr3,

∗ = FTO.)
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increasing Br− content, larger grain size and pinholes were
observed. Previous works [11, 17] has shown that methylam-
monium bromide (MABr) solution could induce Ostwald
ripening process, converting the MAPbI3 films into high-
quality MAPb(I1-xBrx)3 perovskite films with large grain size.
Larger pinholes could be a result of distorted structure and
the incomplete perovskite formation. It was found that both
MAI and MABr could not dissolve together very well in
DMF solvent. This would cause high reaction rate of the
perovskite crystals, resulting in thin films with pinhole for-
mation and incomplete surface coverage [18].

Figure 7 shows the XRD patterns and the film quality
after exposure to air for 9 days at a controlled humid
environment (75% RH). For the films with 5-AVAI
(Figures 7(b)–7(f)), the crystalline nature was still confirmed.
The films still remained intact, although the films experi-
enced color fading. For films prepared without 5-AVAI, after
a 9-day exposure in air, the color was changed from dark-
red/black to slightly brown/colorless. This was different than
what have been previously reported, in which the films
turned to yellow color due to the film degradation to PbI2
when reacting with moisture. In addition, the films showed
remarkable change in the intensity of characteristic perov-
skite XRD peaks. Additional peaks at 8.83° and 9.33° were
observed, which corresponded to the (001) and (100) planes
of colorless monohydrate CH3NH3PbI3·H2O, respectively.
Such monohydrate phase is generally an intermediate prod-
uct, which could be driven to form the dehydrate and finally
the PbI2 upon prolonged exposure to water vapor [19]. The
presence of this phase could then confirm the moisture insta-
bility of the perovskite films without 5-AVAI addition. The
stability of the films with 5-AVAI was additionally confirmed
with light absorption behavior of the films, as shown in
Figure 8. Without 5-AVAI addition, the absorbance of the
film degraded completely, indicating the film degradation
under relative humidity of 75% RH. The absorbance, how-
ever, still remained stable in the films with 5-AVAI, although

a decrease in an intensity of excitonic peaks from 2D struc-
ture was observed.

4. Conclusions

In conclusion, we reported the formation of 2D mixed
organic-halide perovskite with tunable bandgap and good
moisture resistance. The bandgap of perovskite films could
be tuned from 1.56 eV to 2.43 eV by replacing I− ions with
smaller Br− ions. However, the film quality was degraded
with the introduction of Br− ions. This could be due to
incomplete dissolution of mixed MAI and MABr precursor
solutions. The results, however, could be useful for the devel-
opment of the graded structure of perovskite, allowing the
possible development of hole conductor-free solar cells or
efficient light absorbers for perovskite solar cells.
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