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ABSTRACT: Lead bromide perovskite solar cells (PSCs) have
attracted increasing interest partly because of the high open-circuit
voltage that has been obtained. Here, we present a simple way to
prepare PSCs based on formamidinium lead tribromide, FAPbBr3,
by adding methylammonium chloride and methylammonium
bromide into the precursor solution. With this method, high-
quality and pin-hole free perovskite films with large crystal sizes
were prepared. These additives result in a power conversion efficiency (PCE) of 7.9%, almost free of hysteresis, for a device on a
rigid glass substrate. The first flexible lead bromide PSC is also prepared in this work and the flexible PSC exhibited a high PCE of
5.0%.
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■ INTRODUCTION

During the last decade, metal halide perovskite solar cells
(PSCs) have attracted intense interest because of their very
promising photovoltaic properties. In 2009, the first results for
a PSC were published and thereafter the power conversion
efficiency (PCE) has improved tremendously starting from
3.8% in the first report to 25.2% recently reported.1−3 More
specially, perovskites are expected to be used as next-
generation solar cells for portable and wearable electronic
products because of the possibility of achieving flexibility over
curved surfaces,4,5 and for flexible PSCs (FPSCs), the PCE is
already 19.5%.6 In portable electronic devices, low weight and
flexibility are principal priorities. The solar cells that power the
most portable electronic devices should ideally be foldable or
roll-packable in electronic devices.7 In addition, PSCs are also
considered to be a good choice in near-space applications,
where flexibility and low weight are important.8

Although the PCE is a very important factor for solar cells, a
high photovoltage may also be very important for technological
potential. Minimizing the energy loss of high-energy photons is
specifically important to achieve the performance of tandem
solar cell devices exceeding the Shockley−Queisser limit.9 It
was early shown that the bandgap of the perovskite material
can be adjusted from 1.55 to 2.3 eV by changing the halide
composition in the perovskite from methylammonium lead
triiodide, MAPbI3, to tribromide, MAPbBr3.

10 The higher
bandgap for the lead bromide perovskites also leads to a higher
photovoltage.11,12 For example, in tandem solar cells13 and in
specific electrochemical applications, the high open-circuit
voltage (Voc) may be essential. Furthermore, lead bromide
perovskites have the ability to resist humidity and O2, showing
a great stability in the ambient air.14,15 However, the highly
polar methylammonium cation (MA+) with a dipole moment
of 2.29D in MAPbBr3 has a strong affinity for water, which may

reduce the stability.16 In the perovskite structure, MA+ can be
replaced by formamidinium (FA+), which has a larger ionic
radius of 2.79 Å compared to 2.70 Å for MA+. This changes the
structure slightly and enhances the thermal stability.17,18

However, there are not as many studies on FAPbBr3 as on
MAPbBr3.

17,19 The first reported PSC based on FAPbBr3
showed an efficiency of 6.5%, however, with large hysteresis,
which was reported by Hanusch et al.20 Furthermore, the
mixed solvent of dimethyl sulfoxide (DMSO) + N,N′-dimethyl
formamide (DMF) was used to improve the two-step method
of depositing the lead bromide (PbBr2) solution in the
mesoporous structure, and the efficiency was increased to
7%.21 Subsequently, Arora et al.14 used FAPbBr3 as the light
absorber and obtained an efficiency of 8.2% with little
hysteresis. They deposited FAPbBr3 on a mesoscopic TiO2
layer by interface engineering. Compared with TiO2, SnO2 has
some advantages in improving efficiency and stability of the
solar cells because of the high electron mobility, lower
photocatalytic activity, and possibility for easy low-temperature
deposition.22,23 Zhang et al.24 introduced urea as an additive in
SnO2-based FAPbBr3 and systematically optimized it to
fabricate high-quality FAPbBr3 films.
Considering that the FA-based perovskites have higher

thermal stability and broader absorption than MA-based
perovskites, it may be advantageous to exchange MA to FA
to form FAPbBr3 in solar cell devices.25 However, so far, there
has been no investigation on the preparation of flexible
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FAPbBr3-based perovskites. Considering the interesting
possibilities for flexible solar cell devices in many applications,
it is very important to investigate lead bromide perovskite
flexible devices, which may be of particularly interest in
applications that need a high photovoltage and high stability.
Here, we introduce a two-step method to fabricate FAPbBr3

on a SnO2 electron transport layer. By adding methylammo-
nium bromide (MABr) in the precursor solution, we found
that the quality of the perovskite film is improved,26 and it can
also help us to improve the deficiency of Br, making the Br/Pb
ratio closer to three in the perovskite film. Methylammonium
chloride (MACl) has been reported to enable growth of high-
quality perovskite films based on FAPbI3.

27 In this work, we
prepared high-quality FAPbBr3 films on both rigid and flexible
substrates by using MABr, DMSO, and MACl additives. MACl
may enhance the formation of the FABr·PbBr2·DMSO
intermediate and enable the formation of FAPbCl3−xBrx
perovskite seeds, which can induce perovskite phase transition
and improve the growth of the perovskite crystals.28 The
perovskite films prepared in this way exhibited a larger grain
size and higher crystallinity. As a result, an efficiency of 5.0%
for FPSC is obtained, and on a rigid substrate, a PCE of 7.9%,
free of hysteresis, is achieved. Therefore, our work introduces a

way to prepare high-quality lead bromide perovskite films and
efficient lead bromide PSCs.

■ EXPERIMENTAL METHODS
Materials. Colloidal tin oxide solution (SnO2, 15% in H2O) was

provided by Alfa Aesar. Indium tin oxide (ITO)-coated polyethylene
terephthalate (PET, surface resistivity 60 Ω/sq, L × W × thickness 1
ft × 1 ft × 5 mil, sheet), dimethylformamide (DMF, anhydrous,
99.8%), bis(trifluoromethanesulfonyl)imide lithium (Li-TFSI), dime-
thylsulfoxide (DMSO, anhydrous, ≥99.9%), methanol (HPLC,
≥99.9%), 4-tert-butylpyridine, acetonitrile (HPLC), and chloroben-
zene (anhydrous, 99.8%) were provided by Sigma-Aldrich PbBr2.
99.99%, trace metals basis was provided by TCI Chemicals. FK209
[tris(2-(1H-pyrazol-1-yl)-4-tert-butylpyridine)-cobalt(III) tris(bis-
(trifluoromethylsulfonyl)imide), MACl, MABr, and FABr were
provided by Great cell solar. 2,20,7,70-tetrakis [N,N-di(4-methox-
yphenyl) amino]-9,90-spirobifluorene (Spiro-OMeTAD) was pur-
chased from Borun. All the purchased chemicals were used directly.

Device Fabrication. We used a two-step spin-coating method to
fabricate the perovskite films. ITO glasses were cleaned by detergent,
acetone, 2-propanol, and water for 30 min, respectively. Then, treated
with UV/ozone (UVO) for 30 min before use. The structure of PSCs
is ITO/SnO2/FAPbBr3/Spiro-OMeTAD/Au. We deposited the SnO2
films on the ITO substrates by spin coating the SnO2 solution
(diluted with deionized water, the volume ratio of water to SnO2 is

Figure 1. Schematic structure and diagram of the perovskite layer prepared without and with additives.

Figure 2. (a) XPS survey spectra of the FAPbBr3 films without and with additives based on rigid substrates. XPS spectrum of (b) Pb 4f, (c) Br 3d,
and (d) N 1s of the FAPbBr3 films without and with additives.
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4:1) at 3000 rpm for 30 s and then annealed at 150 °C on a hotplate
for 30 min. After cooling down, they were treated with UVO for 20
min before use. 1.1 M PbBr2 was dissolved in a mixture solution of
DMSO and DMF with a volume ratio of 1:9, then it was stirred at 60
wC overnight. The PbBr2 precursor solution was deposited on SnO2
substrates with a spin-coating speed of 1500 rpm for 30 s and the
films were annealed in the glovebox at 60 sC for 2 min. For perovskite
preparation without additives, 0.065 g FABr dissolved in 1.0 mL
methanol was deposited on the PbBr2 precursor films (2000 rpm, 30
s), then annealed at 140 pC for 25 min in the air. For the films with
additives, 0.065 g FABr, 0.009 g MACl, and 0.009 g MABr were
predissolved in 1.0 mL methanol before spin coating, otherwise the
preparation was the same. The preparation of the Spiro-OMeTAD
layer was the same as that reported our previous work.29 Finally, the
Au electrode (80 nm) was deposited on the top of the spiro-
OMeTAD by the thermal evaporator. The preparation of FPSCs was
similar to that of rigid devices, just exchanging the glass for the PET
substrate.
Characterization. The current density−voltage (J−V) curves

were measured using a Wave Labs SINUS-70 solar simulator with UV
and IR range extenders. A black aperture with an area of 0.065 cm2

was used during the measurements. External quantum efficiency
(EQE) spectra were measured using a xenon lamp (Spectra products
ASBXE 175), a potentiostat (PINE AFRDE 5), a LabJack U6, and a
monochromator (Spectra Products CM110). X-ray photoelectron
spectra (XPS) were recorded by using the instrument PHI Quantera
II from Physical Electronics. Scanning electron microscopy (SEM)
pictures were taken using the Zeiss LEO 1530/1550 microscope. The
time-resolved photoluminescence (TRPL) spectra and the steady-
state photoluminescence (SSPL) spectra were recorded on a
HORIBA Jobin Yvon Fluorolog station. The ultraviolet−visible
(UV−vis) spectra were performed with a HR-2000 Ocean Optics
spectrophotometer. X-ray diffraction (XRD) was collected from a
Siemens D5000 θ−2θ goniometer with Cu Kα (λ = 1.54051 Å) at
room temperature. A Bruker Vertex 70v Fourier transform infrared
(FTIR) spectrometer was used to record the IR spectra.

■ RESULTS AND DISCUSSION

As shown in Figure 1, we used a two-step spin-coating method
to fabricate our perovskite films, which was introduced in the
experimental part above. In short, we deposited the PbBr2
precursor solution onto SnO2 substrates and the films were
annealed in a nitrogen glovebox at 60 sC for 2 min. For the
film preparation without additives, the FABr solution was
deposited on the PbBr2 precursor films. The films were then
annealed in air. For the films with additives, the mixed solution
with FABr, MACl, and MABr was deposited on the PbBr2
precursor films. The films were then annealed in the air similar
to the films without additives.
The XPS can be used to study the elementary composition

on the surface of the perovskite.30,31 To study the effect of the
additives in the perovskite, we recorded the XPS spectra. For
XPS analysis, all perovskite samples were fabricated on ITO/
SnO2 substrates, which was the same as the preparation of the
solar cell devices below. The Pb 4f, Br 3d, and N 1s spectra
were measured to determine the valence state of the lead and
the existence of the additives in the final perovskite films.
Figure 2 shows the Pb 4f spectra of the films, in which the Pb
4f spin−orbit splitting peaks Pb 4f7/2 and Pb 4f5/2 were located
around 138 and 143 eV, respectively.32,33

It is noteworthy that two smaller peaks can be observed in
the Pb 4f XPS spectra of the perovskite film without additives,
located at around 135 and 140 eV, which are because of the
presence of metallic Pb0.34 Watson et al. analyzed the sources
of Pb0 using XPS analysis of perovskites.32 The metallic Pb0

defects act as the centers for nonradiative recombination,35 and

are unfavorable for the transport and collection of photo-
generated charge carriers.36 In contrast, for the sample with
additives, these two peaks disappeared. It implies that there is a
reduction in the content of metallic lead, which improves the
photovoltaic performance. In the Br 3d spectrum, the Br 3d
signals that correspond to 3d3/2 and 3d5/2 peaks can be
observed. The Pb 4f peaks in the Pb 4f spectrum and the Br 3d
peaks in the Br 3d spectrum were shifted to higher binding
energies for the film with additives, indicating a slight shift of
the Fermi level in the perovskite films with additives.
Comparing the intensities of the core-level peaks in the two
films, the Pb 4f and Br 3d peaks increased slightly for the
perovskite with additives (Figure 2b,c), while the peak of N 1s
decreased slightly compared to that of the pristine sample
(Figure 2d). The atomic ratios between iodine, lead, and
nitrogen are listed in Table S1. The Br/Pb ratio increased from
2.54 to 2.71 and the N/Pb ratio decreased from 2.28 to 2.03,
when additives were included in the film. The film with
additives, therefore, shows Br/Pb and N/Pb ratios closer to the
ideal ratios. In addition, in order to check the presence of Cl in
the perovskite films, we also measured the Cl 2p core level
(Figure S1). There was no evidence of Cl atoms at the surfaces
of the perovskite films, which may be because of the
evaporation of chlorine during the annealing process. There
may, however, still be a very small amount of Cl, which may be
too small to be detected.
FTIR spectroscopy was employed to further investigate our

samples. As shown in Figure S2, we measured the FTIR
spectrum of FAPbBr3, FAPbBr3 with additives, FABr, MABr,
and MACl. The FTIR spectrum of FAPbBr3 without additives
and the FABr samples showed similar N−H stretch peaks,
which are different from those of MABr and MACl. However,
the CH3 bend peaks were observed in MABr, MACl, and
FAPbBr3 with additives. This indicates that some amount of
MA is included in the FAPbBr3 film with the additives.
We used the SEM to investigate the surface morphologies of

the perovskite films. From the SEM images in Figure 3a,b, the
perovskites in all samples had good coverage and no obvious
pinholes. The cross-sectional images in Figure 3c also suggest
that the perovskite layer was evenly deposited on the ITO/
SnO2, free of pinholes. After adding MABr and MACl, the
grain size increased from 1.2 to 1.6 μm, indicating an improved
crystallization, which is consistent with XRD analysis, as will be
discussed below. It is, therefore, clear that the additives affect
the size of the FAPbBr3 grains. The thickness of the FAPbBr3
film with additives is around 630 nm, as seen in Figure 3c. A
similar thickness was also found for the pristine FAPbBr3 film,
as can be observed in Figure S3.
To further investigate the influence of additives on the

perovskite film, XRD measurements, UV−vis absorption,
SSPL, and TRPL were used to analyze the perovskite films.
From Figure 4a, the intensities of the peaks for the perovskite
film with additives were stronger than those of the pristine
perovskite film, indicating the enhanced crystallization of the
perovskite film.35 The 001 peak of the perovskite film with
additives moves slightly toward higher angles, which may be
attributed to the larger ionic radius of FA+ than that of
MA+.17,18 The results, therefore, suggest the presence of MA in
the perovskite prepared with additives.37 Taking into account
the influence of Cl on the perovskite crystal growth and the
adjustment of the morphology of the active layer,27 the
additive of MACl may help to enhance the crystallization of
the perovskite. Similar XRD results were also found for the
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FAPbBr3 films on the PET/ITO/SnO2 substrate in Figure S4.
The diffraction peaks at 2θ around 26° are attributed to the
PET substrate.38

The UV−vis absorption spectra of the FAPbBr3 films
without and with additives show sharp absorption peaks at the
band edge near 530 nm in Figure 4b. Notably, for the
perovskite with the additives, the absorbance onset edge shows
a small blue shift. This means that the optical bandgap of the

perovskite film was slightly increased, which may be because of
the higher bandgap of MAPbBr3.

39 The SSPL intensity for the
FAPbBr3 films on the glass/ITO/SnO2 substrate in Figure 4c
increases with additives, and the SSPL spectra of the FAPbBr3
films on the PET/ITO/SnO2 substrate (Figure S5) also show
the same trend. Below, we show that a better PCE is obtained
for the device with additives, which may be because of the
higher degree of radiative recombination, leading to a high
short-circuit current density (Jsc) and Voc.

40 For the TRPL
spectra in Figure 4d, we used a biexponential equation of y = y0
+ A1 exp(−(x − x0)/τ1) + A2 exp(−(x − x0)/τ2) to fit the PL
decay curves. The τ1 and τ2 time constants represent fast and
slow decay, respectively.41 τ1 is usually attributed to non-
radiative trap-mediated recombination, while τ2 is related to
radiative recombination.42 As listed in Table 1, with additives,

τ2 becomes longer (8.0 ns), which suggests an improvement in
radiative recombination and in good agreement with the SSPL
results. We used the equation of τave = τ1A1/(A1 + A2) + τ2A2/
(A1 + A2) to calculate the average time constant (τave).

41 The
FAPbBr3 film prepared with additives exhibits longer τave (74.0
ns), which may explain the higher Voc values.
The J−V curves of the PSCs are shown in Figure 5 and the

device parameters are shown in Table 2. For the rigid devices,
the champion FAPbBr3 device without additives showed a
PCE of 6.6%, with a Voc of 1.34 V, a Jsc of 7.86 mA cm−2, and a
fill factor (FF) of 62.8, which are similar to those of pristine
FAPbBr3−PSCs in other reports.14,21 The best FAPbBr3 device

Figure 3. SEM top view micrographs of the FAPbBr3 films (a)
without and (b) with additives, on the rigid glass/ITO/SnO2
substrate. Below: cross-section of the FAPbBr3 film with additives
on the rigid glass/ITO/SnO2 substrate (c).

Figure 4. (a) XRD patterns, (b) UV−vis spectra, (c) SSPL, and (d) TRPL spectra of the FAPbBr3 films on rigid glass/ITO/SnO2 substrates.

Table 1. Fitted Results of the TRPL Curves in Figure 4d

devices τ1 (ns) τ2 (ns) A1 A2 τave (ns)

pristine 70.0 5.0 1250 1150 38.9
with additives 140.0 8.0 1200 1200 74.0
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with additives exhibited a PCE of 7.9% with very little
hysteresis.
The devices with or without additives both showed a good

long-term stability. After 70 days, their efficiency was only
reduced by around 12% in the dry box (Figure S6). The PCE
of the flexible device was improved from 4.3 to 5.0% by adding
the additives. As shown in Figure 5b, it is confirmed that the
additives can help to improve the photovoltaic performance by
measuring the device parameters of a batch of 10 devices. We
noticed that the devices with additives have a higher average
PCE, FF, Voc, and Jsc for the devices in comparison to the
pristine devices (7.1 ± 0.81 to 6.3 ± 0.43, 67.3 + 3.05 to 62.5
± 3.91, 1.31 ± 0.07 to 1.30 ± 0.06, and 8.06 ± 0.4 to 7.61 ±
0.70, respectively).

As shown in Figure 6, EQE was monitored for the PSCs
without and with additives based on rigid and flexible

substrates. The trend from the EQE measurements for the
different devices is consistent with the J−V measurements
above. It can be seen that the EQE for the device with
additives on a rigid (glass) substrate shows a very high EQE,
close to the maximal possible (without antireflection coating).
We can, therefore, conclude that the additives play a very
important role in the photocurrent properties of the perovskite
film.

■ CONCLUSIONS
In conclusion, we introduce a simple and effective way to
obtain a high-quality lead bromide perovskite by adding MABr
and MACl to the preparation of the films. We use a
combination of methods to study the various factors that
improve photovoltaic performance. The SEM and XRD results

Figure 5. (a) J−V characteristics (champion cells), (b) statistics photovoltaic parameter (10 devices) of PCE, fill FF, Voc, and Jsc of FAPbBr3-PSCs
without and with additives based on the rigid substrate. (c) J−V characteristics (champion cells) of FAPbBr3−PSCs without and with additives
based on the flexible substrate. The data were recorded under AM 1.5G one sun illumination (100 mW cm−2). A black mask with an aperture area
of 0.065 cm2 was used during measurement.

Table 2. Device Parameters for Champion PSCs without
and with Additives

device
PCE
(%) FF

Jsc
(mA cm−2)

Voc
(V)

pristine on the rigid
substrate

reverse
scan

6.6 62.8 −7.86 1.34

forward
scan

5.6 57.8 −7.76 1.25

with additives on the
rigid substrate

reverse
scan

7.9 67.7 −8.48 1.37

forward
scan

7.7 66.6 −8.46 1.37

pristine on the flexible
substrate

reverse
scan

4.3 67.9 −4.89 1.29

forward
scan

3.1 52.9 −4.74 1.22

with additives on the
flexible substrate

reverse
scan

5.0 60.5 −5.93 1.37

forward
scan

4.5 59.4 −5.87 1.30
Figure 6. EQE spectra of PSCs without and with additives based on
rigid and flexible substrates.
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indicate the increased perovskite crystal size, and higher
crystallinity for the films with additives. The PL measurements
demonstrate improved optical properties for the perovskite
with additives. The rigid PSCs with additives exhibited a PCE
of 7.9%, with very little hysteresis. The FPSC with additives
showed a PCE of 5.0%, and it is the first flexible device based
on the FAPbBr3 material.
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