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Abstract
Pristine and Br-doped H2N=CHNH2Pb(I1−xBrx)3 (FAPb(I1−xBrx)3, Br content x=0, 0.05, 0.15,
0.2, 0.3, and 0.4) films were prepared. The effect of Br-doping on phase stability, defect density,
and performance of FAPb(I1−xBrx)3 was investigated by x-ray diffraction (XRD), scanning
electron microscopy, ultraviolet–visible–near infrared absorbance spectroscopy, x-ray
photoemission spectroscopy (XPS), Kelvin probe force microscopy (KPFM), positron annihilation
spectroscopy, and current density–voltage (J–V ) characteristics. The XRD measurements exhibit
the enhancement of perovskite phase stability at x=0.05. However, the phase stability decreases
gradually with Br content (x) over 0.05. The increase of Br-doping content leads to the
downshifting of both valence band (VB) position (indicated by XPS) and Fermi level (illustrated
by KPFM). The energy level shifts are most probably due to the increase of Br 4p orbital content in
VB and the change of self-doping levels. Doppler broadening spectra of positron annihilation
radiation of the samples reveal that, the defect densities of Br-doped samples are much lower than
that of pristine FAPbI3. For FAPb(I0.95Br0.05)3 sample, a high photoelectric conversion efficiency
of 17.12% (25.7% higher than that of undoped sample) is successfully achieved. The significant
enhancement of photoelectric conversion efficiency realized by Br-doping is attributed to the
improvement of morphology, high phase stability, and low defect densities.

Supplementary material for this article is available online

Keywords: formamidinium lead halide, Br doping, positron annihilation spectroscopy,
perovskite solar cells

(Some figures may appear in colour only in the online journal)

1. Introduction

The global power consumption is soaring with the coming of age
of artificial intelligence. Traditional power supply approaches
based on fossil fuels are increasingly unsatisfactory. On one hand,
fossil fuels are unsustainable. On the other hand, the burning
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process inevitably leads to a high emission level of pollutants and
carbon dioxide to atmospheric environment. As a result, the eco-
system bears increasing stresses. The gradual replacement of
conventional energy is an unstoppable trend. Among various
renewable energy sources, solar energy is highly competitive and
likely to have a higher market share in the future.

The main technology to utilize solar power is converting
it into electricity. A solar cell is the device which can directly
convert solar light into electricity. Among a variety of solar
devices, perovskite solar cell (PSC) is the first technology that
combines simple fabrication processes [1–4] with high power
conversion efficiencies (PCE) [5–7]. The active material
alkali lead halides (ALHs) are nearly ideal materials for the
photovoltaic applications, especially in terms of element
abundance, processability, energy, and production cost per
watt. Two types of ALHs are most widely used in the con-
version from solar power to electricity: CH3NH3PbI3
(MAPbI3) [8–23] and H2N=CHNH2PbI3 (FAPbI3) [24–34].
The former has a stable perovskite phase at room temperature
and is easy to prepare with solution processes. However, the
bandgap (powder: 1.55 eV [35], film: 1.59 eV [36]) is slightly
wide according to Schockley–Queisser limit [37]. Besides,
the heat stability is inferior. Compared to MAPbI3, FAPbI3
has more favorable bandgap (powder: 1.48 eV [38], film:
1.52 eV [36]) and better heat stability [38, 39]. Although a
high quality FAPbI3 thin film is difficult to be prepared, it still
attracts more attention than MAPbI3.

Besides the inferior processability, FAPbI3 also has an
unstable perovskite phase [40–44] (α phase, cubic system,
space group P3m3 [45]). At room temperature, metastable
black phase of FAPbI3 transforms to stable yellow phase (δ
phase, hexagonal system, space group P63mc). Co-doping of
MA+ and Br− is found to be able to stabilize the α phase of
FAPbI3 effectively. High efficiency has been achieved by
researchers based on (FAPbI3)1−x(MAPbBr3)x [46]. Excellent
light stability was realized by further doping with alkali
metals [26, 47].

The compositional space of mixed perovskites has been
investigated by Jesper Jacobsson [36]. The detailed influence
of Br on the performance of FAPbI3, however, remains
pending. In this work, the influence of Br on perovskite
morphology, phase stability, band position, defect density,
and photovoltaic performance were studied. A low content of
Br in mixed halide perovskite FAPb(I1−xBrx)3 increases the
stability of α phase. However, the perovskite phase stability
notably decreases when Br contents are larger than 0.05.
The origin of the phase stability change was analyzed based
on the lattice energy and electronegativity of halide elements.
The morphology evolution as a function of Br content was
clarified. With the doping of Br, dense grains which are a
larger size were observed. The absorbance spectra of
FAPb(I1−xBrx)3 films were recorded and analyzed.
FAPb(I1−xBrx)3 films with high Br content have low
absorption for the wavelength ranges between 550 and
800 nm. The low absorbance of FAPb(I1−xBrx)3 films reveals
the low perovskite phase content for a high Br content. The
defect density of FAPb(I1−xBrx)3 films was studied by posi-
tron annihilation spectroscopy. High defect density was

observed at the surface of perovskite films. The defect den-
sities of Br-doped samples are much lower than those of
FAPbI3 due to the enhanced film quality. With the increase of
Br content, the defect densities of FAPb(I1−xBrx)3 films
decrease. When the contents of bromine are 0.05, 0.15, 0.2,
the defect densities are almost the same. For the Br contents
larger than 0.2, the defect density decreases drastically.
This indicates that fewer positrons were captured and anni-
hilated in FAPb(I1−xBrx)3 films with the decrease of α/δ
phase content ratio. The photovoltaic performances of
FAPb(I1−xBrx)3 films were studied. With high absorbance and
low defect density, the highest efficiency of 17.12% is
achieved for FAPb(I0.95Br0.05)3 film. The PCE increases by
25.7% compared to that of FAPbI3 film.

2. Experiments and methods

2.1. Experiments

Fluorine-doped tin oxide (FTO) coated glass slides and glass
substrates were successively cleaned by ultrasonic bath with
detergent, deionized water, acetone, and ethanol. The sub-
strates were ultraviolet-ozone treated to remove organic
residuals before use. Compact TiO2 (c-TiO2) was deposited
on FTO with a sol–gel method by spin coating (at a speed of
3000 rpm for 20 s). The precursor was prepared by adding an
ethanol solution of hydrochloride acid in a 0.3 mol l−1 tita-
nium isopropoxide and acetylacetone ethanol solution. The
as-cast films were calcined at 510 °C for 30 min The films
were treated with a 30 mM (m mol l−1) TiCl4 aqueous solu-
tion at 70 °C for 40 min After cooling down to room temp-
erature, c-TiO2 films were rinsed by deionized water and
ethanol. The substrates were calcined again at 510 °C for
30 min after dried by air flow. A mesoporous TiO2 (m-TiO2)
layer was fabricated with a home-made paste containing
18 wt% TiO2 nanoparticles (25–30 nm in size), ethyl cellulose
(as a pore-forming agent) and terpineol (as a dispersant). To
fabricate a mesoporous scaffold with a thickness of about
150 nm, the paste was diluted by adding ethanol. The paste/
ethanol weight ratio was 1:5. To ensure homogeneous dis-
persion of TiO2 nanoparticles in ethanol, ultrasonic treatment
was conducted for 6 h. The as-obtained suspension was cast
on compact TiO2 film at a speed of 3000 rpm for 20 s. The
films were calcined at 510 °C for 30 min to remove organic
components. The mesoporous scaffold was ultraviolet-ozone
treated for 15 min before the deposition of perovskite layer.

Perovskite precursor solutions were prepared by mixing
formamidinium iodide (FAI, TCI, 99%), lead iodide (PbI2,
Aladdin, 99%), and lead bromide (PbBr2, Aladdin, 99%) in
dimethyl sulfoxide (DMSO) and N, N-dimethyl formamide
(DMF) (volume ratio 1:4). The weight of FAI was 0.258 g
and the mixed solvent volume was 1 ml. The weights of PbI2
and PbBr2 were listed in table 1. The solutions were spin
coated at 2000 rpm for 10 s and then at 5000 rpm for 30 s in a
dry room (at a fixed temperature of 20 °C, relative humid-
ity<1%). Chlorobenzene (0.2 ml) was dripped on the
rotating substrate at 20 s before the end of the rotation. The
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as-cast films were annealed on a hot plate at 160 °C for
10 min. The perovskite films were cooled at room temperature
for 30 min and a spiro-OMeTAD (Merck) solution was spin
coated at 4000 rpm for 30 s. The solution was prepared by
dissolving 72.3 mg spiro-OMeTAD in 1 ml chlorobenzene
with 21.8 μl bis(trifluoromethylsulfonyl)imide lithium salt
(Li-TFSI, J&K Chemicals) stock solution (520 mgml−1 in
acetonitrile) and 17.6 μl 4-tert-butylpyridine (TBP, Sigma
Aldrich). The hole transport material (HTM) coated per-
ovskite films were shaded and stocked in dry air for 12 h to
partly oxidizing spiro-OMeTAD. A 120 nm thick Ag was
deposited on HTM by thermal evaporation as back contact. A
tungsten boat was used as a heating source. The vacuum was
maintained below 10–5 tor during the deposition. The
deposition rate was 1–3 Å s−1. Metal masks were used to fix
the active area as 0.07 cm2.

2.2. Methods

X-ray diffraction (XRD) characterization was conducted with
a Rigaku Ultima IV diffractometer. Grazing mode with scan
step and scan speed of 0.02 and 4° min−1 was used. The films
were sealed with Scotch magic tapes to avoid phase transition
during the test. The lattice energy of FAPbI3 and FAPbBr3
were calculated with the free software Vesta.

The morphology of perovskite films was checked by
scanning electron microscopy (SEM, JEOL 7100). The grain
size statistics were obtained by measuring the maximum
horizontal length of perovskite grains. The software used in
this work was nanomeasure. One SEM image was analyzed
with a sample size of 250–300. The surface roughness of
perovskite films were measured by AFM (CEKO, SPI-
3800N). To check the phase purity, perovskite films were
directly cast on the glass and annealed at 160 °C for 10 min.

The optical absorbance of perovskite films was recorded by
an ultraviolet–visible–near-infrared (UV–vis–NIR) spectrometer
(Shimadzu UV-2550 PC). The bandgaps of light absorber were
calculated from the (αhν)2-hν plot by extrapolating the linear
edge of (αhν)2 to zero, where α and hν are the absorption
coefficient of perovskite and the photon energy of incident light,
respectively.

The valence spectra of FAPb(I1−xBrx)3 films were char-
acterized by x-ray photoemission spectroscopy (XPS, Thermo
Scientific, ESCALAB 250). Al Kα target was used to yield an
x-ray with 1486.6 eV photon energy. The energy step size
was 0.05 eV and the photon–electron pass energy of analyzer
was 30.0 eV. Fixed retarding ratio mode was used since
valance peaks have low intensities. The spectra positions were
calibrated with the C 1s peak positions to ensure the zero
binding energy points were the Fermi levels of the samples.
The Fermi levels of perovskite films were checked by Kelvin

probe force microscopy (KPFM, Bruker, Dimension Icon).
The work function of the conductive tip was calibrated with a
fresh surface of highly ordered pyrolytic graphite. The aver-
age surface potential of a 10 by 10 μm area was used to
calculate the work function of the samples.

The Doppler broadening of positron annihilation
spectroscopy were collected by a slow positron beam spectro-
meter which was developed by State Key Laboratory of Particle
Detection and Electronics, University of Science and Technol-
ogy of China. The Doppler broadening spectroscopy has unique
advantages to study the defect densities of thin films. After
thermalization (kinetic energy dropping to thermal energy level
in 2–3 picoseconds), positrons diffuse arbitrarily in the sample.
During the diffusion process, positrons are easily trapped by
defects and eventually annihilate with the electrons around the
defects. It reflects the variation of defect concentration with
depth of positrons implantation in sample. The Doppler broad-
ening spectra were analyzed by the VEPFIT program [48, 49].
The energy of incident positron beam is continuously tunable
between 0 and 20 keV. S parameter which is defined as the ratio
between central area (511±0.802 keV) and total peak area,
reflects the annihilation of positrons with low-momentum
valence electrons. The increase of S parameter indicates the
increase of defect densities (the fraction of valence electrons
around defects is higher than those in the defect-free regions) in
samples.

The current density–voltage (J–V ) characteristics of
PSCs were measured by a source meter (Keithley 2400). The
incident light applied was a simulating standard AM 1.5 G
spectrum generated by a xenon lamp (Newport 94083 A). The
intensity of incident light was calibrated by an AAA class Si
solar cell (Oriel-91150). A decreasing bias from 1.2 to 0 V
was applied to PSCs with 451 steps. The hold time on each
step before the current test was 50 ms and the interval time
between bias steps was 10 ms, corresponding to a scanning
rate of 40 mV s−1.

3. Results and discussion

3.1. Influence of Br on phase composition and stability

The phase composition and α phase (cubic Pm3m space group)
stability of FAPb(I1−xBrx)3 were investigated by XRD. The
results are presented in figure 1. The main peak of α phase that
is near 14° increases first, and then decreases with Br-doping.
When Br content is low (x�0.05), α phase is stabilized by
Br-doping. When Br content (x) is over 0.15, the intensity of
α phase main peak decreases with the increase of Br content.
This reveals that the over-doping of Br in FAPbI3 would
decrease the stability of the perovskite phase. According to

Table 1. The weights of PbI2 and PbBr2 for perovskite precursor solutions with different Br content.

Br content (x) 0 0.05 0.15 0.2 0.3 0.4

PbI2 (g) 0.6915 0.6396 0.5359 0.4841 0.3803 0.2766
PbBr2 (g) 0.0000 0.0413 0.1239 0.1652 0.2477 0.3303

3

Nanotechnology 30 (2019) 165402 X Ni et al



previous studies, FAPbBr3 has a cubic structure of Pm3m as
well with a smaller lattice constant (a=5.9944 Å of FAPbBr3
versus a=6.3573Å of FAPbI3[50]).

Due to the tilting of the PbX6 octahedral frame, the
symmetry degrades from cubic (figure 1(c)) to tetragonal
(figure 1(d)). To compare the lattice parameters, the pseudo-
cubic cell was used (figure 1(d)). Because the coordinate
system of the tetragonal primitive cell has a 45° angle with the
cubic primitive cell, the (100) plane of cubic cell replaces the
(110) plane of tetragonal structure (figure 1(d)). The lattice
constants of the tetragonal real cell and pseudocubic cubic
cell hence have the following relation [51–53]:

= = ( )/ /a a c c2 2; 2, 1c t c t

where ac, cc, at, and ct are the lattice constants of pseudo-cubic
and tetragonal structure respectively. For the pseudocubic

structure, ac=cc. The lattice parameters of FAPb(I1−xBrx)3
were calculated according to the positions of (110) peak near
14°. As presented in figure 1(b), the lattice constant of
FAPb(I1−xBrx)3 is linear relevant to the Br content. It indicates
that the Br content in the perovskite phase is not influenced by
the phase segregation. The bromine is incorporated in the lat-
tice during calcination and homogeneously distributed. While
during the cooling process, the high temperature stable α phase
starts to transform to low temperature stable δ phase. During
the phase transition, Br is hard to move because of the low
temperature. Hence, Br is nearly homogeneously distributed
in the films in spite of the phase segregation. It should be noted
that the phase segregation in this system is caused by the low
stability of α phase instead of solubility limit of Br in the
perovskite lattice. The linear relation between lattice constant
and Br content indicates the formation of solid solution in the

Figure 1. (a) The XRD patterns of FAPb(I1−xBrx)3 films on glass annealed at 160 °C for 10 min. (b) The lattice constants of FAPb(I1−xBrx)3
films calculated by (110) diffraction peak position in (a). Illustration of FAPbI3 lattices: (c) the ideal cubic structure, and (d) the slightly tilted
structure in reality. The primitive cells are highlighted with black squares. For the real structure, the pseudo-cubic cell is highlighted with a
yellow square.
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mixed halogen films. However, the lower phase stability of
high Br-doping content films makes the phase transition speed
faster and hence forms more δ phase.

To understand the influence of Br on the perovskite
phase stability, we have calculated the Goldschmidt tolerance
factor of FAPb(I1−xBrx)3. Goldschmidt tolerance factor t was
calculated according to the following equation [54]:

= + +( ) ( ) ( )/t r r r r2 , 2A X B X

where rA, rB and rX are the radii of A site cation FA+ (2.53Å),
B site cation Pb2+ (1.19 Å) and X site anions I− (2.20Å) or
Br− (1.96Å) respectively. The t values for FAPbI3 and
FAPbBr3 are 0.987 and 1.008. With a tolerance factor close to
1, FAPbBr3 forms an ideal cubic perovskite structure. To
understand the phase stability of FAPb(I1−xBrx)3, average tol-
erance factor was calculated with the following equation:

= - +( ) ( )t x t xt1 , 3I Br

where tI and tBr are the tolerance factors of FAPbI3 and
FAPbBr3, x is the Br content. The average tolerance factor
located in the range of 0.987–0.995 with a doping range of
0–0.4. With a slightly small t value, FAPbI3 should be able to
form a stable perovskite structure. However, the perovskite
phase stability is reduced with the increase of Br content.

The electrostatic energy (lattice energy) per asymmetric
unit of FAPbI3 and FAPbBr3 were calculated as −23.52 and
−24.97 eV/cell. The lower stability of perovskite phase of
FAPbI3 is attributed to the high Madelung electrostatic
potential. With a slightly lower lattice energy, FAPbBr3 is
easier to form and has higher stability. The electronegativity
differences of Pb–I and Pb–Br are 0.79 and 1.09, Pb–Br
bonding is hence more ionic. The actual lattice energy of
FAPbI3 would be higher and perovskite phase of FAPbI3
would be less stable. With a large effective radius, iodine-
based perovskites have lower electrostatic stabilization. In
other words, due to the lower electronegativity of iodine, Pb–I
bonds are more covalent in contrast with Pb–Br bonds. With
stronger Pb–X ionic bonding, the 3D PbBr6 framework is
more stable.

With the introduction of Br in the FAPbI3 lattice, the
lattice constant decreases accordingly and the PbX6 is tilted
and distorted due to the Pb–Br bond is shorter than Pb–I bond
(figure 2(a)). When Br content is low, the slightly decreased
lattice constant would stabilize the corner shared PbX6 frame
because of the increased electrostatic forces between ions.
When Br content is high, the tilting of PbX6 will be promi-
nent. When Br content is in the range of 0.3–0.4, about one-
third of iodine was replaced by Br. That means two Pb–I
bonds in PbI6 were replaced with Pb–Br bonds. The tilting of
PbX6 and Pb–Br bonds’ introduction caused the deformation
of octahedral interstices. Some interstices expanded while the
others shrank. The contractive cavities are too small to hold
FA+ ions. The FA–I bond lengths in α and δ phases are
/a2 2 (4.50 Å) and a3 (5.00 Å) (figures 2(b) and (c)).

With a large FA–X bond length, the δ phase has enough
spaces for FA+ ions despite Pb–I bonds are partly replaced
with shorter Pb–Br bonds. Meanwhile, the serious tilting of
PbX6 will decrease the distance between iodine ions. The

decreased distance increases the repelling forces between
iodine ions. The repelling electrostatic force between halide
ions and the expansion trend of the PbX6 framework to
contain FA+ ions compel the rearrangement of PbX6 octa-
hedrons (transits from corner sharing 3D framework to iso-
lated face sharing chains). Hence, the stability of α phase
decreases dramatically with high Br-doping content. The
incorporation of Br in the perovskite lattice has a significance
on the heat stability as well. XRD was used to check the
thermal stability of FAPb(I1−xBrx)3 films (figure S1 is avail-
able online at stacks.iop.org/NANO/30/165402/mmedia).
Perovskite films with different Br content were calcinated at
150 °C for 8 h and XRD patterns were recorded. The main
peak intensity ratio of PbI2 to FAPb(I1−xBrx)3 has a minimum
ratio at a Br content of 0.05 indicating the best heat stability.

3.2. Influence of Br on morphology

The top view morphologies of perovskite films with different
Br content are shown in figure 3. Without Br-doping, per-
ovskite film has a rough surface, while perovskite films are
flat after Br-doping. The surface roughness difference was
further confirmed by the AFM characterization (figures S3
and S4). The root mean square (rms) roughness decreased
from 85.57 nm for pristine film to 44.97 nm with a 0.05 Br-
doping content. A minimum roughness of 30.4 nm was
obtained with a Br-doping content of 0.15. Except for the
difference of surface roughness, the grain size varies with the
Br content. The grain size statistics were given in figure 4.
The average grain size of FAPbI3 is 223.19 nm. With
Br-doping, the ratio of large grains increases. The average
grain sizes of FAPb(I1−xBrx)3 are 278.54, 287.29, 285.98,
246.14, and 231.54 nm respectively for x=0.05, 0.15, 0.2,
0.3, and 0.4. As the statistics demonstrates, FAPb(I0.85Br0.15)3
has a largest average grain size. The elemental distribution of
these films was checked by EDS (figure S1). The elements are
nearly homogeneous detected despite phase segregation is
observed for samples with high Br content. This indicates that
the difference of Br content in α and δ phases of
FAPb(I1−xBrx)3 is negligible which is consistent with the
lattice parameter data of the perovskite phase.

3.3. Influence of Br on optical property and energy levels

The vis–NIR absorbance spectra of FAPb(I1−xBrx)3 films are
shown in figure 5(a). With the increase of Br content, the
absorption edge of FAPb(I1−xBrx)3 has a blue shift. Bulk
FAPbI3 and FAPbBr3 perovskites have bandgaps of 1.48 and
2.23 eV [50]. The wider bandgap of FAPbBr3 compared to
FAPbI3 origins from the larger gap between Pb–X bonding
and anti-bonding orbitals. With the introduction of Br, the
proportion of Pb–Br bonding increases, yielding a gradually
widen bandgap. The bandgaps of perovskite phase obtained
by Tauc’s plots are 1.55, 1.58, 1.62, 1.65, 1.74, and 1.74 eV
for x=0, 0.05, 0.15, 0.2, 0.3 and 0.4 respectively
(figure 5(b)). The bandgap stops increasing after x=0.3.

The energy level of FAPb(I1−xBrx)3 with different Br
content was clarified. According to the Fermi level measured
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by KPFM, the incorporation of Br deepens the Femi level of
FAPb(I1−xBrx)3. As shown in table 2, the Femi level
decreases from −4.50 eV for FAPbI3 to −4.65 eV for
FAPb(I0.6Br0.4)3. The observed Fermi position versus VB
position was illustrated in figure 5(d). The relative position
reflects the doping level of perovskite materials. For intrinsic
semiconductor without doping, the Fermi level locates near
the middle of the bandgap. For highly doped semiconductors,
the Fermi level generally locates very close to VB (p-type) or
CB (n-type).

The downshift of Fermi level is mainly caused by the
decrease of the self-doping level. The halide elements would
evaporate during the heat treatment. Halogen vacancies would
form accordingly and cause the self-doping of perovskite
materials. The halogen vacancies are positively charged
which are balanced by excess electrons in the lattice which
shifts the quasi-Fermi levels upwards. The Br forms stronger
bonding with Pb, and the probability of Pb–Br bond

dissociation is lower. Except for the downshift of Fermi level,
the VB position downshifts as well. The VB of
FAPb(I1−xBrx)3 deepens with the increase of Br content.
According to previous studies on the band structure of per-
ovskite, the VB of perovskite is mainly dominated by the p
orbitals of halogen (I 5p or Br 4p) [55]. Hence, it is reason-
able that the valance position downshifts with the increase of
Br 4p content which has a lower energy. The CB of FAPbI3
changed slightly after Br incorporation. CB of perovskite is
mainly composed of Pb 6p orbitals. The shift may be a result
of crystal structure and morphology difference.

3.4. Influence of Br on defect densities

The defect densities of perovskite films with different bro-
mine content were characterized by PAS. The variation of S
parameter (low-momentum valence electrons annihilation
fraction) of FAPb(I1−xBrx)3 as a function of positron energy is

Figure 2. (a) Illustration of PbX6 octahedron tilting after Br incorporation and α phase to δ phase transition. FA–X coordination in different
FAPb(I1−xBrx)3 phases: (b) FA–X tetradecahedron with six square faces and eight triangle faces in α phase, the cage is formed by halogen
atoms with (4, 4, 4) packing, and (c) FA–X hexadecahedron with six square faces and ten triangle faces in δ phase, the cage is formed by
halogen atoms with (3, 6, 3) packing.
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shown in figure 6(a). The depth distribution of positrons in
the sample depends on the positron energy which follows the
so-called Makhov distribution [56]:
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where m is a constant, z is the depth, E is the positron
injection energy, z0 is a constant depends on the average
injection depth of positron (z ):
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Figure 3. Top-view morphology of FAPb(I1−xBrx)3: (a) x=0, (b) x=0.05, (c) x=0.15, (d) x=0.2, (e) x=0.3, and (f) x=0.4.

Figure 4. Grain size distribution of FAPb(I1−xBrx)3 films: (a) x=0, (b) x=0.05, (c) x=0.15, (d) x=0.2, (e) x=0.3, and (f) x=0.4.
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r
= ( )z

A
E , 6n

where Γ is the gamma function, ρ is the density of the mat-
erial, n and A are constants.

According to previous works, n and A can take the
values of 1.667 and 2.58 μg cm−2 keV−1.667, respectively
[56, 57]. The densities of α-phase (4.101 g cm−3) and δ-phase
(4.096 g cm−3) FAPbI3 are close to each other [58]. To sim-
plify the problem, the mean injection depth of positrons (z )
was calculated with the density of α-phase FAPbI3. The
calculated average injection depth was in the range from
0.6 nm (E=0.25 keV) to 928.0 nm (E=20 keV).

The relative S parameter (ΔS/S) is defined by the fol-
lowing equation [59]:

D =
-

( )/S S
S S

S
. 7

Br doped film pristine film

pristine film

TheΔS/S parameters (obtained by the VEPFIT program)
versus injection positron energy are shown in figure 6(b). The
low energy positrons (E<2 keV) generally annihilate at the
surface of materials. Surface annihilation leads to high S
parameter values at low injection positron energy for all
samples. Compared to Br-doped samples, the pristine FAPbI3
sample has a higher surface annihilation fraction which is
probably due to its smaller grain size and rougher surface. For
the high injection energy that higher than 14 keV, a large
fraction of positrons annihilate in TiO2 or FTO substrates.
This could be observed from figure 6(a) where the S para-
meters stop decreasing and start to increase slowly at the

Figure 5. (a) The Vis–NIR transmittance spectra of FTO/c-TiO2/meso-TiO2/FAPb(I1−xBrx)3 films. (b) Tauc’s plot ((αhν)2-hν relation) of
FTO/c-TiO2/meso-TiO2/FAPb(I1−xBrx)3 films, the Eg of different samples are obtained by extrapolating the linear edge of (αhν)2 to zero.
(c) XPS valence spectra of FTO/c-TiO2/meso-TiO2/FAPb(I1−xBrx)3 films, the energy scale is referenced to the Fermi level, EF (0 eV).
(d) The relative position of conduction band (CB) and valence band (VB) to Fermi level (EF) of FAPb(I1−xBrx)3 films.
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positron energy near 14 keV (corresponding to the mean
injection depth of 512 nm). The S parameters in the injection
positron energy of 2–14 keV reveal the defect information of
film body. According to the previous work, the incorporation
of Br could increase the formation energy of vacancies [60].
Positrons are generally trapped in cation vacancies, since they
are mostly negative charged. Because the halogen substitution
is equivalent doping, the cation and anion vacancies form
simultaneously. Figure 6(a) shows that the S parameters of
Br-doped samples are lower than that of FAPbI3. This

indicates the vacancy densities including cation and anion
vacancies of Br-doped samples are lower than that of FAPbI3.
The incorporation of small halogen anions leads to the lattice
strain relaxation that will prevent the formation of defects
[60]. This is caused by the ionic size mismatch between the A
cation and the lead halide. From figures 6(a) and (b), we can
see the S parameters of the FAPb(I1−xBrx)3 samples with
x=0.05, 0.15, and 0.2 are close to each other. This suggests
that the defect densities of these three samples are almost the
same. This is reasonable considering that the effect of lattice
strain relaxation is not obvious when Br contents are low.
When Br content is in the range of 0.3–0.4, about one-third of
iodine is replaced by Br. The lattice strain relaxation is hence
significant and the defect densities decreased dramatically.
This is indicated by the relative S parameter evolution in
figure 6(b). The lattice strain can also change the PbX6 con-
nection from corner-sharing to edge-sharing which yields a
lower α/δ phase content ratio when Br content is high. The
change of phase composition may influence the defect den-
sities of FAPb(I1−xBrx)3 samples.

3.5. Influence of Br on photovoltaic performance

The photovoltaic performance of perovskite films with dif-
ferent Br content was checked by current density–voltage
(J–V) characteristics. A mesoscopic structure was used as
illustrated in figure 7(a). To check the influence of Br-doping
on the film thicknesses of perovskite layers, the cross-section
morphology of incomplete devices without spiro-OMeTAD
and Ag back contact was checked (figure S5). As a result, a
perovskite layer thickness of 500–600 nm was observed in all
devices with negligible difference. The influence of active
layer difference could hence be excluded in discussing the
photovoltaic performance. The thicknesses of c-TiO2 and
m-TiO2 in this work were about 60 and 150 nm, respectively.
The J–V curves of PSCs with different perovskite films are
shown in figure 7(b). The corresponding photovoltaic para-
meters are listed in table S1. With the increase of Br content,
higher open circuit voltage (VOC) was observed. For short
circuit current density (JSC), a maximum value was obtained
with x=0.05 in perovskite film. The change of VOC is a
result of bandgap and defect density differences. With wider
bandgap and lower recombination caused by trap-assisted
non-radiative recombination [61], PSCs based on high Br
content achieved larger VOC values. The JSC of these devices
depends on the absorption range of the solar spectrum
(bandgap of perovskite films) and the perovskite phase con-
tent. The available light range decreases with the increase of
Br content and the perovskite phase content is determined by

Table 2. Summary of energy level positions and bandgap values of FAPb(I1−xBrx)3 films.

Br content (x) 0 0.05 0.15 0.2 0.3 0.4

Fermi level (eV) −4.50 −4.57 −4.60 −4.65 −4.65 −4.65
VB (eV) −5.53 −5.62 −5.69 −5.75 −5.80 −5.80
Eg (eV) 1.55 1.58 1.62 1.65 1.74 1.74
CB (eV) −3.98 −4.04 −4.07 −4.10 −4.06 −4.06

Figure 6. (a) The S parameter evolution with injection positron
energy (E) of FAPb(I1−xBrx)3 films, the dashed lines are fitted values
obtained from the VEPFIT program. (b) ΔS/S (obtained by VEPFIT
program) as a function of E in FAPb(I1−xBrx)3 films.
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the stability. The best photovoltaic performance was achieved
with a Br content of 0.05. Compared to pristine FAPbI3, the
PCE of PSC based on FAPb(I0.95Br0.05)3 increased by 25.7%.

4. Conclusions

The effect of Br-doping on phase stability and performance of
FAPb(I1−xBrx)3 films was studied in this paper. The phase
stability is closely correlated to Br content. Incorporating a
low content of Br can stabilize the perovskite phase. How-
ever, the stability of α phase notably decreases with high Br
content. The origin of low phase stability is attributed to the
serious tilt and distortion of the PbI6 octahedral framework
and the shrinkage of the interstitial sites. According to SEM
measurements, pristine FAPbI3 film has a rough surface with
a small average grain size, while each Br-doped sample has a
flat surface with a larger average grain size. This indicates that
the introduction of Br enhances the morphology of the films.
The maximum size of surface grains of 287.3 nm was
obtained with a Br content of 0.15. Both the element mapping
and perovskite phase lattice parameter indicate the homo-
geneous distribution of Br in α and δ phases. The bandgaps
and energy level position trends of FAPb(I1−xBrx)3 were
clarified. The Fermi level and VB maximum downshift with
the increase of Br content. They are probably attributed to the

decrease of halide vacancy densities and the increase of Br 4p
orbital content in VB. The defect information in the films is
analyzed by positron annihilation measurements. Lower
defect densities are observed in higher Br content samples.
The photovoltaic performance of FAPb(I1−xBrx)3 films were
clarified. Owing to the high phase stability, enhanced
morphology and low defect density, FAPb(I0.95Br0.05)3
film achieved the best photoelectric conversion efficiency
of 17.12%.
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