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ABSTRACT: A bismuth-based organohalide material, methylammonium bismuth
iodide (MA3Bi2I9), has been recently explored as an efficient lead-free light absorber
in photovoltaic applications. However, the poor surface morphology of the MA3Bi2I9
film fabricated via conventional one-step spin-coating methods has limited the
performance of the device. In this work, a smooth, uniform, and compact MA3Bi2I9
thin film was realized by a novel two-step evaporation−spin-coating film fabrication
strategy for the first time. Taking advantage of the superior MA3Bi2I9 thin film, the
best-performing inverted planar heterojuncion photovoltaic device exhibited a power
conversion efficiency of 0.39% with open-circuit voltage as high as 0.83 V, which
demonstrated the lowest loss-in-potential to date in MA3Bi2I9-based solar cells.
Moreover, the facile film fabrication strategy utilized in this work paves the way for
high reproducibility of lead-free organohalide films and devices.

Organic−inorganic hybrid perovskite-type light-absorbing
materials, typically CH3NH3PbI3, have been widely

studied as an efficient active layer in solar cells since the first
application in dye-sensitized solar cell (DSSC) in 2009.1 Over
the past few years, great efforts has been made in this field,
and the power conversion efficiency (PCE) of the planar
heterojuncion (PHJ) perovskite solar cell has rapidly reached
21.6% with promising device stability by element doping.2 To
date, the highest performance of PHJ perovskite solar cells has
been obtained using lead (Pb) as the core element, which is
well-known to be toxic to the environment and harmful to
human health, which may limit its large-scale industrial
application.3 In addition, the instability of lead-based perovskite
materials remains a big challenge.4 As a result, researchers have
attempted to develop other lead-free perovskites for photo-
voltaic application. For example, tin (Sn), which is located in
the same main group with Pb, is first used to replace Pb in the
perovskite structure.5 However, Sn2+ is considered to be easily
oxidized into Sn4+, which makes it difficult to obtain a stable
solar cell device.5 Although introducing SnF2 and pyrazine into
the FASnI3 film could effectively stabilize the film, the open-
circuit voltage (Voc) in such a device is still low (∼0.3 V), and
new strategies are needed to further improve the device
performance.6 In addition to optimizing the film fabrication
technique, developing more lead-free metal cores in perovskite
materials other than Sn would also be beneficial.
Recently, environment friendly and chemically stable bismuth

(Bi)-based methylammonium bismuth iodide MA3Bi2I9 organo-
halide material, which contains post-transition metal Bi3+ with a
6s2 valence electronic configuration like Pb2+, has been inves-
tigated both theoretically and experimentally as a novel lead-free

light absorber in optoelectronic applications.7−15 In these
works, a mesoporous device structure of glass/fluorine doped
tin oxide (FTO)/compact-TiO2/mesoscopic-TiO2/MA3Bi2I9/
hole transport material(HTM)/Ag was always used, although
one recent work applied inverted PHJ structure of glass/indium
tin oxide (ITO)/PEDOT:PSS/MA3Bi2I9/PCBM/Ca/Al.12

Nevertheless, the overall PCEs of the MA3Bi2I9-based solar
cells so far are still low, which is most likely caused by the poor
film morphology fabricated via the one-step spin-coating
method.7−15 To overcome this problem, it is of great impor-
tance to develop other effective strategies to promote the film
quality as well as the device performance.
For lead-based perovskite film, a two-step metal salt evapora-

tion technique has been proven to be an effective strategy that
yields a highly efficient device.16−20 However, the evaporation
technique has not been applied in the fabrication of lead-free
organohalide films to date. In this work, a smooth, continuous,
and compact MA3Bi2I9 thin film composed of continuous
MA3Bi2I9 grains has been realized for the first time by using a
facile two-step fabrication method, including thermal evapo-
ration of BiI3, spin-coating with MAI solution, and postanneal-
ing steps as shown in Scheme 1. The facile film deposition
method obtained the compact MA3Bi2I9 thin film with a root-
mean-square (RMS) roughness of only 13.23 nm. By optimizing
the film thickness, concentration of MAI solution, and postan-
nealing conditions, we were able to obtain the best-performing
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MA3Bi2I9-based lead-free inverted PHJ organohalide solar
cells with short-circuit current (Jsc), Voc, and PCE as high as
1.39 mA/cm2, 0.83 V, and 0.39%, respectively.
We fabricated MA3Bi2I9 thin films by thermal evaporation of

BiI3 and spin-coating MAI solution to form BiI3/MAI stacking
layer first, and in situ formation of MA3Bi2I9 would occur upon
postannealing through a molecule interdiffusion process.21,22

Figure 1 shows the surface morphology of the thermal evap-
orated BiI3 film (Figure 1a−c) and the as-prepared MA3Bi2I9
film (Figure 1d−f) from scanning electron microscopy (SEM)
and atomic force microscopy (AFM). The thermal evaporation
technique resulted in a dense and flat BiI3 thin film. After the
spin-coating of MAI on BiI3 and the postannealing process,
uniform and pinhole-free MA3Bi2I9 thin film with continuous
crystal grains was observed, as shown in Figure 1d. SEM images
under lower magnification demonstrated the large-scale unifor-
mity of both BiI3 and MA3Bi2I9 film (Figure S1). A statistical
analysis of the top-down resistance after the deposition of Ag
contact at different positions of MA3Bi2I9 film showed little
difference (Figure S2), which suggested a uniform and pinhole-
free film. From tapping-mode and the corresponding three-
dimensional (3D) AFM characterization, we can see that the
RMS roughness values of the BiI3 and MA3Bi2I9 thin films were
only 5.11 nm (Figure 1b) and 13.23 nm (Figure 1e), respectively.

Such distinguishing MA3Bi2I9 thin film is superior to the film
made from conventional one-step spin-coating method,7−15

especially the one made on PEDOT:PSS substrate, where the
crystallization process of MA3Bi2I9 crystal was quick, leading to
the nonuniform film with island morphology.12

The XRD patterns of evaporated BiI3 and as-prepared MA3Bi2I9
thin films are shown in Figure 2a. Evaporated BiI3 film showed its
(006) peak at 26°, which indicated that the evaporated BiI3 film
had a preferred orientation with its (006) crystal plane parallel
to the substrate owing to the two-dimensional layered crystal
structure of BiI3 (Scheme 1).23 The peaks at 12.84°, 16.58°,
and 24.82° of the MA3Bi2I9 film corresponded to (101), (004),
and (006) planes of MA3Bi2I9 crystal according to the
calculated XRD pattern of MA3Bi2I9 material,

10 which showed
the typical hexagonal space group P63/mmc.12 However, there
are some differences between the measured and the calculated
XRD patterns of the MA3Bi2I9 material. The preferred orien-
tation of BiI3 led to a restrained growth of MA3Bi2I9 with pre-
ferred orientation; hence, only preferred orientation facets can
be detected by XRD measurement. To verify the successful for-
mation of MA3Bi2I9 material, we fabricated a thicker MA3Bi2I9
thin film via three film fabrication cycles, and more typical peaks
of MA3Bi2I9 material were monitored, as shown in Figure S3.
The reason may be as follows: when the second and third BiI3

Scheme 1. Fabrication Procedure of MA3Bi2I9 Thin Film

Figure 1. (a) SEM, (b) tapping-mode AFM, and (c) 3D AFM images of evaporated BiI3 film; (d) SEM, (e) tapping-mode AFM, and (f) 3D AFM
images of MA3Bi2I9 film.
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layers were evaporated, the surface morphology was different
from the first BiI3 layer on ITO, which led to the natural cry-
stal growth of MA3Bi2I9 without obvious preferred orientation.
Therefore, a thicker MA3Bi2I9 film made from multiple cycles
showed XRD patterns matching the calculated result.
Ultraviolet−visible (UV−vis) spectra of BiI3 and MA3Bi2I9

thin films and the PL spectra of MA3Bi2I9 film are shown in
Figure 2b. The evaporated black BiI3 film (the inset image in
Figure 2b) showed a broad absorption response through the
visible-light range from 300 to 650 nm. We use the Tauc plot
versus the energy of light to fit a linear absorption edge in a
function of (αhν)1/2 versus hν24 (Figure S4) and find that the
band gap of the evaporated BiI3 film was ∼1.82 eV, agreeing
well with the reported result.25 After the transformation into
MA3Bi2I9, the color of the film turned into light orange, as
shown in the inset image of Figure 2b. Because the thickness of
the MA3Bi2I9 film was low, the color of the film was lighter than
that reported in the literature.7,9,10,12,13 A thicker MA3Bi2I9 film
showed deeper orange color and enhanced absorption spectra
that are in agreement with the literature,7,9,10,12,13 demonstrat-
ing the successful formation of MA3Bi2I9 (Figure S5). UV−vis
spectra of MA3Bi2I9 showed a strong exciton absorption peak at
2.47 eV together with two more absorption bands at 2.95 and
3.58 eV, which was explained as the electron transitions from
the ground 1S0 to the excited 3P1,

3P2, and
1P1 states of Bi

3+ in
the isolated Bi2I9

3− cluster when light energy increased.10,12,26

No characteristic absorption band of BiI3 was observed in
MA3Bi2I9 film, which indicated the complete conversion of
BiI3. The band gap of MA3Bi2I9 film obtained from Figure S4
was ∼2.22 eV, which was close to the calculated bandgap of

Figure 2. (a) XRD pattern of BiI3 and MA3Bi2I9 films and (b) UV−vis
spectra of BiI3 and MA3Bi2I9 films and PL spectra of MA3Bi2I9 film.
Insets in panel b show photographs of the two films.

Figure 3. (a) Device structure, cross-sectional SEM image, and (b) energy level diagram of the MA3Bi2I9-based perovskite solar cell; (c) device
performances with different MAI concentration; (d) forward and backward scanning and (e) IPCE spectra of the best-forming device.
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MA3Bi2I9 (2.25 eV)11 and matched the center position of the
PL peak of MA3Bi2I9 thin film, as shown in Figure 2b.
Next, we fabricated the PHJ solar cells using MA3Bi2I9 thin

film as light absorber to explore its photovoltaic performance.
Figure 3a shows the stacked device structure and the cor-
responding cross-sectional SEM image of the MA3Bi2I9
organohalide solar cell device in an inverted configuration of
ITO/PEDOT:PSS/MA3Bi2I9/C60/BCP/Ag. Figure 3b shows
the energy level diagram of the device. In the two-step
evaporation/spin-coating film fabrication process, the thickness
of the evaporated BiI3, concentration of MAI solution, and the
postannealing conditions are the crucial factors to determine
the performance of the final device. It is well-known that a
thicker film absorbs more light and thus yields a larger photo-
current, but a too-large thickness causes loss of photovoltage
and charge transport, most likely due to the increased charge
recombination.21,22 Therefore, the optimization of MA3Bi2I9
thin film is crucial to achieving the highest photovoltaic device
performance. The effect of the MAI concentration on the
device performance was investigated, as shown in Figure 3c.
When the concentration of MAI solution reached 20 mg/mL,
the Voc and Jsc of the devices had the optimized maximum
values, which could be explained by the full transformation of
BiI3 into MA3Bi2I9 material with no impurity when an appro-
priate MAI solution concentration was used. Table 1 collects
the experimental results from Figure 3c.

Moreover, a slight hysteresis effect can be observed by
comparing the forward and backward scanning J−V curves in
Figure 3d. The current density for the best-performing perov-
skite solar cells was confirmed by comparing the integrated
current from the incident photon-to-current conversion
efficiency (IPCE) measurements in Figure 3e. We tried to
further optimize other film formation conditions, including the
thickness of BiI3 film (Figure 4a), the postannealing conditions
(Figure 4b,c) and the fabrication cycles of MA3Bi2I9 layer
(Figure 4d). The optimized device fabrication conditions are as
follows: evaporating 60 nm BiI3 on PEDOT:PSS substrate, then
spin-coating 20 mg/mL MAI solution on substrate under room
temperature at 4000 rpm for 30 s, followed by postannealing
for 3 h at 120 °C. The parameters of the best-performing device
are Jsc = 1.39 mA/cm2, Voc = 0.83 V, FF = 0.34, and PCE =
0.39%. Here, Jsc and Voc are the highest value among the state-
of-art MA3Bi2I9-based lead-free organohalide solar cells to date,
as listed in Table S1. Moreover, the film fabrication strategy
showed a good reproducibility as shown in Figure S6, and all
the devices we fabricated (over 50 devices) were not short-cut.
As shown in Figure 4, optimizing the film fabrication con-

ditions failed to improve the FF of the device, and we tried to
determine the reason for this result. Previous work showed that
the exciton binding energy of MA3Bi2I9 thin film was estimated

to be ∼70 meV,7 which was higher than that of the Pb-based
perovskite materials (∼20 meV).26 The high exciton binding
energy would make it much easier for charge to recombine,
which could limit the FF of the device. In addition to exciton
binding energy, the carrier diffusion ability of the light absorber
also determined the FF of the solar cell device. To investigate
the carrier diffusion ability of MA3Bi2I9 thin film, we conducted
the PL characterization in Figure 5a,b. Comparison of measure-
ments on bare MA3Bi2I9 against MA3Bi2I9/hole acceptor
(PEDOT:PSS) bilayers and MA3Bi2I9/electron acceptor (C60)
bilayers enables identification of electron and hole signatures in
the MA3Bi2I9 film.

27 The PL quenching effect, which revealed
the charge-transfer process at the film interface, could be
observed when MA3Bi2I9 was interfaced with PEDOT:PSS or
C60. It can be seen that C60 showed a more efficient electron
extraction ability than that of PEDOT:PSS for hole extraction,
as shown in Figure 5a. By further comparing the PL decay
lifetime in the presence and absence of the quenching layers,
the exciton diffusion length, LD, for electrons and holes can be
estimated.28−30 When the thickness of the film is less than its
absorption length, an average PL lifetime in the presence of
interfacial quenching, τq, can be estimated as27

τ τ π≈ + −L L[1 /8( / ) ]q
2

D
2 1

(1)

where τ is the PL lifetime of film without interfacial quencher,
LD the exciton diffusion length, and L the thickness of the film.
Equation 1 provides a very useful expression to easily approxi-
mate LD from the transient PL decay data, especially if the data
fits well to a single-exponential function. Using the fitted τq and
the known film thickness, L, LD can be estimated by

π τ τ≈ −L L2 / [2( / 1)]D q
0.5

(2)

The PL decay spectra of MA3Bi2I9 film with and without
interfacial layer are shown in Figure 5b, and the lifetimes fitted
by single-exponential function are 0.78, 0.75, and 0.66 ns for
bare MA3Bi2I9, MA3Bi2I9/PEDOT:PSS, and MA3Bi2I9/C60,
respectively. Here, the thickness of the MA3Bi2I9 film was
∼120 nm based on the cross-sectional SEM image in Figure 3a;
therefore, the diffusion lengths, LD, for electron and hole calcu-
lated by eq 2 are 46.0 and 21.6 nm, respectively, which are lower
than those of the Pb-based perovskite thin film (>100 nm).28

This relatively short exciton diffusion length may be partially
responsible for the low FF in the device.
Another critical factor detrimental to solar cell performance

was charge carrier trapping effect, which introduced com-
petitive recombination channels.31 The charge carrier trap-state
density should be necessarily low for a highly efficient solar cell,
while high trap-state density leads to high charge recombina-
tion probability. We therefore fabricated an ITO/MA3Bi2I9/Ag
device to measure the carrier trap-state density and charge
mobility in the MA3Bi2I9 thin film as shown in space charge
limited current (SCLC) measurement in Figure 5c. The linear
fitting (green) indicates an ohmic response of the device at
low bias voltage, and a steep increase (yellow) when the bias
voltage exceeds the trap-filled limit voltage (VTFL), demonstrat-
ing that the trap states are completely filled at this voltage. The
trap-state density in the film can be estimated by10

ε ε=n V qL2 /trap 0 TFL
2

(3)

where ε0 is the vacuum permittivity, ε the static dielectric
constant of MA3Bi2I9 (∼46),32 and q the elemental charge.
The trap-state density of MA3Bi2I9 thin film is calculated to be

Table 1. Performance Parameters of Perovskite Solar Cells
with Different MAI Concentrationsa

MAI conc.
(mg/mL) VOC (V)

JSC
(mA/cm2) FF PCE (%)

15 0.72 ± 0.1 0.78 ± 0.07 0.33 ± 0.2 0.17 ± 0.03
18 0.75 ± 0.2 1.08 ± 0.06 0.36 ± 0.1 0.26 ± 0.02
20 0.81 ± 0.2 1.31 ± 0.08 0.35 ± 0.2 0.36 ± 0.03
22 0.76 ± 0.1 1.20 ± 0.06 0.35 ± 0.2 0.33 ± 0.02
25 0.72 ± 0.2 1.26 ± 0.05 0.34 ± 0.1 0.30 ± 0.02

aAverage and standard deviation values were obtained based on 16
cells for 20 mg/mL and 8 cells for others.
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5.29 × 1017 cm−3, which is approximately 1 order of magnitude
higher than that of Pb-based perovskite thin film.33−35 The
charge mobility, μ, of film is extracted from Child’s regime,
which is fitted by the Mott−Gurney equation:10

μ ε ε= JL V8 /93
0

2
(4)

where J/V2 is the slope of J versus V2 in Child’s regime in
Figure 5c. The charge mobility of MA3Bi2I9 thin film was
calculated to be 3.47 × 10−7 cm2 V−1 s−1. Here, the high trap-
state density and low charge mobility in MA3Bi2I9 thin film may
originate from the small MA3Bi2I9 grain size derived from this
film fabrication method.
On the basis of the characterization above, we concluded that

the relatively high exciton binding energy, short carrier diffusion
length, high trap-state density, and low charge mobility in
MA3Bi2I9 thin film were mainly responsible for the low FF in
solar cell devices. Although the uniform and compact MA3Bi2I9
thin film fabricated in this work promoted Voc over 0.8 V, it
is still necessary to explore new ideas to further improve the
device performance. Because the exciton binding energy of
the MA3Bi2I9 material is inherently high, reducing the surface

trapping state with suitable interfacial layer or introducing elec-
tron acceptor material to form bulk heterojunction structure
would be reasonably accessible.36

In conclusion, a novel two-step evaporation−spin-coating
strategy has been developed to fabricate the MA3Bi2I9 thin film
with pinhole-free, uniform, and compact surface morphology.
The XRD pattern of in situ transformed MA3Bi2I9 thin film
showed preferred orientation, and the RMS roughness of the
film was only 13.23 nm. The superior MA3Bi2I9 thin film pro-
moted the inverted PHJ photovoltaic device with champion
PCE of 0.39%. Most importantly, the Voc of 0.83 V is the
highest value to date among the state-of-art MA3Bi2I9-based
photovoltaic devices. PL and SCLC measurement revealed that
the low FF of the device was caused by the short carrier dif-
fusion length, high trap-state density, and low charge mobility
in the MA3Bi2I9 thin film. This work proves that the film
morphology engineering is crucial for enhancing the optoelec-
tronic performance of lead-free PHJ organohalide solar cells.
Further improvements in the FF of the device would boost the
PCE in this system, where bulk heterojunction architecture and
a suitable interfacial layer could be deeply investigated.

Figure 4. J−V curves of the solar cell devices with different (a) BiI3 thickness, (b) postannealing temperatre, (c) postannealing time, and
(d) MA3Bi2I9 film fabrication cycles.

Figure 5. (a) PL and (b) PL decay spectra of MA3Bi2I9 film with different substrate; (c) current−voltage curve of the ITO/MA3Bi2I9/Ag device on a
double-logarithmic scale.
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■ EXPERIMENTAL SECTION
Perovskite Film and Device Fabrication. PEDOT:PSS (Clevios
Al4083), BiI3, and MAI were purchased from Borun New
Material Technology, Ltd. The cleaning process of the ITO-
coated glass can be found in our recent report.37 PEDOT:PSS/
deionized water (v/v = 1/3) solutions by sonication and fil-
tering were first spin-coated onto the substrate at 1000 rpm for
60 s and annealed 20 min at 120 °C. Then BiI3 with various
thicknesses was thermal evaporated on the substrate under
10−5 mbar vacuum. After that, MAI solutions in isopropanol
(IPA) with various concentrations were spin-coated on the top
of BiI3 layer at 4000 rpm for 30 s in a glovebox. The film was
allowed to anneal at 120 °C for 1−5 h to form the MA3Bi2I9
film. IPA was loaded on the substrate and spin-coated to
remove the residual MAI on the film after annealing. To fur-
ther fabricate the perovskite solar cell device, C60 (30 nm), BCP
(8 nm), and Ag (120 nm) were sequentially evaporated onto
the MA3Bi2I9 film.
Film Characterization. Field emission scanning electron

microscopy (Quanta 250, FEI, United States) and atomic
force microscopy (Solver P47H-PRO, NT-MDT, Russia) were
used to investigate the morphology of the MA3Bi2I9 film. XRD
measurements were performed with a X-ray diffractometer
(D/MAX-2400, Rigaku, Japan) with Cu Kα radiation. The
absorption spectra were acquired on a UV−vis spectropho-
tometer (U-3010, Hitachi High-Technologies, Japan). The PL
spectra were acquired on a photoluminescence spectroscopy
(Fluoromax 4, HORIBA Jobin Yvon, United States).
Device Characterization. All the devices were tested in an

Ar-filled glovebox using a Keithley 2400 source meter and a
Newport Oriel sol 2A solar simulator (300 W). The light inten-
sity was calibrated to be 100 mW cm−2 using a calibrated Si
solar cell and a KG5 color filter. The device performance
parameters were obtained from the J−V curves of the solar cells
under illumination. The incident photon-to-current efficiency
(IPCE) was measured on a solar cell measurement system from
PV Measurement Inc. We used the 91150 V Reference Cell and
Meter (ORIEL instrument) to calibrate the light intensity prior
to device testing.
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