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ABSTRACT: Stable and non-toxic bismuth iodide, which can address the intrinsic problems of lead based perovskites, has 
become one of emerging promising materials for solar cell active layer with its prospective optical properties such as narrow 
band gap (1.7 eV) and high absorption coefficient (105 cm−1) in the visible region. Despite these promising features, solar 
cells employing this material has only achieved around 1% yet which is quite far apart from the theoretical limitation from 
its band gap, 28%. This unsatisfactory efficiency may come from its very short carrier lifetimes (180-240 ps) and therefore, 
efficient separation of mobile charges is necessary. It is found in this paper that formation of bismuth sulfur iodide between 
ETL and the bismuth iodide active layer helps to have more efficient charge separation through transient optical spectros-
copy studies. However, due to the low lying conduction band of the bismuth sulfur iodide layer, it was needed to find 
appropriate ETL to match the energy level and a device with the optimized structure performed with 1.21% power conver-
sion efficiency.

Introduction  

 Solar cells employing organic-inorganic hybrid lead perov-
skites, APbX3, are now one of the most attractive alternatives 
to conventional solar cells, as they are achieving an efficiency 
spur from 3.8% to 22.7%.1 This rapid improvement in effi-
ciency in only a few years has been resulted from the rapid 
progress including processing conditions2, device architec-
tures3,4 and precursor chemistries5. However, there are two in-
trinsic problems to be solved, the toxicity of lead and the in-
stability of lead based perovskite structure.6,7 In order to ad-
dress these concerns, several alternative materials have been 
suggested. Especially, investigations on air-stable and lead-
free perovskites such as tin(IV) based perovskite8, bismuth 
based perovskite9 and halide double perovskite10 have been 
conducted by several groups, expecting advantages in optical 
characteristics from the perovskite structure. However, those 
air-stable and lead-free perovskites have not achieved more 
than 2% of power conversion efficiency (PCE) yet, and the 
highest is only 1.64%10 until now. Therefore, researchers are 
still finding other air-stable and lead-free alternatives.  

 In that view, all-inorganic metal-halides, for example, bis-
muth iodide (BiI3) can be a prospective candidate for the light 
absorber in a solar cell.11 Bismuth is becoming one of the most 
popular lead replacement with chemical similarity and similar 
density.12 It has a [Xe]4f145d106s2 electronic configuration like 

lead and this configuration make bismuth has resistance to 
oxidation due to the presence of an inert 6s2 electron pair.13 
The crystal structure of BiI3 is rhombohedral crystal structure 
(space group R3̅)14 where a layered 2D structure is built from 
BiI6 octahedra with the iodide atoms occupying a hexagonal-
close-packed lattice and bismuth atoms occupying 2/3 of the 
octahedral sites between every second layer.15  

 BiI3 had been commonly researched for the application as an 
X-ray detector due to its large X-ray cross-section availability 
from large nuclear mass.16 After first application of this mate-
rial in a solar cell as a hole transport material (HTM) in or-
ganic solar cells,17 it has been attracting the interest for the 
photovoltaic (PV) application with its suitable optical proper-
ties as follows.18-20 The band gap value of BiI3 which is indirect 
is ~ 1.7 eV,19,20  and it has high absorption coefficient, which is 
higher than 105 cm−1, in the visible region.20 Solution process 
availability is another merit of BiI3 has for the massive produc-
tion.11,19 Taking advantage from such properties, this material 
was applied as an active layer in solar cells with organic HTL 
by Lehner et al., but the cells were able to achieve only 0.35% 
of PCE.19  This work showed the potentiality of BiI3 in PV ap-
plication, but the low efficiency may come from lack of under-
standing on the material chemistry on the material itself and 
suboptimal components and structure of devices. Especially, 
the generated charges on BiI3 have relatively short lifetime, 



 

180-240 ps, resulting in charges recombining before being 
transferred to electrodes.20 Scholz et al.21 observed not only 
the short lift time of generated charges but also the presence 
of strong electron–phonon coupling in BiI3 which can result in 
self-trapped excitons.22 Therefore, the optimisation of the 
structure is needed in order to extract charges efficiently be-
fore they recombine in the material itself. Recently, Hamdeh 
et al.11 improved PCE from 0.32%19 to 1% by annealing under 
solvent vapour environment where the carrier mobility in-
creased and forming BiOI on the surface of the active layer. 
However, BiOI was formed between active layer and HTM 
where the energy levels does not fit well. Formation of another 
layer for the charge extraction between ETL and active layer 
seems to work more efficiently, reducing number of charges 
lost by mismatched energy levels.  

 In order to achieve it, we introduced sulphur and generated 
bismuth sulfur iodide (BiSI) layer between ETL and BiI3 layer, 
expecting more efficient charge extraction. BiSI is another air-
stable and low-toxic material which has potential for the PV 
application.23 Only a few papers have reported the BiSI based 
solar cells only achieving lower than 1 % PCE.24,25 This material 
is calculated to have low conduction band,23 however, the ex-
perimental data has not been reported yet. Here, it seems that 
low-lying conduction band of BiSI helps the electrons to be 
extracted quickly and to be sent to the ETL like TiO2 or SnO2. 
This paper contains the research on how the thin BiSI layer 
was formed and how this layer enhances the electron 
transport and finally the efficiency of the solar cell device. 

Experimental Section 

Materials 

 
Figure 1. Schematic drawing of preparation of thin film sam-
ples of BiI3 on substrates. 

 Precursors for the compact electron transport layer (ETL) 
were spin-coated onto a 1.25 mm × 1.25 mm substrate, result-
ing in a thin film. On the top of the prepared film, 134 mg/ml 
indium xanthate solution in chlorobenzene was deposited and 

then annealed at 200 °C for 15 min in a N2 filled glove box to 

form an indium sulfide (In2S3) compact layer for sulfur sup-
ply.26 On this In2S3 compact layer a prepared 200 mg/mL BiI3 
solution in anhydrous dimethylformamide (DMF) was spin-

coated and then annealed at 100 or 200 °C for 20 min. In the 

case of the film annealed at 200 °C, BiSI and BiI3 mixed layer 

was formed. The whole process is illustrated in figure 1. For 
charge carrier dynamics study between layers, spiro-OMeTAD 
was applied as a hole transport layer(HTL) on the top of this 

film. More detailed procedure can be found in the supporting 
information. 

 For PV devices, commercial fluorine indium tin oxide-coated 
(ITO) glass substrates were used as the substrates. The ITO 
glass substrates were cleaned in consecutive ultrasounds bath 
in soap, deionised water, acetone and isopropanol in order, for 
20 min each then dried by N2 blowing and heated in the oven. 
The compact ETL, In2S3, BiI3 active layer and HTL were pre-
pared through the same process for the thin film preparation 
above. Finally, 100 nm of Ag was thermal evaporated at the 
pressures not higher than 5E-6 Bar as a backside electrode. 
The films were stored in the ambient condition without illu-
mination for 14 days to oxidise spiro-OMeTAD. The detailed 
procedure is in supporting information. 

 Crystallographic Properties were investigated using X-ray 
diffraction (XRD) with a PANalytical X’Pert Pro MRD diffrac-
tometer equipped with a Ni filtered Cu Kα X-ray at 40 kV and 
40 mA. The data of 2θ degree between 12.5° to 60° was ob-
tained and samples were mounted in a top-loaded trough and 
it rotated during data collection. BiI3 films deposited on sub-
strates prepared following the procedure in materials part 
above. 

 Scanning electron microscopy (SEM) images of the pre-
pared BiI3 films were taken from LEO Gemini 1525 high reso-
lution field emission gun SEM (Zeiss) which was fitted with 
Oxford Instruments INCA energy dispersive and wavelength 
dispersive x-ray spectrometers, after the films loaded on a con-
ductive carbon tape and 10nm chromium film sputtered on 
them by using Q150T Turbo-Pumped Sputter Coater. 

 UV–Vis Spectra was obtained from a Shimadzu 2600 spec-
trophotometer including an ISR-2600Plus integrating sphere 
attachment.  

 Transient Absorption Spectroscopy (TAS) was employed 
for the investigation on time related electro chemical pro-
cesses. The samples under nitrogen atmosphere were excited 
by a pump light source (laser excitation energy density: ~15 
μJ·cm-2), a nitrogen laser (Photon Technology International 
Inc. GL-3300) shooting at  a dye laser (Photon Technology In-
ternational Inc. GL-301. A probelight, which was generated by 
a quartz halogen lamp (100 W; Bentham, IL 1) powered 
through Bentham 605 supply unit, passed through the excited 
samples and then electronic band-pass filters (Costronic Elec-
tronics), and the probe light was detected with light detectors 
(Si-photodiodes; Hamamatsu Photonics, S1722-01). The TAS 
signals were amplified by a digital oscilloscope (Tektronics, 
DPO3012), and they were collected and synchronized with a 
trigger signal from the pump laser pulse from a photodiode 
(Thorlabs Inc., DET210). According to the absorption spec-
trum (figure 2), the wavelength of the pump laser was set at 
510 nm for BiI3 thin films and the wavelength of continuous 
probe light was set from 1000 nm to 1600 nm.  

JV characterisations of the fabricated solar cell devices were 
conducted by illumination (100 mW·cm-2) and measurement 
of the current change as different bias applied by a LCS-100TM 
solar simulator system with a 150 W xenon lamp which was 
calibrated with a standard Silicon solar cell. 



 

 

Figure 2. Normalized UV–Vis absorption spectra of BiI3 on In2S3 layer annealed at different temperatures and Tauc plots for the 
film annealed at b) 100 °C and c) 200 °C, giving the band gaps.  

 

Results and Discussion 

 When BiI3 film was annealed on indium sulfide layer, the red-
shifted absorption spectrum was obtained as shown in figure 

2 (a). Annealing at low temperature (100 °C) did not change 

its band gap and the film without while annealing at high tem-

perature (200 °C) changed its optical property much. Not 

shown in the figure, but when the film without In2S3 under 

layer was annealed at 200 °C, the film became almost trans-

parent as reported by Hamdeh et al.11 The reason for the shift 
of the band gap is expected to be the formation of BiSI from 
the reaction between BiI3 and In2S3 as confirmed by XRD be-
low.  

 We obtained the absorption coefficient (α) from transmit-
tance (T), reflectance (R), and the thickness of the sample (d). 

α =
−ln(𝑇/(1 − 𝑅))

𝑑
(1) 

 Assuming an indirect bandgap as following the literature,15,23 
the Tauc method was applied to find a linear absorption edge 
(figure 2 (b) and (c)). The bandgaps were determined to be 

1.7419,20 and 1.6223 eV for the annealing at 100 °C and 200 °C, 

respectively where the bandgap matches with the previous re-
ported band gaps of BiI3 and BiSI.  

 The film with low-temperature annealing has the absorption 

coefficient (α) higher than 105 cm-1 above 1.9 eV (650 nm) 

which coincides with the result from the previously re-
ported.27 Otherwise, in the case of the film annealed at higher 
temperature, its absorption coefficient is higher than 105 cm-1 
above 1.75 eV (710 nm) where it can absorb larger range of the 
light with fairly high absorption coefficient. 

 Figure 3 is the collected XRD patterns and a relevant refer-
ence in order to confirm the formation of BiSI by annealing at 

200 °C. The XRD pattern from the 100 °C annealed film, there 

are only the peaks for BiI3 (figure S1) while the pattern from 
the 200 °C annealed film, there are not only peaks for BiI3 but 
also peaks for BiSI. The peaks marked with stars can be as-
signed to the peaks from BiSI (figure 3 (c)). To confirm 
whether the BiSI peaks from the reaction between BiI3 and 

In2S3, the XRD patterns of each powders and their powder 
mixture heated at 200 °C were also obtained (figure S1). The 
powders were heated in the nitrogen filled glove box to pre-
vent reactions with other components of the ambient air. In 
the pattern of powder mixture, peaks for BiSI appeared as well 
and therefore it can be concluded that BiSI was formed during 
the annealing.  

 

Figure 3. X-ray diffraction patterns of BiI3 films on In2S3 an-
nealed at (a) 100 °C and (b) 200 °C respectively and (c) the ref-
erences of BiSI (code: 01-073-1171). SEM images of (d) In2S3, 
BiI3/In2S3 annealed at (e) 100 °C and (f) 200 °C and on c-
TiO2/glass substrates. 

 

 

 



 

 

 

Figure 4. (a), (c) Time-resolved transient absorption spectrums of BiI3 thin films in different structure at 1600 nm and (b) transient 

absorption spectra of spiro-OMeTAD/BiI3/In2S3/TiO2/glass thin films at 10 μs after pulsed and absorption spectrum of chemically 

oxidised spiro-OMeTAD chemically oxidised with N(PhBr)3SbCl6.

This reaction between BiI3 and In2S3 affected morphology of 
the BiI3 thin film as well, as can be seen in SEM images above. 
Figure 3 (d) shows compactly and evenly formed In2S3 layer on 
the glass substrate. With low temperature annealing, depos-
ited BiI3 nano-crystals remained, not covering whole the sur-
face with many defects (figure 3 (e)). However, in figure 3 (f), 
it is observed that the particles are covering whole the surface 
with much less defects. Considering both XRD patterns and 
SEM images, the formation of the BiSI in the film during the 
annealing with high enough temperature as expected with ab-
sorption spectra and the film became the mixture of BiI3 and 
BiSI. This led the film to have compact and homogeneous 
morphology which is desired to solar cell active layer.  

Figure 4 (a) shows TAS signals from the different BiI3 films 
structures. First, without spiro-OMeTAD any obvious decay 
was not observed during the measurement. The reason for it 
is that the observed decay at 1600 nm is the decay of generated 
polarons in spiro-OMeTAD. It becomes clearer with Figure 4 
(b), the transient absorption spectra, it matches with the ab-
sorption spectrum of chemically oxidised spiro-OMeTAD.28 

Therefore, all the other TAS signals were obtained with spiro-
OMeTAD. Comparing the films annealed at two different tem-
peratures, the film annealed at higher temperature gave three 
times higher signal. It means almost three times of spiro-
OMeTAD polarons were remained until micro-time scale after 
pulsed. Without In2S3 layer, there was no signal although it 

was annealed at 200 °C, meaning none of the polarons sur-

vived until this time scale. If there is no In2S3, the electrons 
generated in BiI3 cannot go to anywhere in Al2O3/BiI3/PMMA 
structure and therefore, they may recombine with holes in BiI3 
or transferred holes on spiro-OMeTAD and it happens in 
quicker than a micro second. However, when there is In2S3, 
the electrons can go to In2S3 layer and the concentration of 
electrons in BiI3 becomes lower. So, there is less amount of re-
combination of holes and electrons in the BiI3 layer itself and 
higher chance to the holes to go to spiro-OMeTAD and live 
until micro-time scale as it can be seen in the figure. In the 

case of the film annealed at 200 °C, there is BiSI which has 

conduction band with low energy level where the electron 
transfer is more favoured. Therefore there can be more effi-

cient electron extraction before they recombined. Conse-
quently, much higher number of remained holes can go to 
spiro-OMeTAD and it results in higher signal in TAS.  

When different ETMs were applied to the films it showed dif-
ferent decay kinetics as shown in figure 4 (c). When the film 
has BiSI layer after annealing on SnO2, the polaron decays 

more slowly with 1/2 ≒ 80 s, while the film without BiSI has 

1/2 ≒ 8 s. When TiO2 was applied as the ETM, even though 

the film had BiSI, the decay proceeded quite fast with 1/2 ≒ 12 

s and the intensity of the signal was lower.  

 

Figure 5. Schematic illustration of charge transportation pro-
cess in the BiI3 thin films. The energy levels of BiSI and BiI3 
are from literatures.19,23 

In general, charges are generated by light illumination. Then, 
the generated electrons are transferred to ETM and holes are 
transferred to HTM if they exist. These transferred or re-
mained charges go through recombination pass ways: recom-
bination of generated charges in active layer, charge back 
transfer at interfaces between active layer and ETM or HTM 
and charge back transfer between ETM and HTM. Assuming 
charges from BiI3 go through the same pass ways, the process 
is illustrated in figure 5. Electrons could go to BiSI with low 



 

conduction band more easily than to SnO2. Therefore, the less 
electrons were remained in BiI3 and the slower charge recom-
bination between electrons on BiI3 and holes on spiro-
OMeTAD, resulting in slower polaron decay. With TiO2 which 
has higher conduction band energy level, the smaller number 
of electrons were transferred to TiO2, and therefore the re-
combination became faster than the film with SnO2.  

The longer lived polarons and higher amount of the signal 
mean that there is a higher chance to be collected to the elec-
trode in a solar cell system. Devices were fabricated with the 
same structure that TAS conducted to investigate the effect of 
the inter-layer in the device performance. 

 

Figure 6. BiI3 solar cell devices annealed at different temper-
atures and with c-SnO2 or c-TiO2 as the ETM. (a) Schematic 
device architecture and (b) cross-sectional SEM image, (c) JV 
traces of the assembled devices (dash lines are under dark) 
and (d) external quantum efficiency.  

The structure of the fabricated solar cell is illustrated in fig-
ure 6 (a) and its cross-sectional SEM image is in figure 6 (b). 
Figure 6 (c) shows the JV traces if the fabricated solar cell de-
vices. Obtained values including Jsc, Voc, FF and PCE of devices 

are listed on table 1. The device with 100 °C annealing did not 

achieve high enough Voc nor Jsc. This may come from the 
charge recombination in BiI3 without being transferred to the 

ETL or HTL efficiently. In the presence of BiSI with 100 °C an-

nealing, charges were quickly transferred from active layer to 
the layer formed and therefore longer-lived charges could be 
extracted to the electrode showing higher Voc and Jsc with 0.7% 
PCE. In the case of TiO2, maybe the charges transferred to BiSI 
could not be transferred to TiO2 due to the energy level mis-
match. Further study is need for the exact energy level of BiSI 
to confirm it. Figure 6 (d) shows EQE that the most of charges 
were from the active layer, exactly matching with the absorp-
tion spectrum in figure 2. 

Figure 7 is the JV trace of the champion device with the struc-
ture in figure 6 (a). Solar cells applied BiI3 have achieved 
1%,11,19,29 and the cells with BiSI have achieved 0.7% until 
now.24,25 This annealing method to improve charge collection 
efficiency with formation of BiSI achieved higher PCE of 1.21% 

and the average PCE of 0.64 ± 0.25 %. The histogram of 45 

device pixels can be found in figure S3. 

Table 1. Summary of photovoltaic performance of devices 
from different structures and annealing temperatures. 

 
Voc 

(V) 

Jsc 
(mA/cm2) 

FF 
PCE 

(%) 

100 °C on SnO2 0.08 0.40 0.25 0.01 

200 °C on SnO2 0.33 7.32 0.30 0.72 

100 °C on TiO2 0.49 0.32 0.12 0.02 

 

Figure 7. JV traces of the assembled device which gave the 
highest efficiency. 

 To conclude, an additional layer of BiSI was generated to en-
hance charge extraction efficiency to prevent quick charge re-
combination which is intrinsic characteristic of BiI3. This layer 
enhanced the number of electrons and holes that reach the 
electrodes in a device, improving average PCE to become 0.64% 
and the best PCE of 1.21%. This achievement is in a planar 
structure without mesoporous(mp) ETL. mp-TiO2 which is 
one of most popularly used mp-ETL cannot be applied here, 
for the energy level of TiO2 seems not to match with BiSI. 
Therefore, if mp-SnO2 or any other mp-ETL with lower con-
duction band can be applicable, it is expected to bring higher 
PCE. Additionally, different HTLs with lower valence band are 
expected to give higher Voc. Thus, there is still much room for 
improvement with and further research is required. 
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