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Polycrystalline silver bismuth iodide (SBI) powders of various compositions (Ag : Bi ¼ 2 : 1–1 : 1 in atomic

ratio) were synthesized via a solid-state reaction in an evacuated Pyrex tube. Regardless of the

composition of Ag and Bi, Ag2BiI5 in the hexagonal phase was preferentially formed and BiI3 impurity in

the rhombohedral phase was formed with the increase of the Bi component. The synthesized SBI

powders of various compositions were applied as light absorbers for hybrid solar cells (HSCs), which

employ mesoporous TiO2 as the electron transporting layer and pristine spiro-OMeTAD as the hole

transporting layer. To deposit light absorber layers, the coating solutions were prepared by dissolving the

synthesized SBI powders in DMSO/DMF/HI and spin-coated over the mesoporous TiO2 layer. For the

solar cell employing pure Ag2BiI5, a photovoltaic conversion efficiency (PCE) of 1.74% was achieved,

whereas the inclusion of the BiI3 impurities in the Ag2BiI5 phase significantly increased the device

performance. The highest PCE of 2.31% was achieved with the SBI of Ag : Bi ¼ 55 : 45. Furthermore, the

SBI solar cells show no hysteresis in the J–V curve measurements and are highly stable under ambient

conditions, exhibiting excellent long-term stability at a relative humidity of 50%.
Introduction

All-solid-state hybrid solar cells (HSCs), consisting of a thin
light absorber layer, a mesoporous inorganic electron trans-
porting layer (ETL), and an organic hole transporting layer
(HTL), have been diversely investigated over the last decade.1–10

In particular, perovskite solar cells (PSCs), which employ
methylammonium lead halide (CH3NH3PbX3, X ¼ I, Br or Cl) in
the perovskite structure, have attracted great interest as next
generation solar cells primarily due to their remarkable
photovoltaic conversion efficiency (PCE) over 20%.11–18 Among
several methylammonium lead halides, CH3NH3PbI3 is an
excellent light absorber with a bandgap (1.55 eV) appropriate for
utilization of solar light, a high molar absorption coefficient,
extremely low exciton binding energy, an abnormally long
charge diffusion length, and others. Moreover, CH3NH3PbI3-
based PSCs are much cheaper to fabricate than typical silicon
solar cells, because the major components constituting the PSC
devices are cheap and core parts of the device can be fabricated
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by a simple wet-chemical process.16–19 Also, processes for large-
area fabrication as well as exible devices are now under
development.20–26 However, for the commercial application of
PSC devices, several obstacles still need be overcome. Espe-
cially, Pb contained in perovskite light absorbers is a harmful
element to our environment and has to be replaced by envi-
ronmentally benign elements. Also, the poor stability of Pb-
containing perovskite materials has to be overcome. Thus, it
is important to develop Pb-free light absorbers with extended
stability for the commercialization of PSC devices in the near
future.

As a Pb-free light absorber, Sn-based perovskite materials
have oen been investigated.27–32 By replacing Pb2+ with Sn2+,
CH3NH3SnI3 can be synthesized by a simple solution process
under inert conditions. CH3NH3SnI3 has a narrower bandgap
(1.23 eV) than CH3NH3PbI3, which is more advantageous for
utilizing the solar spectrum.32 Thus far, a PCE over 6% has been
achieved,32 but CH3NH3SnI3 has even poorer stability than
CH3NH3PbI3 because Sn2+ contained in CH3NH3SnI3 is readily
oxidized to Sn4+ under ambient conditions. Recently, Bi- and Sb-
based light absorbers such as (CH3NH3)3Bi2I9,33–35 (CH3NH3)3-
Sb2I9,36 Cs3Sb2I9 (ref. 37) and others were also investigated
because Sb and Bi are much less harmful than Pb and the light
absorbers containing these elements have excellent molar
absorption coefficients of the order of 105 cm�1. However, HSCs
employing the light absorbers containing Bi or Sb exhibited
photovoltaic conversion efficiencies (PCEs) of only less than
This journal is © The Royal Society of Chemistry 2018
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Fig. 1 XRD patterns of the polycrystalline SBI powders in various Ag to
Bi molar ratios prepared by a solid-state reaction at 500 �C and the BiI3
powder in the rhombohedral phase (a), photographic and SEM images
of Ag2BiI5 (SBI-67 : 33) and SBI-55 : 45 powders (b), and XRD patterns
of the Ag2BiI5 films deposited on the FTO/TiO2 by the coating solutions
of Ag2BiI5 powder and the mixture of AgI and BiI3, respectively (c). XRD
patterns of the bare FTO/TiO2 substrate are also included.
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0.5% in most cases, except Zhang et al.'s recent report (PCE ¼
1.64%).35 The reason for such low PCEs has not been clearly
understood yet, but high exciton binding energy of those
materials as well as difficulty of morphology control for their
lms might be responsible for the low PCE.36,37 Double
perovskite-type Cs2AgBiX6 (X ¼ Br, Cl) structures were also
investigated, but their band gaps turned out to be too large for
application in light absorbers and signicant photovoltaic
performances were not acquired.38–40 Mathews et al. studied the
series of (CH3NH3)2CuClxBr4�x, belonging to 2-dimensional
copper perovskite, but the achieved PCE from (CH3NH3)2-
CuCl2Br2 was only 0.017%.41

Recently, silver-bismuth halides have been investigated as
a potential light absorber for solar cells.42–47 Sargent et al.
prepared AgBi2I7 in the cubic phase with a bandgap of 1.87 eV,
and achieved a PCE of 1.22% by applying it as a light absorber of
HSCs.45 Johansson et al. prepared Ag2BiI5 in the hexagonal
phase with the bandgap of 1.85 eV, and reported a PCE of
2.1%.46 Very recently, Turkevych et al. prepared silver-bismuth
iodides of various compositions by a solid-state reaction in an
evacuated silica tube at 600 �C.47 Among them, Ag3BiI6 in the
R3m rudorffite structure with the bandgap of 1.79–1.83 eV was
reported to be the most efficient material for light absorbers.
The fabricated FTO/mesoporous TiO2/Ag3BiI6/PTAA/Au solar
cell showed a noticeable PCE of 4.3%. The obtained results
suggest that silver-bismuth halide materials can be a potential
candidate for Pb-free light absorbers of perovskite solar cells.
Furthermore, silver-bismuth halides offer signicantly better
stability than methylamine lead halides because they are not
hygroscopic under ambient conditions.

In this work, we synthesized various silver bismuth iodides
(SBIs) in the composition range of Ag : Bi¼ 2 : 1–1 : 1 by a solid-
state reaction at 500 �C. Regardless of the composition in this
range, Ag2BiI5 in the hexagonal phase was preferentially
formed, whereas the AgBiI4 phase was not formed at all.
Instead, the rhombohedral BiI3 phase was included in addition
to the Ag2BiI5 phase. The obtained result suggests that the
Ag2BiI5 phase is the most stable one among the SBI phases
formed in the composition range of Ag : Bi¼ 2 : 1–1 : 1. We also
found that the PSC devices employing the SBI with excess Bi
showed signicantly higher cell performance compared to
those employing pure Ag2BiI5. We optimized the composition of
SBI and discussed the role of the BiI3 impurity phase mixed with
Ag2BiI5 in enhancing the cell performance.

Results and discussion

Polycrystalline silver bismuth iodide (SBI) powders in the
composition range of Ag : Bi ¼ 2 : 1–1 : 1 were prepared via
a solid-state reaction in an evacuated Pyrex tube. Fig. 1a shows
the XRD patterns of SBI powders with the Ag-to-Bi molar ratios
of 67 : 33, 60 : 40, 55 : 45, and 50 : 50. In spite of the composi-
tional variation in this range, the Ag2BiI5 in the hexagonal phase
(ICDD cards 00-023-1025) was the main phase for all of the
synthesized powders. The pure Ag2BiI5 phase was formed from
the AgI and BiI3 powders mixed with a molar ratio of 67 : 33
(SBI-67 : 33). When the Ag to Bi ratio was 60 : 40, the BiI3 peaks
This journal is © The Royal Society of Chemistry 2018
were not observed by XRD analysis within the detection limit,
but noticeable BiI3 diffraction peaks were detected for the SBI in
the composition of 55 : 45 (SBI-55 : 45). That is, an additional
peak at 26.98� is identied to be the (11�3) peak of the rhom-
bohedral BiI3 phase (ICDD cards 00-007-0269). In the SBI
samples prepared with the Ag-to-Bi molar ratio of 50 : 50 (SBI-
50 : 50), the intensity of the BiI3 peak further increases, but the
major component is still the hexagonal Ag2BiI5 phase, and the
AgBiI4 phase was not formed.43 The obtained result is compat-
ible with the phase diagrams of silver bismuth iodides reported
by Babanly et al.48 Fig. 1b shows the photographic and scanning
electron microscopy (SEM) images of the as-prepared SBI-
67 : 33 (pure Ag2BiI5) and SBI-55 : 45 powders. Both samples
exhibit a blackish color, and the individual particles have a kind
of plate-like structure.
Sustainable Energy Fuels, 2018, 2, 294–302 | 295
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For the formation of SBI lms, the synthesized SBI powders
were dissolved in a mixed solvent of DMF/DMSO/HI and the
prepared solution was then spin-coated on the mesoporous
TiO2 layer, followed by heat treatment at 120 �C. The XRD
patterns of the SBI-67 : 33 lm, as shown in Fig. 1c, reveal that
the lm has the same crystallographic phase as the initial
Ag2BiI5 powder. As a control experiment, a lm was prepared
from a simple mixture of AgI and BiI3 with a molar ratio of
67 : 33, that is, without the SBI synthesis. The XRD patterns of
the control lm sample are also shown in Fig. 1c, showing that
the diffraction peaks representing the Ag2BiI5 phase are not as
intense as those of the lm derived from the synthesized SBI
powder. This result clearly indicates that the coating solution
prepared from the SBI powders is much more effective in
forming the highly crystallized phase in the fabricated lm.

UV-visible absorption spectra were obtained for the SBI-
67 : 33 (that is, pure Ag2BiI5) and SBI-55 : 45 lms deposited on
the mesoporous TiO2 layer, as shown in Fig. 2a. The absorption
spectra of these two lms of the same thickness are quite
similar to each other in the overall shape, but we reproducibly
monitored that the SBI-55 : 45 lm shows relatively higher
absorbance. Compared with the CH3NH3PbI3 lm of the same
thickness, these two lms exhibit appreciably higher absor-
bance in the wavelength range of 550–650 nm, suggesting that
the prepared SBI materials are well suited for harvesting the
solar light. Details for the SBI-67 : 33, SBI-55 : 45 and
Fig. 2 Absorption spectra of Ag2BiI5, SBI-55 : 45, and CH3NH3PbI3
films coated on the mesoporous TiO2 layer (a), and Tauc plots of
Ag2BiI5 and SBI-55 : 45 films (b). Thickness of each film over the
mesoporous TiO2 layer was controlled to �60 nm for the comparison
of absorbance.

296 | Sustainable Energy Fuels, 2018, 2, 294–302
CH3NH3PbI3 lms used for the measurement of the absorption
spectra are described in Fig. S1.†

The absorption band edge of the SBI-67 : 33 and SBI-55 : 45
lms was estimated to be �680 nm, and their band gaps were
determined to be 1.88 and 1.83 eV, respectively, according to the
Tauc plots shown in Fig. 2b. On the other hand, the quantum
yield of photoluminescence (PL) is very low for both SBI-67 : 33
and SBI-55 : 45 with their PL intensities estimated to be less
than 1/105 that of CH3NH3PbI3. As a result, the dynamics of
charge injection or recombination for SBI-67 : 33 and SBI-
55 : 45 cannot be determined by conventional time-resolved PL
techniques.

The valence band (VB) level of the as-prepared Ag2BiI5 layer
coated on the TiO2 layer was determined by ultraviolet photo-
electron spectroscopy (UPS). As shown in Fig. 3a, the cutoff
energy (Ecutoff) was 16.85 eV, leading to the Fermi level (EF) of
4.37 eV from the equation, EF ¼ 21.22 eV (He I) � Ecutoff.
Consequently, the VB level (EVB) of Ag2BiI5 was determined to be
�5.63 eV from the EVB � EF value of 1.26 eV obtained by the
linear extrapolation in the low binding energy region of the UPS
spectrum, as shown in the inset of Fig. 3a. As a result, the
conduction band (CB) level of Ag2BiI5 was estimated to be
�3.75 eV from its band gap of 1.88 eV, which was determined
from the absorption spectrum (see Fig. 2b). Thus, the locations
of the VB and CB of Ag2BiI5 are suitable for hybrid solar cells,
employing typical ETL materials such as TiO2 and SnO2 and
HTL materials such as spiro-OMeTAD and PTAA.49–51 That is, in
our solar cell devices, the electrons generated from the Ag2BiI5
Fig. 3 UPS spectrum for the high binding-energy region of the Ag2BiI5
film coated on the mesoporous TiO2 layer while its low-binding-
energy region is shown in the inset (a), and the energy band diagram
for charge separation occurring in the Ag2BiI5 solar cell (b).

This journal is © The Royal Society of Chemistry 2018
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Fig. 4 Plan view (a) and cross-sectional view (b) SEM images of Ag2BiI5
layers prepared by the coating solutions of different concentrations,
and cross-section of a typical solar cell device employing the Ag2BiI5
layers coated with 0.3 M solution (c). Plan-view and cross-sectional-
view SEM images of the SBI 55 : 45 film coated with 0.3 M solution (d).
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can be efficiently injected into the CB of TiO2, while the holes
can move into the HOMO level of spiro-OMeTAD, as described
in Fig. 3b. A similar behavior is expected for the SBI-55 : 45
because its major crystallographic phase is Ag2BiI5.

First of all, pure Ag2BiI5 was employed for the fabrication of
solar cells. Ag2BiI5 solutions of various concentrations were
prepared by dissolving stoichiometric amounts of the as-
prepared pure Ag2BiI5 powders in DMF/DMSO/HI, and each
solution was spin-coated on the mesoporous TiO2 layer. The
Ag2BiI5 will be deposited into the internal pores as well as
overlay-coated on the mesoporous TiO2 layer.

Fig. 4 illustrates plan-view and cross-sectional-view SEM
images of the various Ag2BiI5 lms prepared from the coating
solutions of different concentrations. It was seen from the plan-
view SEM images of Fig. 4a that, when the 0.2 M solution of
Ag2BiI5 was employed as the coating solution, approximately
50% of the TiO2 surface was covered with Ag2BiI5 grains and the
remaining 50% of the TiO2 surface seems to be exposed without
the coverage of Ag2BiI5. When employing 0.3 M solution, about
80% of the TiO2 surface is covered by Ag2BiI5. With 0.4 M
solution, most of the TiO2 surface is covered by Ag2BiI5 grains
except for a few pinholes observed, whereas 0.5 M solution
induces complete coverage of the TiO2 surface with Ag2BiI5.
From the cross-sectional-view SEM images in Fig. 4b, it can be
seen that the thickness of the Ag2BiI5 layer on the TiO2 surface
increases to 30, 60, 100 and 150 nm as the concentration of the
coating solution increases to 0.2, 0.3, 0.4 and 0.5 M respectively.
Fig. 4c shows the cross-section of the fabricated Ag2BiI5 solar
cell device with the conguration of FTO/TiO2/Ag2BiI5/spiro-
OMeTAD/Au. The thickness of the Ag2BiI5 layer, prepared
from a 0.3 M solution, is �60 nm, while the thicknesses of
mesoporous TiO2, spiro-OMeTAD and the Au counter electrode
(CE) layer are �220, 150, and 60 nm, respectively.

J–V curves were measured for the solar cell devices, which
have the conguration of FTO/TiO2/Ag2BiI5/spiro-OMeTAD/Au.
Fig. 5a shows the J–V curves of the PSC devices employing the
Ag2BiI5 layer with various thicknesses. Detailed photovoltaic
parameters are listed in Table 1. The solar cell device employing
the Ag2BiI5 layer coated with 0.2 M solution gives the PCE of
1.07%, while the device obtained from 0.3 M solution exhibits
the PCE of 1.74%, which is the highest value among the Ag2BiI5-
based devices. This result is rather unexpected because the
mesoporous TiO2 surface is only partially covered with the
Ag2BiI5 layer in these devices. In contrast, the Ag2BiI5 lms
obtained from 0.4 M and 0.5 M solutions show relatively lower
PCE values of 1.42 and 1.15%, respectively, although the surface
of the TiO2 layer is fully covered by Ag2BiI5 grains.

To achieve high device performance in hybrid solar cells, in
principle, the light absorber layer has to cover the surface of the
ETL uniformly and its thickness has to be optimized. That is,
full coverage of the TiO2 surface will be advantageous in
reducing charge recombination between the electrons in the CB
of TiO2 and the holes in the HOMO of the HTM, because TiO2

and the HTM are not in contact with each other in this case.
Moreover, the light absorber layer needs to be thick enough to
utilize the solar light effectively. In this work, however, the PCE
values of the devices with the TiO2 layer fully covered by Ag2BiI5
This journal is © The Royal Society of Chemistry 2018
were signicantly lower than those of the devices with the
partially covered one. We believe that this observation is closely
related to fast recombination between the separated electrons
and holes in Ag2BiI5. If the Ag2BiI5 layer is thick, the electrons
and holes generated in Ag2BiI5 have to travel long distances to
arrive at TiO2 and spiro-OMeTAD, respectively. Hence, charge
recombination between electron–hole pairs can occur easily if
the charge diffusion coefficients of Ag2BiI5 are small. In our
experimental result, optimized photovoltaic performance was
achieved with the Ag2BiI5 layer that partially covers the TiO2

surface with a thickness of �60 nm, clearly indicating that
Sustainable Energy Fuels, 2018, 2, 294–302 | 297
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Fig. 5 J–V curves of the Ag2BiI5 solar cells employing various Ag2BiI5
layers derived from the coating solutions of different concentrations
(a) and the solar cell devices employing the various SBI films in different
Ag to Bi ratios. (b). IPCE spectra and integrated current densities for the
optimized SC-Ag2BiI5 and SC-SBI-55 : 45 devices (c), and J–V curves
of the SC-SBI-55 : 45 measured under various light intensities (1, 0.7,
0.5, 0.3 and 0.1 sun) (d).
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intrinsically Ag2BiI5 has fast charge recombination properties.
According to the energy band diagram shown in Fig. 3b,
however, the VOC of the Ag2BiI5-based solar cell is expected to be
higher than 1 V, but the obtained VOC value is only 592 mV. This
also suggests that signicant charge recombination occurs in
these solar cell devices.

SBI samples of SBI-60 : 40, SBI-55 : 45 and SBI-50 : 50 were
also applied as light absorbers for HSCs. For the coating of each
SBI layer, 0.3 M solution was used and the solar cell devices of
FTO/TiO2/SBI/spiro-OMeTAD/Au were fabricated by employing
the same process that was applied to the Ag2BiI5-based solar cell
(SC-Ag2BiI5). Fig. 5b shows the J–V curves of the solar cell
devices employing various SBI lms. Notably, it was observed
that the excess Bi component induces the enhancement of PCE.
As a result, the device with SBI-55 : 45 (SC-SBI-55 : 45) exhibits
the highest efficiency. However, the SBI-50 : 50 containing
higher Bi component leads to relatively lower efficiency. SC-SBI-
55 : 45 showed the optimum PCE of 2.31% with a VOC of
614 mV, JSC of 6.329 mA cm�2, and FF of 59.34%. JSC and VOC
values were signicantly increased, whereas FF was not appre-
ciably changed, compared to those of SC-Ag2BiI5. Presently, the
role of the BiI3 impurity phase in enhancing the cell efficiency is
not clear, but higher light absorption of SBI-55 : 45 than that of
SBI-67 : 33 is one of the major reasons for the increased JSC. In
addition, the inclusion of the BiI3 impurity phase seems to be
helpful for the electron and hole transport through the Ag2BiI5
layer to TiO2 and Spiro-OMeTAD, respectively, which may cause
retardation of charge recombination, thus increasing the VOC.

IPCE spectra were obtained for the SC-Ag2BiI5 and SC-SBI-
55 : 45, as shown in Fig. 5c. The JSC values acquired from the
integration of the IPCE spectra match the values acquired from
the J–V curves in Fig. 5b. The external quantum efficiency (EQE)
maxima for the solar cells with Ag2BiI5 and SBI-55 : 45 were 35%
and 38% at the wavelength of 550 nm. Comparatively low EQE is
ascribed to considerable charge recombination occurring in the
device.

As shown in Fig. 5d, the J–V curves of the SC-SBI-55 : 45 were
measured at the light intensities in the range of 0.1–1 sun. The
maximum PCE of 2.74% was acquired under a light intensity of
0.5 sun. Detailed photovoltaic parameters are listed in Table 1.
The obtained result suggests that the SBI-55 : 45 layer is too thin
to completely utilize the photons irradiated from 1 sun. Hence,
the amount of SBI-55 : 45 deposited on the TiO2 layer has to be
increased for the complete utilization of solar light. The same
trend was also obtained for the SC-Ag2BiI5 devices, as shown in
Fig. S2.†

As a control experiment, a 0.3 M SBI-55 : 45 coating solution
was prepared by dissolving stoichiometric amounts of AgI and
BiI3 in the mixed solvent of DMF/DMSO/HI. To form the SBI-
55 : 45 layer, the prepared solution was then spin-coated and
heat-treated under the same conditions. Fig. S3† shows the J–V
curves of the solar cell devices employing two different SBI-
55 : 45 lms, derived from the synthesized SBI-55 : 45 and the
mixture of AgI and BiI3, respectively. Herein, the device derived
from the mixture of AgI and BiI3 solution showed much poorer
efficiency (PCE ¼ 1.10%) with signicantly lower JSC and VOC
values. The obtained result clearly indicates that the
This journal is © The Royal Society of Chemistry 2018
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Table 1 Photovoltaic parameters of SBI-based solar cells fabricated and analyzed under different conditions. First, the concentrations of coating
solution were varied in preparing the SBI-67 : 33 films. Second, the SBI films in various compositions were coated by using the 0.3 M solution.
Third, the photovoltaic parameters of SC-SBI-55 : 45 were obtained under different light intensities. Fourth, PV parameters were obtained by
reverse and forward voltage scans

Solar cells

VOC (mV) JSC (mA cm�2) FF (%) PCE (%)SBIs (Ag : Bi)
Preparation or
measurement conditions

67 : 33 0.2 M 515 4.075 51.13 1.07
0.3 M 592 4.898 59.96 1.74
0.4 M 543 4.518 57.94 1.42
0.5 M 529 4.159 52.38 1.15

67 : 33 0.3 M 592 4.898 59.96 1.74
60 : 40 596 5.640 60.73 2.04
55 : 45 614 6.329 59.34 2.31
50 : 50 587 5.593 58.25 1.91
55 : 45 1 sun 612 6.116 59.21 2.22

0.7 sun 590 4.917 57.97 2.40
0.5 sun 594 4.206 54.84 2.74
0.3 sun 576 2.413 51.33 2.38
0.1 sun 569 0.710 54.72 2.21

55 : 45 Backward 614 6.329 59.34 2.31
Forward 618 6.235 59.20 2.28

67 : 33 Backward 592 4.898 59.96 1.74
Forward 593 4.876 59.82 1.73

Fig. 6 PCE changes of SC-SBI-55 : 45 and SC-SBI-67 : 33 as a func-
tion of aging time at a relative humidity of 50% at 25 �C (a), and their J–
V curves acquired by forward and backward scans at a scan rate of
100 mV s�1 (b).

Paper Sustainable Energy & Fuels

Pu
bl

is
he

d 
on

 0
7 

N
ov

em
be

r 
20

17
. D

ow
nl

oa
de

d 
on

 6
/2

3/
20

18
 7

:2
2:

24
 A

M
. 

View Article Online
employment of the SBI powders synthesized via a solid-state
reaction induces superior photovoltaic performance, presum-
ably due to considerably higher crystallinity in the fabricated
SBI lms (see Fig. 1c).

SBI-based solar cells are highly stable under ambient
conditions, revealing excellent stability at a relative humidity of
50% at 25 �C. Fig. 6a shows the change of PCE as a function of
aging time for the SC-SBI-55 : 45 and SC-SBI-67 : 33. Extended
stability against aging under moisture is ascribed to the
intrinsic properties of SBI materials without hygroscopicity.
Furthermore, SC-SBI-55 : 45 as well as SC-SBI-67 : 33 show
negligible hysteresis in the J–V curve measurements, as shown
in Fig. 6b and Table 1. The PCE values for backward and forward
scans were coincident within measurement error.

Regarding the stability and hysteresis, SBI-based solar cells
have remarkable advantages. Although SBI-based solar cells in
this work show a low cell performance, we expect that the PCE
can be improved greatly in the near future, considering that
their molar extinction coefficients are comparable to or even
higher than CH3NH3PbI3. For the enhancement of PCE in SC-
SBI devices, rst of all, charge extraction from the SBI layers
has to be improved, because Ag2BiI5 and SBI-55 : 45 show a high
rate of charge recombination. In this regard, appropriate
materials for the ETL and HTL have to be developed, and the
architectures of the ETL or HTL have to be designed for efficient
charge collection. In addition, new coating techniques, which
facilitate the control of the thickness and grain structure of the
SBI layer as well as induce excellent step-coverage over the
mesoporous ETL, have to be developed. The interface control at
ETL/SBI and SBI/HTL will also be an important issue.

In addition, SBIs with bandgaps of 1.8–1.9 eV are considered
to be an appropriate material for the construction of tandem
This journal is © The Royal Society of Chemistry 2018
solar cells with high efficiency. At present, GaInP is mainly
employed in fabricating the top cell of tandem devices. For
instance, the champion PCEs of 31.6% and 32.8%were reported
Sustainable Energy Fuels, 2018, 2, 294–302 | 299
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from the tandem devices of GaInP/GaAs and GaInP/Si, respec-
tively.52–54 Considering that the band gaps of SBIs are very close
to that of GaInP, SBI solar cells can be a potential candidate for
the top cell of tandem devices in the future.

Experimental
Preparation of polycrystalline silver bismuth iodide (SBI)
powders

0.1 mol BiI3 (99%, Aldrich) and a stoichiometric amount of AgI
(99.9%, Alfa) were mixed and ground for 30 min under an Ar
environment. The mixed powder was then inserted into a Pyrex
tube and evacuated for 2 h with a mechanical pump. The tube
kept at 1.5 � 0.5 mTorr was sealed using a torch, and subse-
quently annealed at 500 �C for 12 h. The collected silver
bismuth iodide (SBI) powders with a blackish color were gently
ground under an Ar environment.

Preparation of SBI coating solutions

First, the coating solutions for the SBI lm were prepared by
dissolving 0.3 g of the as-synthesized SBI powders in the solvent
mixture of dimethyl sulfoxide (DMSO), dimethlyformamide
(DMF) and HI (57% aqueous solution, Aldrich) with a volume
ratio of 3 : 1 : 0.2. Particularly, solutions of 0.2, 0.3, 0.4, and
0.5 M concentrations were prepared by varying the amount of
mixed solvent added. To obtain neat solutions, the solutions
were magnetically stirred for 2 h.

Second, the coating solutions were prepared from the AgI
and BiI3 powders. That is, stoichiometric amounts of AgI and
BiI3 powders were dissolved in themixed solvent of DMSO, DMF
and HI (3 : 1 : 0.2 in volume). Typically, to obtain 0.3 M coating
solution for Ag2BiI5 lm, 0.141 g AgI, 0.157 g BiI3, and 1.0 mL of
the mixed solvent were mixed and stirred for 2 h.

Fabrication of SBI HSCs

The patterned FTO glass (Pilkington, TEC8) was dipped into
1 mM HCl solution for 5 min and washed with deionized water.
As a TiO2 compact layer, an �10 nm thick Ti lm was deposited
using a RF magnetron sputtering system (A-Tech system, Korea),
followed by oxidation at 500 �C for 30 min in air. A mesoporous
TiO2 layer with �220 nm thickness was then spin-coated at
7000 rpm for 60 s using the TiO2 paste, which was obtained by
diluting the commercial TiO2 paste (DyeSol 18NRT) by 1 : 6 in
volume with the mixed solvent of terpineol and ethanol (2 : 3 in
volume). The coated lms were then heated at 500 �C for 30 min.
The prepared TiO2 layer was then dipped into 0.2MTiCl4 solution
at 70 �C for 30 min, followed by annealing at 500 �C for 30 min.

Approximately 0.05 mL SBI coating solutions of various
concentrations were then dropped onto the mesoporous TiO2

layers. Aer a stay of 5 s, the lms were spun at 4000 rpm for
20 s. To improve the uniformity of the lm, 0.5 mL ether was
dropped during the spinning. The coated lms were then
heated on a hot plate at 120 �C for 10 min. Pristine spiro-
OMeTAD (2,20,7,70-tetrakis(N,N-bis(p-methoxyphenyl)amino)-
9,90-spirobiuorene) was used for the preparation of the HTL
because the added additives can react with silver bismuth
300 | Sustainable Energy Fuels, 2018, 2, 294–302
iodides, as illustrated in Fig. S4.† That is, the solution of
72.3 mg spiro-OMeTAD dissolved in 1.0 mL chlorobenzene
without adding any additives was spin-coated at 4000 rpm for
30 s. For the back contact, the Au layer with a thickness of
�50 nm was deposited by using a thermal evaporator (Korea
Vacuum Tech.).
Measurements and characterization

Photocurrent density–voltage (J–V) measurements were per-
formed using a source measurement unit (Model 2400, Keith-
ley). A solar simulator (Model K730, McScience) with AM 1.5G
intensity was used as the light source and the light intensity was
adjusted using an NREL-calibrated Si solar cell equipped with
a KG-5 lter. The solar cell devices were masked with a non-
reective black metal aperture to dene the active area, typi-
cally 0.122 cm2, while the active area of each device was
measured using an optical microscope. In the measurement of
J–V curves, the scan rate was 100 mV s�1, and the dwell time
before the voltage scan was 20 s. Incident photon-to-current
efficiency (IPCE) was measured as a function of wavelength
from 300 nm to 800 nm using an IPCE system specially
designed for dye-sensitized solar cells (PV Measurements, Inc.).
Conclusions

By a solid-state reaction of AgI and BiI3 mixtures in the
composition range of Ag : Bi ¼ 2 : 1–1 : 1 at 500 �C, poly-
crystalline Ag2BiI5 powders in the hexagonal phase were pref-
erentially formed with inclusion of the rhombohedral BiI3
impurity phase. It was found that the presence of BiI3 impuri-
ties in the Ag2BiI5 phase signicantly increased the perfor-
mance of SBI solar cells. The highest PCE of 2.31% was achieved
from the SBI in the composition of Ag : Bi¼ 55 : 45, whereas the
pure Ag2BiI5 induces only 1.74%. The higher light absorption of
SBI-55 : 45 is considered to be a main reason for the increased
JSC. Moreover, the presence of the BiI3 impurity phase may play
a favorable role for charge separation in the Ag2BiI5 layer,
leading to suppression of charge recombination. In addition,
SBI layers derived from the SBI powders synthesized by a solid-
state reaction exhibit better performance than those from the
mixture of AgI and BiI3 when they were applied as a light
absorber layer of the solar cell devices. Furthermore, the fabri-
cated devices reveal no hysteresis in the J–V curve measure-
ments, and are highly stable under ambient conditions,
exhibiting excellent long-term stability at a relative humidity of
50% at 25 �C.
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