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ABSTRACT: Silver bismuth iodide (Ag−Bi−I) light absorbers are interesting candidates as
lead-free and low-toxic metal-halide materials for solar cell applications. In this work, the partial
exchange of bismuth, Bi, with antimony, Sb, is investigated in samples prepared from a solution
targeting stoichiometry AgBi2I7. Samples with a gradually increased exchange of Bi by Sb are
prepared and light absorption measurements show that the absorption edge is gradually blue-
shifted with increasing the amount of Sb. This trend in the shift in combination with the X-ray
diffraction and X-ray photoelectron spectroscopy measurements, suggest that new materials with
a mixture of Sb and Bi are formed. The density functional theory based electronic structure
calculations reproduce the trend observed in the experiments when including spin−orbit
coupling, which indicates the importance of relativistic effects in these materials. X-ray
photoelectron spectroscopy is used to characterize the materials, and confirms the exchange of Bi
to Sb in the samples. When Sb is included in the material, the grain size changes between 50 and
200 nm and the solar cell performance also changes. An optimal power conversion efficiency with
excellent reproducibility and stability is obtained for a solar cell with the ratio of Sb/Bi equal to 3.
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■ INTRODUCTION

Lead (Pb) halide perovskite solar cells have shown a rapid
development, and the record for power conversion efficiency
(PCE) has recently reached 25.2%.1 This has been developed
from the first publication of Pb-perovskite solar cells with a
PCE of 3.8% in 20092 and the first solid-state Pb-perovskite
solar cell devices with a PCE of around 10% in 2012.3,4

Moreover, a tandem solar cell with Pb-perovskite and silicon is
a promising concept to obtain further increased efficiency. Pb-
perovskites can absorb light up to around 800 nm and silicon
can absorb light up to around 1100 nm in the near-infrared
region. Therefore, the silicon solar cell can compensate for the
absorption disadvantage of the Pb-perovskite solar cell in the
near-infrared region. Living up to the expectations, the record
PCE of the perovskite-silicon tandem solar cell now is 29.1%,1

which is higher than the previous record of 28% from the
Oxford PV Company.5,6

One problem with the Pb-perovskites is the toxicity of lead.
In attempts to address this problem, many investigations have
been performed with other less toxic cations, which could
replace Pb, for example, tin (Sn2+),6 (Sn4+)7 germanium
(Ge2+),8,9 bismuth (Bi3+),10−12 antimony (Sb3+),13 titanium
(Ti4+),14 etc. A recent publication by Nitin P. Padture and co-
workers shows that one native-oxide passivation layer (Sn-
doped GeO2) can boost the CsSn0.5Ge0.5I3 efficiency to 7.11%

and stability for 500 h under continuous one sun
illumination.15 Other investigations show that the 2D PEAI
mixed 3D FASnI3 can result in a promising solar cell efficiency
(9%); however, the stability still is not as good as for the Pb-
perovskite solar cell.16,17 The record efficiency for a tin based
perovskite is 9.6%, which is achieved by adding 1% of EDAI2
and 20% GA+ to FASnI3.

18 Though promising results have
been obtained on Sn based perovskite solar cells, the Sn2+ ion
is easily oxidized to a higher valence state19 and the toxicity of
Sn based compounds needs to be carefully addressed.20 Bi and
Sb can be stabilized in the 3+ valence state, thereby avoiding
the charge fluctuation issues. They may therefore be better
candidates than Sn2+ and Ge2+ and may in addition be more
environmentally friendly. Biand Sb could therefore be
promising cations to replace Pb under the consideration of
low toxicity, high stability and potentially promising photo-
voltaic properties. Materials based on these two cations have
been explored recently, for example A3Bi2I9 (A = Cs,
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methylammonium (MA),10 formamidinium (FA)21), A3Sb2I9
(A = Cs, Rb, K),22 Cs2AgBiB6 (B = Br, Cl),23−27 and Ag-
Bihalide materials.28−34 Since Sb3+ (5s25p0) and Bi3+(6s26p0)
have the similar electronic configuration as Pb2+, both of them
can possibly replace Pb. However, the different charge and size
of the ions affect the crystal structure and induce defects,
thereby modifying the electronic structure and the carrier
properties of the light absorbers.35 The Bi based halides usually
have an indirect bandgap but some Sb based halides, like
Cs3Sb2I9, have a nearly direct band gap for light absorption.36

Recently, a series of Ag−Bi−I-based materials, which can be
derived simply by changing the AgI and BiI3 precursor ratio
have been explored.29,30,37,38 Both Ag2BiI5, AgBi2I7, and
Ag3BiI6 showed very promising photovoltaic performances
with PCE over 2%.28,29,39 AgBi2I7 in particular forms a very
homogeneous film that is a crucial aspect for solar cell devices
fabrication.29,30

In this work, we investigate the possibility of partly replacing
Bi with Sb in AgBi2I7, and study the effect of this replacement
on the optical, structural, and photoelectrical properties. The
stoichiometry of each sample has been defined by their
precursor ratios. Starting from the AgBi2I7 material, which has
good film-forming properties, we gradually replace an
increasing fraction of Bi with Sb in the materials. Our
investigations show that partial replacement of Bi with Sb is
feasible and is a viable route to modify the optical properties of
the material. These findings are a key contribution to more
rational material designs of future, with improved photovoltaic
properties.

■ RESULTS AND DISCUSSION
A series of samples, AgBi2I7, AgBi1.5Sb0.5I7, AgBiSbI7, and
AgBi0.5Sb1.5I7, as calculated from the precursor ratios, were
prepared by spin coating the precursor solutions on TiO2/
FTO glass substrates. The detailed preparation of the samples
is described in the Experimental Methods below. The surface
morphologies of the samples were studied with scanning
electron microscopy (SEM) and the images are shown in
Figure 1.
Figure 1a, c, e, and g contains small magnification images,

and Figure 1b, d, f, and h contains large magnification images.
Figure 1a and b shows the AgBi2I7 samples (without Sb). The
surface appears homogeneous in a large range (a); however,
there exists some pinholes between the grains, which are in the
size ranging from 200 to 250 nm (b). In Figure 1c and d,
smaller crystals are observed, and in panels e and f, again larger
crystals are obtained, but with more pinholes between the
crystals. In Figure 1g and h, both large and small crystals are
observed, and the film has less pinholes than the other films.
The SEM images therefore clearly demonstrate that the
morphology is affected when Sb is included in the material.
Figure 2a shows the X-ray diffraction (XRD) patterns of the

different materials deposited on TiO2 substrates in comparison
to bare TiO2. Although a few major Bragg reflections from our
samples overlap with TiO2, the reflections around 13°, 23.5°,
29.5°, and 42° for the reference Ag−Bi−I sample can be
assigned to (111), (113), (004), and (044) crystal planes for
cubic (Fd3m) phase of AgBi2I7.

29 After gradual exchange of Bi
atoms with Sb atoms, very similar XRD patterns are obtained,
which shows that the global crystal structures of the materials
are very similar. The estimated unit cell parameters decrease
with Sb doping, listed in Table 1. At extensive exchange of Bi
with Sb, a peak around 22° can be observed, which could be

attributed to AgI. The XRD pattern for the AgSb2I7 sample
annealed to 100 °C for 5 min (black line in Figure 2) is similar
to the XRD pattern for AgBi2I7, which shows that the pure
AgSb2I7 material has a similar structure to AgBi2I7. However, if
the pure AgSb2I7 sample was further annealed to 125 °C for 25
min (red line in Figure 2) the color changes to yellow and the
crystal structure is obviously damaged by the high annealing
process, because peaks around 12° and 28° in the XRD are
missing from the “Sb2 Yellow” sample, and only those related
to AgI the underlying such as 22.5°and 24.2° remain. Since
cubic symmetry is retained for the samples in the entire solid
solution regime, we could obtain the approximate composition
of different samples simply by fitting the shifts of the Bragg
reflections for the h + k + l = 3n (n = 1−4) family of lattice
planes. The XRD results suggest successful incorporation of Sb
into the material, see Figure S1.
X-ray photoelectron spectroscopy (XPS) and hard X-ray

photoelectron spectroscopy (HAXPES) were used to inves-
tigate the composition of the samples at the surface and slightly
deeper into the bulk, respectively. The results from the
HAXPES and XPS measurements are presented in Figures S2
and S3. The atomic ratios of different atoms were derived from
the area divided by their relative cross-section factors.40 The
fitted and expected results (from the precursor ratios), which
are given in Table S2, reveal crucial details about surface
composition. From the XPS measurements the Ag:(Bi + Sb) is
close to 1:2, as expected from a precursor ratio 1:2 for AgI and
BiI3. The trend in atomic ratios of bismuth and antimony
estimated from the XPS is therefore in agreement with the
expected trend in 1−2−7 stoichiometry of the Ag−Bi−I series.
These measurements therefore also support the conclusion
that materials with a mix of Sb and Bi are obtained, in line with
our results from XRD. Second, unlike a global structural probe
like XRD, we find a stronger degree of composition variation

Figure 1. SEM measurement of surface morphologies of AgBi2I7 (a)/
(b), AgBi1.5Sb0.5I7 (c)/(d), AgBiSbI7 (e)/(f), and AgBi0.5Sb1.5I7 (g)/
(h) in small/large magnification.
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between the samples, suggestive of surface effects. Third, the
amount of iodide in the samples estimated from XPS and
HAXPES is clearly lower than expected from the precursor
ratios. This may be an indication of loss of iodide in the form
of molecular iodine at the surface region of the samples. This
low iodide content may also affect the device properties, since
iodide vacancy defects may influence the electronic proper-
ties.39,41 We also observe finite density of states at the Fermi
edge in HAXPES, which is most likely can be attributed to
metallic Bi impurities. However, XRD (Figure 2a) did not
capture any such signatures of metallic Bi, additional impurity
phases or alternate Ag−Bi−I compositions, except for AgI in
Sb-rich compositions. Therefore, the observed composition
fluctuations could be solely a surface phenomenon or atomic
clusters smaller than by bulk sensitivity of XRD or amorphous

in nature. Nonetheless, the system always preserves its global
cubic symmetry, as one expects also from an Ag-deficient
AgBiI4-type structure,

42 which crystallizes in cubic symmetry.
Figure 3a shows the absorptance spectra of the AgBi2I7,

AgBi1.5Sb0.5I7, AgBiSbI7, AgBi0.5Sb1.5I7, and AgSb2I7 samples.
All the samples were prepared on quartz glass and TiO2, see
Experimental Methods for further details. The maximum
absorptance of the three Sb-mixed samples are around 85%,
which is as high as absorbance for the AgBi2I7 sample. The
absorptance spectra are quite flat without any extra peaks
between 300 and 650 nm. The absorption edge is gradually
blue-shifted when an increased amount of Bi is partly
exchanged to Sb, which suggests that single phase materials
containing both Bi and Sb are formed and not a mixture of
separate AgBi2I7 and AgSb2I7 phases. Figure 3b shows a photo
of the AgBi2I7, AgBi1.5Sb0.5I7, AgBiSbI7, AgBi0.5Sb1.5I7, and of
AgSb2I7 (light red and light yellow) samples, respectively
(from left to right), and a clear gradual change of the color can
be observed.
In Figure 3c and d, the indirect bandgap and direct bandgap

are determined by plotting (a·d·hv)1/n versus hv for the n
values ( =n or 21

2
), respectively. The indirect bandgaps and

direct bandgaps are listed in Table 1. As evident from the blue-
shift of the edge in the absorptance spectra the bandgaps
become larger with more Sb content. To study low energy
defects and sub-bands of these films, Urbach tail effects are
investigated using the background of Tauc plots, shown in
Figure 3c and d. In the work of Birnie et al.,43 a method to the
quantify magnitude of the Urbach tail called the “near edge
absorptivity ratio” (NEAR) is introduced. Following this
method for an indirect transition, the NEAR is defined as the

ratio
α

α

E

E

( )

(1.02 )
gap

gap

i
k
jjjj

y
{
zzzz, where a(Egap) is the value at the bandgap

position (the intersection of the x-axis and the tangent);
a(1.02Egap) is arbitrarily chosen to be 2% higher energy than
the bandgap, which is represented by the dashed lines in the
figure. For an ideal light absorber without the Urbach tail, the
NEAR value should be zero, which means the material is
defect-free without sub bandgap states. For the indirect
transition, the NEAR value of AgBi2I7 is the largest and the
Sb-mixed materials show smaller NEAR values, which suggests
creation of less bandgap states after mixing Bi with Sb. The
AgBi0.5Sb1.5I7 composition shows smaller NEAR value than the
other Sb mixed materials, which suggest that this composition
may have the lowest amount of bandgap states.

Figure 2. (a) XRD patterns of TiO2 and AgBi2I7 (dark blue, and purple), AgBi1.5Sb0.5I7, AgBiSbI7, and AgBi0.5Sb1.5I7 (pink, green and blue), and
AgSb2I7 (red and black). The cubic structure of the AgBi2I7 (b). Silver and blue balls in octahedral are Ag or Bi; red balls are iodine atoms.

Table 1. Indirect Band Gap, Direct Band Gap, and
α

α

E

E

( )

(1.02 )
gap

gap
Values Derived from the Experiments, and the

Calculated Indirect Band Gap and Direct Band Gap of
AgBi2−xSbxI7 (x = 0.0, 0.5, 1.0, 1.5, 2.0) with and without
the Inclusion of SOC Effects and the Cell Parameter of the
Optimized Unit Cells

indirect band gap (eV) direct band gap (eV)

α

α

E

E

( )

(1.02 )
gap

gap

x exp exp exp

0.0 1.61 1.79 0.98
0.5 1.64 1.90 0.92
1.0 1.65 1.91 0.92
1.5 1.74 2.00 0.90
2.0 1.98 2.23 0.94
x with SOC with SOC cell parameter (Å)

0.0 1.012 along Γ−R 1.123 at Γ 12.372
0.5 1.057 along Γ−R 1.148 at Γ 12.347
1.0 1.181 along Γ−R 1.303 at Γ 12.321
1.5 1.117 along Γ−R 1.255 at R 12.286
2.0 1.283 along Γ−R 1.394 at R 12.260
x without SOC without SOC cell parameter (Å)

0.0 1.506 along Γ−R 1.616 at R 12.372
0.5 1.498 along Γ−R 1.599 at R 12.347
1.0 1.407 along Γ−R 1.529 at R 12.321
1.5 1.396 along Γ−R 1.506 at R 12.286
2.0 1.364 along Γ−R 1.476 at R 12.260
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To gain microscopic understanding of the investigated
systems and augment the Experimental Methods, we
performed electronic structure calculations using density
functional theory (DFT). For this purpose, the electronic
band structure and the density of states of the material were
calculated (details are given below). From the projected
density of states (PDOS), the elemental contributions to
bands, including the principle quantum number of the orbitals,
can be found. The PDOS for the different samples are
presented in Figure 4b. The most prominent features in the
valence band are from I 5p states together with Ag 4d states,
which are both present at the top of the band. Interestingly, the
feature corresponding to PDOS of Ag 4d states looks very
similar for all compositions which suggests that the Ag−I
interaction is not strongly influenced by the replacement of Bi
by Sb. Bi 6p and Sb 5p states are also present at lower orbital
energies, together with smaller contributions from 6s and 6d
states from Bi and 5s and 5d from Sb, respectively, at orbital
energies of approximately −2 eV. The splitting of the I 5p
peaks around −2 eV in the composition with higher Sb
suggests that there is a slightly stronger hybridization of this
orbital with Sb 5d states as compared to Bi 6d states. Thus, as
expected, the substitution of Bi by Sb atom significantly
influences the electronic structure of the Bi/Sb−I network. In
the conduction band, antibonding Bi 6p/Sb 5p and I 5p states
constitute the main feature together with weaker I 5s and 5d.
At higher orbital energies, Ag 5s states occur along with halide
states.
The band structures are shown in Figure 4c. For all

investigated Bi−Sb compositions, the system has an indirect
band gap in the Γ−R direction, in which R corresponds to a
periodicity of twice the cell parameter along all cell vectors.
Without including spin−orbit coupling (SOC) effects in the
calculations, the direct band gap is located at R in all cases. If
SOC is included, the band gap is reduced in all cases and for

the compositions rich in Bi, the direct band gap shifts from R
to Γ.
The calculated band gaps, shown in Table 1, exhibit a slight

difference between the indirect and direct band gaps. The
bandgap slightly decreases with the Sb content of the material
for both the indirect and the direct transitions, which is
contrary to the observed experimental trend, for the
calculations not taking SOC effects into account. With SOC
effects for Bi and Sb atoms included, the band gap is
substantially reduced for the compositions rich in Bi. It is
expected that this effect should be stronger in the heavier
elements. More importantly, the band gap trend is reversed,
reproducing the experimental composition dependence. The
calculations show that SOC has a strong influence on the
electronic structure of AgBi2−xSbxI7 systems and is directly
responsible for the increase in band gap with increasing Sb
content. In all cases, the calculated values are lower than the
experimental values because of limitations of the PBE
functional. SOC reduces the band gap even further giving an
even larger difference, as previously seen in similar systems.41

The effects of temperature was also briefly investigated for the
pure materials, that is, AgBi2I7 and AgSb2I7, through molecular
dynamics, which only had minor effects on the band gap.
Solar cells based on the mixed metal-halide light absorbers

on mesoporous TiO2 structure were fabricated to study the
effect of mixed Bi/Sb content on the photovoltaic properties. A
schematic diagram of the solar cell structure and of the
approximate energy levels are shown in Figure 5a. Poly[[4,8-
bis[(2-ethylhexyl)oxy]benzo[1,2-b:4,5-b′]dithiophene-2,6-
diyl][3-fluoro-2-[(2-ethylhexyl)carbonyl]thieno[3,4-b]-
thiophenediyl]] (PTB7) was used as the hole transport
material (HTM). A schematic picture of the approximate
energy levels of different layers can be seen in Figure 5b. The
valence band of AgBi2I7 is approximately −6.2 eV,30 which is a
rather low energy compared to many of the standard HTM

Figure 3. (a) Absorptance, (b) annealed films on meso-TiO2, and the indirect (c) and direct (d) band gap Tauc plots of samples with 0, 0.5, 1, 1.5,
and 2 M Sb.
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materials, and therefore PTB7 was chosen as HTM, since it has
a rather low highest occupied molecular orbitals (HOMO)
level (−5.4 eV) compared to P3HT or spiro-OMeTAD, which
has a HOMO level around −5.1 eV. To avoid recombination

issues between the metal-halide layer and the gold layer, if pin-
holes exist in the HTM layer, MoO3 was used as the buffer
layer on top of the HTM layer. A SEM cross-section of the
champion device is shown in Figure S4.

Figure 4. Brillouin zone of a simple cubic crystal (a), PDOS diagram (b), and electronic band structure of AgBi2−xSbxI7 (x = 0.0, 0.5, 1.0, 1.5, 2.0)
(c) have been plotted along high symmetric points. Top and bottom panels contain results obtained by GGA (PBE) + SOC and GGA (PBE)
calculations. The highest valence and lowest conduction bands are highlighted in blue and red colors, respectively. The colored circles on these two
bands represent the location of valence and conduction band edges. Green arrow indicates the onset of direct band transition.

Figure 5. Schematic diagram of layers in the solar cell structure (a) and approximate energy levels of the different layers (b).
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Figure 6 shows the results from characterization of the
AgBi2I7-, AgBi1.5Sb0.5I7-, AgBiSbI7-, AgBi0.5Sb1.5I7-, and
AgSb2I7-based solar cells. Figure 6a shows forward (F) and
reverse (R) current−voltage (I−V) measurements of the
different solar cells under illumination. The short-circuit
current (JSC) is higher for the samples with Sb mixed with
Bi in the metal-halide material and the maximum short-circuit
current is 5.66 mA·cm−2 for the AgBi0.5Sb1.5I7 solar cell.
However, the VOC decreases slightly when mixing in Sb. The
photovoltaic parameters of the best solar cell (AgBi0.5Sb1.5I7)
are 1.76% (PCE), 0.53 V (VOC), 5.66 mA·cm−2 (JSC), and 59%
(FF) (Table 2). The statistics of the photovoltaic parameters
of 20 solar cells with AgBi0.5Sb1.5I7 can be seen in Figure 6b.
The average PCE, VOC, JSC and FF is 1.55%, 0.55 V, 5.0 mA·
cm−2, and 57% respectively. Stability measurement of
AgBi0.5Sb1.5I7 is shown in Figure S5. 85% of the initial
efficiency is retained after 43 days of storage in a drybox.
The incident photon-to-current conversion efficiency

(IPCE) spectra for the different solar cell devices are shown
in Figure 6c, which shows that the IPCE increases for the
samples with higher content of Sb, which agrees with the I−V
measurements above. Interestingly the onset for the photo-
current is around 700 nm for all samples, although the light
absorption edge is different for the materials. For the solar cell
without Sb in the metal-halide, we would expect an onset of

the IPCE at longer wavelength due to the smaller band gap
energy. A possible explanation for this effect would be that the
electron transfer from the metal-halide to TiO2 is inefficient for
electrons with excitation energy close to the band gap. For the
metal-halide without Sb, the band gap energy is slightly smaller
than the band gap for the mixed Sb and Bi metal-halides, and
the electrons excited close to the band gap energy may in that
case have too low energy to be able to inject into TiO2. With
an increasing amount of Sb in the material, we observed in the
UV−vis spectra in Figure 3 that the band gap energy increases.
This could facilitate more efficient electron injection from the
metal-halide to TiO2, which may also explain the increase in
IPCE overall.
The lifetime of the photoinduced charges was investigated

by transient photovoltage decay measurements and the results
are shown in Figure 6d. Comparing the results for the different
solar cells, there is no significant difference in the photocarrier
lifetime between the devices. We therefore conclude that the
differences in the photocurrent and the photovoltaic perform-
ance are probably not related to different charge carrier lifetime
but rather due to a difference in charge injection from the
metal-halides to the TiO2, which was suggested from the IPCE
results above.

Figure 6. Forward and reverse I−V scans for the samples (a), the photovoltaic parameters of 20 solar cells of AgBi0.5Sb1.5I7 (b), the IPCE
measurements of AgBi0.5Sb1.5I7 solar cells (c), and the carrier lifetime measurement (d) for AgBi2−xSbxI7 (x = 0, 0.5, 1, 1.5 M) samples.

Table 2. Photovoltaic Parameters of AgBi2−xSbxI7 (x = 0.5, 1, 1.5, and 2) Solar Cells by Forward and Reverse Scans

AgBi2‑xSbxI7 (no./no. = forward/reverse) VOC (V) JSC (mA·cm−2) FF (%) PCE (%)

AgBi2I7 0.67/0.65 0.91/0.86 51/42 0.31/0.24
AgBi1.5Sb0.5I7 0.57/0.56 2.27/2.15 43/45 0.56/0.54
AgBiSbI7 0.55/0.53 2.11/2.04 50/49 0.58/0.52
AgBi0.5Sb1.5I7 0.53/0.52 5.66/5.68 59/56 1.76/1.66
AgSb2I7 (red film) 0.35/0.36 1.01/0.82 49/55 0.16/0.16
AgSb2I7 (yellow film) 0.42/0.41 1.92/1.92 42/43 0.35/0.34

ACS Applied Energy Materials www.acsaem.org Article

https://dx.doi.org/10.1021/acsaem.0c00712
ACS Appl. Energy Mater. 2020, 3, 7372−7382

7377

http://pubs.acs.org/doi/suppl/10.1021/acsaem.0c00712/suppl_file/ae0c00712_si_001.pdf
https://pubs.acs.org/doi/10.1021/acsaem.0c00712?fig=fig6&ref=pdf
https://pubs.acs.org/doi/10.1021/acsaem.0c00712?fig=fig6&ref=pdf
https://pubs.acs.org/doi/10.1021/acsaem.0c00712?fig=fig6&ref=pdf
https://pubs.acs.org/doi/10.1021/acsaem.0c00712?fig=fig6&ref=pdf
www.acsaem.org?ref=pdf
https://dx.doi.org/10.1021/acsaem.0c00712?ref=pdf


■ CONCLUSIONS
In this work, new silver bismuth antimony iodide materials
based on different proportions of bismuth and antimony are
investigated. Starting from the previously investigated sample
made with the precursor stoichiometry of AgBi2I7, Bi was
partly exchanged with Sb to prepare mixed Bi/Sb samples with
the precursor stoichiometry AgBi2−xSbxI7 (x = 0, 0.5, 1, 1.5, 2).
SEM images showed that the morphology of the films, as well
as the grain size, were different for different amount of Sb in
the materials. From the UV−vis measurements, it was
concluded that the band gap is blue-shifted for an increasing
amount of Sb in the materials, from 1.61 eV for the material
without Sb, to 1.74 eV for the material with Sb/Bi ratio of 3.
The gradually blue-shifted absorption edge also agrees with a
partial inclusion of Sb in the material and not formation of a
second phase. The quantitative calculations from XRD and
XPS measurements confirm that an expected amount of Sb has
been mixed into the materials. However, there is a deficiency of
iodide for all systems as measured from XPS, which may be
from slight decomposition during the annealing process, which
results in defects. Solar cells based on these materials were
prepared, and for the samples where Bi was partly exchanged
to Sb, the photocurrent was significantly enhanced. The device
based on AgBi0.5Sb1.5I7 showed the highest performance mainly
due to an enhanced photocurrent compared to the devices
based on pure Bi halides and Sb halides. Interestingly the IPCE
spectra showed a similar onset even though the materials have
different band gap energies, which may be due to problems
with injection of electrons for excitation energies close to the
band gap for the material without Sb.
With the addition of SOC effects, the theoretical calculations

reproduce the experimental trend in the bandgaps which is not
seen when mere scalar relativistic effect are included. The SOC
effects also reveal significant changes to the band structure,
with the location of the direct band gap being displaced with
increased Sb content.
Finally, we conclude that this work presents the possibility to

enhance the space of new lead-free metal halides by mixing Bi
and Sb in AgBi2−xSbxI7 and that the mixed Bi/Sb material show
promising photovoltaic properties.

■ EXPERIMENTAL METHODS
AgBi2−xSbxI7 Film Preparation. The precursor solutions of the

AgBi2−xSbxI7 systems (x = 0.5, 1, 1.5, and 2) were prepared by mixing
the precursors of AgI (Sigma-Aldrich, 99%), BiI3 (Alfa Aesar,
99.999%), and SbI3 (Sigma-Aldrich, 98%) without further purifica-
tion. Then the powders were dissolved in mixed solvents of N,N-
dimethylformamide (DMF) (Sigma-Aldrich, 99.8%) and dimethyl
sulfoxide (DMSO) (Sigma-Aldrich, ≥ 99%) at a volume ratio of 1:1,
the concentration of all the solutions was 26 wt %. To obtain clear
precursor solutions, the ultrasonic method was applied for 30 min.
Subsequently the solutions were spin-coated to the TiO2 substrates at
2000 rpm for 60 s in the argon box. To form dark-color films, first, we
annealed the film under 100 °C for 5 min; second, the annealing
temperature was raised to 125 °C, and the films were kept annealing
for another 25 min, yielding the crystallized films.
Solar Cell Fabrication. All the solar cells were fabricated with

mesoporous structure on fluorine tin oxide (FTO) (Pilkington TEC
15, 15 T/sq) glass. Zinc powder and 5 M HCl were used to etch the
FTO. The etched FTO glass pieces were cleaned by RBS soap
(sodium hydroxide, Sigma-Aldrich), acetone and ethanol under
ultrasonic shaking, and each step lasted for 30 min. The TiO2
precursor solution for the blocking layer was mixed by adding 1
mL of titanium(IV) isopropoxide (Sigma-Aldrich, 99.999%), 3 mL of
acetyl acetone (Sigma-Aldrich, analytical standard), and 12 mL of

ethanol (Sigma-Aldrich, anhydrous). Through spray pyrolysis
method, around 50 nm of a TiO2 blocking layer was deposited on
the clean etched FTO substrates under 500 °C for 30 min. A TiO2
commercial paste (Dyesol, 30NR-T) was used as the mesoporous
layer of the solar cell. To prepare the precursor solution, 2 g of TiO2
paste was diluted by 7 g of ethanol. The precursor solution was stirred
overnight before spin-coated it on the blocking layer. The spin-
coating speed of TiO2 solution was 4000 rpm for 30 s, after which the
samples dried at 85 °C for 20 min. The samples were moved into the
oven and annealed at 500 °C for 30 min to form anatase TiO2. PTB7
(Borun New Material, China) with the concentration of 5 mg/mL in
chlorobenzene was chosen as HTM which was spin-coated on the
crystallized AgBi2−xSbxI7 films under 2000 rpm for 30 s. In the last
step, 10 nm of molybdenum trioxide (MoO3) (Sigma-Aldrich,
≥99.5%) and 80 nm of gold were evaporated onto this layer
separately under 10−5 mbar.

Characterizations of the Films and Solar Cells. SEM. The
surface morphology of the films was characterized with SEM
employing a LEO 1550 FEG instrument with in-lens and a secondary
electron detector operating at 10 kV.

UV−vis Spectra. The Lambda 900 UV/vis/NIR spectrophotom-
eters (PerkinElmer) with a double beam optical system was applied to
scan the samples in the wavelength range of 300−2000 nm. All the
samples were prepared on the same mesoporous TiO2 film with the
quartz glass. Using the following equation, the absorptance (A, %) was
calculated from the transmittance (T, %) and reflectance (R, %),
which were measured based on the reference measurement:

= − −A T R(%) 1 (%) (%)

The indirect and direct band gap were derived using the Tauc plot
method, where a is the absorption coefficient and d is the thickness of
the light absorbing film. The indirect allowed transition and direct
transition are determined by plotting (a·d·hv)1/n against hv, for the
direct allowed transition, the n = 1/2, for the indirect allowed
transition, the n = 2. To get the absorption coefficient of the pure thin
film (afilm), the absorption coefficient of TiO2 glass (aglass) needs to be
deducted:

α α α= −d d dfilm film total total TiO TiO2 2

XRD. All the samples were prepared on the blocking and
mesoporous TiO2/FTO substrates. The XRD (Siemens D5000 θ−
2θ Diffractometer) was used to analyze the crystal structure and the
phase content of the films. The instrument has the goniometer with a
Cu-Kα (λ = 1.54051 Å) radiation and the Soller−Slit collimator of
0.4° which had a resolution of 0.3° (2θ) (Bruker AXS, Karlsruhe,
Germany). Scans were recorded in the range from 5 to 80° (2θ). The
calculations for the approximate composition from XRD were derived
from fitting the lattice parameters trends based on monophasic cubic
Fd3m and calculating the fractional numbers.

PCE. The setup for the power conversion efficiency measurements
were published previously.29 The scanning speed was 100 mV/s
under Air Mass 1.5G (1000 W·m−2, light illumination). The circular
aperture area was 0.125 cm2.

IPCE. The setup for the incident photon to current conversion
efficiency (IPCE) measurements were published previously.29 The
wavelength was scanned from 330 to 900 nm and the photon flux
calibration was performed with a standard silicon solar cell.

Carrier Lifetime Measurements. Carrier lifetimes of the solar cells
are determined by tracking the VOC decay under different light
intensities. The method was published previously.44

XPS. A PHI Quantera II from Physical Electronics was used to
measure XPS spectra of different films of different metal precursor
ratios. A monochromatic Al-Kα X-ray source with an output energy of
25 W (15 kV) was used with a band-pass energy of 112 eV for the
element measurements and 224 eV for the survey over the whole
energy range. An elemental analysis was made by integrating the areas
under the peaks and using previously established sensitivity factors to
receive the effective area and thus atomic fraction of each element.
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HAXPES. HAXPES measurements were performed at the
synchrotron BESSY II, at the KMC-1 bending magnet beamline
paired with the HIKE end-station. The incident photon energy was
set to 4000 eV, using the Si (311) double crystal monochromatic,
which yields an overall energy resolution of 250 meV.45 The HIKE
end-station is equipped with a Scienta R4000 hemispherical electron
analyzer; the incident angle between the beam and the surface of the
sample was ∼5°, while the photoelectrons were detected close to
normal emission, ∼85°. The pass energy of the R4000 was set to 500
eV for survey/overview scans and to 200 eV for all other scans. Fermi
edge calibration was performed by first acquiring HAXPES measure-
ments of the gold foil mounted on the manipulator rod, then setting
the peak position of the gold 4f 7/2 core level to 84.0 eV binding
energy (BE). The pressure in the analysis chamber during
measurements was ∼10−8 mbar.
The shallow core levels of bismuth (5d5/2 at ∼27 eV BE), iodine

(4d5/2 at ∼50 eV BE), and antimony (4d5/2 at ∼36 eV BE) were
selected for quantifying the chemical composition for two reasons.
First, given a 4000 eV excitation energy, the resulting photoelectron
kinetic energies would be quite similar, eliminating the need to
compensate for different probing depths. Second, the orbital
symmetries (d core-levels) are similar, which reduces the need to
compensate for the anisotropic characteristics of the photoemission.
The intensity ratios presented in the Supporting Information were
calculated from the curve fits of the experimental spectra, after
correcting for the photoionization cross sections using database values
from Scofield.46

The fitting of the HAXPES spectra was complicated by the
presence of interfering photoelectron peaks from the underlying TiO2
substrate, indicating that the films are discontinuous. In spite of this,
there is sufficient structure in the spectra to fit the peaks of interest.
However, because of the presence of interfering oxygen 2s peaks in
the bismuth 5d spectra and interfering titanium 3p peaks in the
antimony 4d spectra, the variations in the fwhm and Lorentzian−
Gaussian% are larger for the fitted bismuth 5d and antimony 4d peaks
than for the iodine 4d peaks. The Lorentzian−Gaussian% ranges from
0% (pure Gaussian) to 100% (pure Lorentzian). All bismuth-
containing compounds showed the presence of metallic bismuth (Bi
4f7/2 peak position for metallic bismuth is at 2 eV lower binding
energy versus the peak position for bismuth bonded to iodide). The
metallic bismuth was not included in the ratio calculations.
Density Functional Theory. Electronic structure calculations

were performed on five different Bi/Sb compositions ranging from
AgBi2I7 to AgSb2I7 in steps of 25% using density functional theory
(DFT).
The model of the cubic AgBi2I7 system in this work is adapted from

previous work,47 which suggests that AgBi2I7 has the same structure as
the cubic Fd3m AgBiI4 crystal with a lattice parameter of 12.223 Å,
but with different lattice site occupations thus yielding a different
stoichiometry. The unit cell contains 5 Ag, 9 Bi, and 32 I, as well as
two cation vacancies, and it is not obvious how the cations and
vacancies should be distributed within the cell. Because of this,
different configurations of the unit cell needed to be investigated. By
placing the cations differently, the face-centered cubic symmetry is
lost, and only simple cubic symmetry is retained. Placing the cations
randomly in the cation lattice sites, a set of 25 realizations were
generated but inspecting the optimized structures revealed that some
of them had significantly lower energy and a less distorted geometry
than others. The configurations with the high energy resulted in Ag
atoms partially or completely leaving their sites and forming clusters,
also producing extremely small bandgaps. The variance in energy is
strongly related to the relative positions of the Ag atoms and the
vacancies and this effect of diffusion will be investigated in a future
study. In this work, a single low-energy configuration of cations and
vacancies where the Ag atoms are relatively stable under optimization
is used for all calculations. The initial coordinates of this configuration
is shown in Table S4. Note that the anion positions are unambiguous.
To obtain the composition with different Sb content, Bi atoms were
randomly substituted for Sb until the desired ratio was obtained.

For the band structure calculations, a unit cell representation with
k-point sampling was employed, while for the density of states (DOS),
a 2 × 2 × 2 super cell representation of the unit cell at the Γpoint was
used. In the super cell case, a total of five different realizations for each
sample is considered to take into account the effects of the different
ways to distribute the Sb, and the average cell parameter and DOS are
presented. Since the band structure calculations involving SOC effects
are more demanding, only a single realization for each composition is
used. This can be motivated with the observation that the DOS results
vary only slightly over the different realizations.

The cell parameter and atomic coordinates were optimized with
the CP2K package45 and the Quickstep (QS) code48 which uses the
Gaussian and plane waves (GPW) method and Godecker−Teter−
Hutter (GTH) pseudopotentials.49,50 During the optimization, only
the cubic symmetry of the simulation cell was constrained while the
atoms were allowed relax freely. The DFT functional used was PBE
augmented with van der Waals interactions,51,52 and for the unit cell
calculations, we employed a mesh of 27 k-points generated by the
Monkhorst−Pack scheme.53 A local Gaussian TZVP basis set
(generated following54 and distributed with the CP2K program)
was used to expand the Kohn−Sham orbitals, while a plane-wave basis
set with an energy cutoff of 600 Ry was used to describe the electron
density. From the super cell calculations, the DOS and projected
density of states (PDOS) for both the different elements as well as the
orbital angular momenta is extracted. The Kohn−Sham orbitals are
interpreted as the photoelectron spectra and associating the orbital
energies of the occupied orbitals with the electron binding energies.
The obtained DOS was convolved with a Gaussian function with a full
width at half-maximum of 0.4 eV to allow for comparison with
experimental measurements and ad hoc shifted so that zero energy is
in the middle of the HOMO−LUMO gap.

To include spin−orbit coupling effects, single-point calculations in
the QUANTUM ESPRESSO (QE) package55 are performed on the
optimized unit cells (optimized in CP2K but confirmed to have small
forces in QE) employing fully relativistic pseudopotentials for Bi and
Sb. This is motivated by the fact that Bi is the heaviest atom in the
systems and the SOC is expected to be stronger because of this,
whereas SOC for Sb is included for a balanced comparison. These
calculations are carried out using Rappe−Rabe−Kaxiras−Joannopou-
los ultrasoft pseudopotential, including nonlinear core corrections,
available in QE pseudopotential library.56,57 As before, the PBE
functional52 is used as exchange-correlation functional and the plane-
wave energy cutoffs were chosen as 40 Ry for the electronic wave
function and 455 Ry for the change density. The same k-point mesh
of 27 points as described above was used and the full band structure
was extracted. An ad hoc shift is applied to the band energies to place
the zero energy in the middle of the band gap.
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