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ARTICLE INFO ABSTRACT

Keywords: Lead, a toxic element in organometal halide perovskite solar cells, has caught lots of attention and has raised
Rudorffite public concerns after such perovskite solar cells made rapid progress in their photovoltaic performance. Herein, a
Sf)lar Ce}l o series of lead-free light absorber layers with a rudorffite structure were examined in this study. The obscure role
Eg;’gffl’e‘:m“th fodide of A-site and B-site cation in silver bismuth iodide rudorffite materials has been revealed through their energy

diagrams and surface potential analyses. By manipulating the stoichiometric ratio of bismuth and silver at a ratio
of 1.1/3, a AgsBilg layer with uniform morphology, high carrier mobility, and a high light response was obtained.
The superior optoelectrical properties of the modified AgsBil active layer directly influenced the photovoltaic
performance and the environmental stability of such a device. The photovoltaic device with the modified Ag3Bils
active layer exhibited a PCE of 2.60%. It also maintained over 80% of its initial PCE after being stored in an
ambient environment for over 3,000 h. This result sheds light on how to process silver bismuth iodide materials

Composition engineering, stability

and extends the knowledge for rudorffite materials.

Introduction

Solution-processible lead halide perovskite solar cells have caught
lots of attention since they first emerged in the last decade. Among
several candidates, organo-lead halide perovskite (OLHP) has delivered
sky-rocketed progress in photovoltaic performance. Efforts such as
morphology controlled through anti-solvent engineering, stoichiometric
manipulation, and evaporation processing of reactants have been
developed to optimize deposition of OLHPs and to further promote the
photovoltaic performance of perovskite solar cells [1-3]. The unprece-
dented photoconversion efficiency (PCE) of solar cells with OLPH as
active layers has climbed to over 25%, which holds the highest PCE from
thin-film photovoltaics in 2021.[4] Typically, an OLHP material can be
depicted by the chemical formula of ABX3. The divalent B-site cation is
usually the lead ion, constructing a BXg octahedron with the B-site
cation occupying the center and the six monovalent X-site anions,
typically halide, occupying the corners. A monovalent organic molecule,
such as methylammonium, formamidinium, or cesium, occupies the

center of the framework established by eight BX¢ octahedrons.[5] Tak-
ing advantage of optoelectrical properties, OLHPs are widely applied in
photovoltaics, low dimensional materials of quantum dot, X-ray detec-
tion, and phototransistor applications.[6-9]

However, due to the raising awareness of environmental sustain-
ability, the high toxicity and potential leakage of lead from organo-lead
halide perovskite solar cells (OLHPSCs) become a concern for such
photovoltaic technology for being applied into our daily life.[10, 11]
Therefore, many efforts have been devoted to reducing or replacing the
toxic element lead in OLHP materials.[12, 13] When considering the
chemical properties, tin is the first candidate researcher have in mind to
replace lead.[14-16] Tin share similar chemical properties and ionic
radius with lead that helps it fit in the B-site of the perovskite structure.
The promising PCE of 5.73% was obtained with a lead-free light--
harvesting layer of methylammonium tin trihalide.[17] Yet, the
preferred oxidization state of sn** makes Sn-based perovskite photo-
voltaics exhibit inferior long-term stability due to the ease of Sn®" ion
oxidation in the ambient environment.[18-20] Also, the influences of Sn
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on human health are still unclear. Therefore, all these factors restrict the
development and of Sn-based perovskite photovoltaics. Bismuth-based
material such as bismuth vanadate single crystal owing to its superior
carrier density and conductivity has already been applied in photo-
electrochemical water oxidation.[21]

To realize the concept of a lead-free light absorber layer, the silver
bismuth iodide active layer has been studied owing to its relatively
stable oxidation state and environmental tolerance.[22-24] Generally,
the silver bismuth iodide compound is in the form of AgyBiyl,, where z =
x + 3y. AgBiyl,, abbreviated as SBI, exhibits a direct energy bandgap in
the range of 1.70 to 1.85 eV and forms a similar crystal structure with
the prototype oxide of NaVO,, namely rudorffite structure.[23, 25, 26]
SBI rudorffite are three-dimensional structures constructed with a cubic
close-packed iodide framework with cations of silver and bismuth
occupying the edge-sharing octahedral position.[27] The relatively
stable intrinsic property soon becomes an eye-catching material in the
photovoltaic research community. Sargent’s group is devoted to the
improvement of film formation and morphology of SBI material in
photovoltaics. Carboxyl amine of n-butylamine was first adopted as a
solvent to dissolve and obtain a homogenous SBI precursor solution. The
highest PCE achieved by the AgBisI; absorber was 1.22 %, with more
than 10-days of ambient stability.[28] To manipulate and control the
stoichiometry of silver iodide, whose solubility is highly dependent on
temperature, a modified deposition of dynamic hot casting was reported
to enlarge the grain size and obtain a pinhole-free AgsBils morphology.
Taking advantage of dynamic hot casting, the solar cell based on the
Ag-Bil5 active layer can deliver a higher photocurrent than it prepared
from conventional deposition. The pinhole-free active layer facilitated
carrier transportation and the corresponding device gained over 1.0% of
PCE than the pristine one [29]. In addition to morphology modification,
the energy level alignment between an active layer and carrier trans-
porting layers and intrinsic optoelectronic property of an active layer
play vital roles in the PCE of solar cells. Therefore, lots of attention fo-
cuses on the doping engineering of SBI or carrier transporting layers to
enhance PCE. The anion in a semiconductor is believed to have a much
stronger influence on the valance band than the conduction band.
Therefore, to deal with the energy difference between the deep valance
band edge of SBI and hole transporting layer, sulfide was adopted as a
dopant to partially substitute iodide in SBL. The upward-shifted valance
band of sulfide-doped SBI exhibited superior carrier-transfer ability and
resulted in a PCE of 5.56%.[30] Thanks to the unoccupied d-orbital in
copper, the conduction band edge of SBI materials can shift downward
when copper is adopted as a dopant to partially replace silver in SBI. The
modified conduction band of SBI improved its absorption ability as well
as its carrier transferability. That resulted in an increased PCE from
2.04% to 2.53%.[31] Although many efforts have been devoted to the
deposition and the doping engineering of SBI to promote their PCE, the
information about composition engineering, especially for Bi cation, is
still lacking. During the thermal-assisted crystallization of SBI, bismuth
iodide (Bil3) is likely to sublimate or decompose from an as-casted thin
film. The break of stoichiometric balance between silver and bismuth
might adversely affect the ambipolar property in SBI active layer.

To manage the issue mentioned above, we focused on using rudorf-
fite materials as the active layer to make a lead-free and air-stable
photovoltaic. To realize the chemical composition effect between
rudorffite structure and photovoltaic properties, a series of rudorffite
materials including AgBi»l;, AgBily, AgoBils and AgsBilg were prepared
and discussed. Based on the examinations of light response surface po-
tential change and light intensity-depended I-V curve, AgsBilg stood out
from the series of rudorffite materials with relatively low defect density
and minor trap-assisted recombination as it was struck by light. By
manipulating the stoichiometry of Bils, the desired SBI of AgsBilg with
an excess ratio of bismuth (Bi/Ag=1.1/3) exhibited pinhole-free surface
morphology with high carrier mobility. The improved properties of the
AgsBilg active layer performed an average PCE of 2.23%, and the
champion PCE achieved a PCE of 2.60%. In addition, the device with
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rudorffite material exhibits an outstanding environmental tolerance.
After being stored in an atmospheric environment for more than 3,000
hours (relative humidity of about 35%, 25°C), the corresponding device
maintained more than 80% of the initial efficiency.

Results and discussion

All silver bismuth iodide rudorffite (SBI) materials were prepared
with one-step deposition followed by an anti-solvent assisted crystalli-
zation step (detail see in Experimental section). To investigate the in-
fluences of Ag/Bi stoichiometry on either the structure or optoelectronic
properties, a series of SBI materials including AgBisl;, AgBil4 AgoBils,
and AgsBile were prepared by manipulating the ratio of silver iodide and
bismuth iodide. Notably, when constructing an SBI material, the states
from Ag and Bi cation contribute differently to form orbital energy for
either the valence band or the conduction band. It has been reported that
the highest occupied energy of the valence band is mainly determined
from the 4d orbital of silver and the 5p orbital of iodide. In contrast, the
6p orbital of bismuth contributes to forming the lowest occupied energy
of the conduction band [32, 33]. Therefore, tuning the ratio of silver and
bismuth is rational to manipulate both the energy level and energy
bandgap of SBI materials. Fig. 1 demonstrates the energy bandgap (Eg)
of various compositions of SBI thin films. The E; of the AgBiI7 thin film
showed the lowest value, which can be ascribed to the high ratio of
bismuth, in the series of SBI materials. The E, of the others were slightly
blue-shifted as the ratio of silver in SBI materials (vide infra) increased.

In addition to the bandgap of absorber layers, the band alignment in
a photovoltaic device also plays a vital role in both carrier separation
and carrier transfer. The potential difference between contacting layers
triggers the photoexcited holes with a positive charge to transfer along
with an electric field in a device. Whereas the photoexcited electrons
with a negative charge transfer in the reversed direction. That helps to
separate the photoexcited electron-hole pairs and promotes the quantum
efficiency of devices. As a result, the correlation between the energy
level, the energy bandgap, and the silver/bismuth ratio in SBI materials
was further investigated using ultraviolet photoelectron spectroscopy
(UPS). The results are shown in Fig. 2 (a), and the corresponding energy
diagram was plotted in Fig. 2 (b). Silver, iodide and bismuth in SBI
materials differently contribute to the formation energy level as con-
structed a rudorffite crystal structure. The 4d and 5p orbitals from silver
and iodide mainly determine the minimum energy level of valance band.
Whereas unoccupied 6p orbitals from bismuth in SBI materials affect the
maximum energy level of conduction band.[32] When focusing on the
energy level of AgBisl; materials, it exhibited the lowest band edge of
the conduction band, which can be attributed to the dominant effect of
antibonding from bismuth’s 6p orbital and halide.[33] The low con-
duction band edge of AgBisl; might adversely affect the electron tran-
sition from its conduction band to the electron transport layer. As the
ratio of bismuth was fixed in SBI materials, the highest occupied valence
band of the SBI materials shifted upward when the ratio of silver
increased. It has been reported that silver and iodide in SBI materials
show a pronounced effect on their valence band due to the lower orbital
energy of its 4d orbital.[33] The well-aligned energy level of devices
with AgBils, AgyBils, and AgsBilg absorber layers is speculated to
facilitate the separation of the electron-hole pairs and harvest a higher
photocurrent than those with inferior electron-hole pairs separation.
The detailed information about energy level, energy bandgap, and work
function of SBI materials from the UPS examination were summarized in
Table 1.

Also, the contact potential difference (CPD), namely surface poten-
tial evolution, with on/off light illumination, was investigated to peer
the carriers in SBI materials. The results are shown in Fig. 3 (a). The
changed CPD of the absorber layers came from the electrons excited by
photons with energy larger than E, and resulted in the transition of
electrons from the valence band to the conduction band. The created
CPD was highly related to the response of light and the generation of
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Fig. 1. Optical property for various rudorffite materials, including AgBi,I;, AgBil4, Ag-Bils, and AgsBile: (a) absorption spectra and (b) tauc plot for energy bandgap
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Fig. 2. Band structure analysis of various Ag/Bi ratio compositions: (a) ultraviolet photoelectron spectra and (b) band diagram of an entire device with various

compositions of rudorffite materials.

Table 1
Bandgap, work function, and energy level of SBI absorber layers with various
Ag/Bi ratios

Chemical composition Eg (eV) WF (eV) Evg (eV) Ecg (eV)
AgBisl; 1.86 4.69 -5.96 -4.10
AgBily 1.87 4.85 -5.91 -4.04
AgoBils 1.90 4.96 -5.89 -3.99
Ag3Bilg 1.91 5.06 -5.85 -3.94

electrons. Therefore, the greater the CPD evolution of SBI materials, the
better the photovoltaic performance of the device is expected since more
electrons are excited and transported to the conduction band. Fig. 3 (b)
showed the photovoltaic performance of devices composed of various
SBI materials. AgsBils exhibited the highest CPD evolution and PCE in
the devices containing AgBisl;, AgBily, AgsBils, and AgsBilg absorber
layers.

Although the desired composition of silver bismuth iodide is ach-
ieved, bismuth is considered a volatile element due to its relatively low
decomposing temperature and sublimating temperature.[34] Therefore,
possible decomposition and sublimation of bismuth occur when the
as-casted SBI film is held at a temperature of 150°C for annealing.
Moreover, the decomposed or sublimated bismuth iodide adversely af-
fects the surface morphology during the formation of SBI film. Yet, the
annealing temperature also influentially affects crystallinity and crystal
structure of SBI films. As a result, the series of AgsBilg films with
different annealing temperatures were examined by using X-ray

diffractometer. The results were shown in Fig. S1. According to Scher-
rer’s equation as shown in followed, the grain size of SBI can be
evaluated:

Rz
= Peos(6)

Here, 7 implies grain size, k is the dimensionless shape factor, 1 is the
wavelength of incident X-ray, § is the line broadening at half the
maximum intensity in radians, and 6 is the Bragg’s diffraction angle. For
the characteristic peak at 13.27° that refer to plane (003) of AgsBilg
structure, the averaged grain size is 36.2 nm, 41.0 nm, 41.7 nm, and 36.3
nm for the films annealed at 120, 140, 160, and 180°C, respectively. The
crystallinity of AgsBilg film with annealing temperature at 160°C shows
the largest grain size, which implies the highest crystallinity in the se-
ries, with the desired crystal structure of AgsBilg. Therefore, the
annealing temperature for SBI active layer was set at 160°C for further
discussion.

To further investigate the relationship between properties of the SBI
active layer and its resulting composition, the active layer of AgsBilg,
prepared from a stoichiometric ratio of % =1, was set as the standard
active layer for further discussion. Manipulating the precursor of silver
and bismuth ratio from the desired stoichiometric ratio (% = %) to the

bismuth-rich precursor (% > 1) is a possible path to counterbalance the

loss of bismuth during the annealing process. As a result, the stoichio-
metric ratio of % was manipulated to achieve the desired composition
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Fig. 3. Light response test for SBI with various stoichiometric ratios, including AgBi,I;, AgBil4, Ag,Bils, and AgsBils: (a) surface potential response under on-off

illuminated condition and (b) PCE distribution of eight individual devices.

of the AgsBilg active layer. The crystal structures of the active layers
were first examined by using an x-ray diffractometer, and the results are
shown in Fig. S2. The additional ratio of bismuth merely influenced the
crystal structure, and all the active layers retained the desired rudorffite
structure of AgsBilg. The optical properties of SBI with additional ratio
of bismuth were shown in Fig. S3. Fig. 4 (a)~(e) demonstrated the
surface morphology of AgsBils films from various stoichiometric ratios
(1+x)

of the precursor defined as % = =3 As the excess ratio of bismuth, x,

increased from -0.1 to 0.5, the surface morphology changed gradually.
For low excess ratios from -0.1 to 0.1, the surface of the SBI material
contained precipitation of silver or silver iodide. The impurity of silver
and its derivatives influenced the morphology of the SBI materials and
increased the occurrence of pinholes in the active layers. As the excess
ratio of bismuth further increased to larger than 0.1, the SBI materials
formed large grains. However, the large grain size easily allowed the
stacking grains to loosen and formed pores in the active layer. The pores
in the active layer further led to the contact between the above carrier
transporting layer and the beneath carrier transporting layer. That
causes current leakage and deteriorates the photovoltaic performance of
devices with such active layers (x > 0.1). The PV performance of devices
composed of various active layers (x=-0.1 to 0.5) was summarized in
Table S1. The above factors directly reflected on the PV performance of
devices, and the devices with the excess ratio of x=0.1 achieved an
average PCE of 2.36%. The champion device improved the PCE from
2.10 % (x=0.0) to 2.60% (x=0.1) as shown in Fig. S4. The progress of
PCE was mainly contributed by the enhancement of current density, as

shown in Fig. S5. Although the morphology of the active layers gave us
clear information about the progress of PCE, the unrevealed reasons of
merely 30% of PCE enhancement still inspired us to explore the opto-
electrical properties of the SBI materials. Considering the surface
morphology and PV performance of devices with various SBI materials,
the ratio of % =11 x=0.1, was selected as the target active layer to

discuss the relationship between optoelectrical properties and chemical
composition.

For obtaining photovoltaics, the chemical composition and the sur-
face morphology are the essential criteria for fabricating an active layer
based on the macroscopic point of view. In comparison, the defects and
carrier mobility in a photovoltaic device are crucial aspects of carrier
transportation from the microscopic point of view. The Space-Charge
Limit Current (SCLC) model is widely utilized to examine a semi-
conductor thin film’s conductivity, trap density, and mobility. An I-V
curve from either the electron-only or the hole-only structured device
can be divided into three portions, including ohmic region (I x V), trap-
filled limit region (TFL region, I « V", n > 2), and Child’s region (I « V2.
According to the SCLC model, the transient point between the ohmic
region and the trap-filled limit region is known as the trap-filled voltage
(VrrL). The relationship between the trap density in a film and Vyg can
be expressed using the following equation:

eN,d*

VrpL = Dees
0

where e is the elementary charge, ¢y is the dielectric constant in vacuum,

Fig. 4. Illustration of devices: (a) entire device with n-i-p architecture. Effect of various stoichiometric ratios of Agl and Bil; precursor solution on surface
morphology of AgsBilg thin films from: (b) x=-0.1, (b) x=0.0, (c) x=0.1, (d)x=0.3, and (e) x=0.5, where x indicates the excess bismuth indicated by Bily _ (lg").

Agl
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¢ is the dielectric constant of SBI, which equals to 3.36, N is the trapped
density, and d is the measured thickness of the thin film. The carrier
mobility (p) can also be acquired at the Child’s region of the I-V curve
using the Mott—Gurney law:

_ 9egouV?
8

The I-V curves based on the electron-only and the hole-only structured
devices were demonstrated in Fig. 5 (a) and (c), respectively. The
calculated electron and hole trap density and their mobility for AgsBilg
(x=0.0) and Ag3Bij 1.3 (x=0.1) active layers are shown in Table 2. It is
noted that the trap density in an active layer is considered as either a
recombination site or an annihilation site for carriers. Once the carriers
are trapped, the carriers would process non-radiative recombination
instead of transferring to the corresponding carrier transporting layers.
That results in a low photocurrent in a device. When calculating the trap
density in electron-only devices, N; was found to be 2.21 x 10%°
(number/cm®) for AgsBilg active layer and 2.28 x 10'® (number/cm®)
for AgsBij 1163 active layer. Whereas in the hole-only devices, N; was
found to be 3.99 x 10 (number/cm?>) for AgsBilg active layer and 3.63
x 10'* (number/cm®) for AgsBij 1163 active layer. The similar trap
densities for AgsBils and AgsBi; 1163 active layers indicated that the
manipulation of Agl and Bil3 reactants was slightly influential in the trap
density in both the negative and the positive defects in the active layers.
Surprisingly, mobility for both electron and hole in AgsBij 1163 active
layer showed a significant increase compared to AgsBilg active layer.
The superior conductivity obtained from the ohmic region in the SCLC
plot of AgsBij 116 3 active layer (see in Fig. S6) helped carrier transport
in an active layer. It resulted in high carrier mobility compared to the
control active layer.

The evolution of surface potential of AgsBilg and AgsBi; 116 3 active
layers with or without light striking infers clear information about the
carrier flows in an entire device. Kelvin Probe Atomic Microscopy
(KPFM) helps acquire both the surface morphology and the surface
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Table 2
Trap density and mobility for AgsBilg (x=0.0) and AgsBij 11g 3 (x=0.1) active
layers for both the electron-only and the hole-only devices

Active layer Type of Trap density (number/ Mobility (cmz/V .
carrier cm3) s)

AgsBilg (x=0.0) electron (n-i-  2.28 x 10'° 0.18
n)
hole (p-i-p) 3.99 x 10 24.39

AgsBiy 1163 electron (n-i- 221 x 10'° 0.37

(x=0.1) n)

hole (p-i-p) 3.63 x 10 85.31

potential of an active layer in the dark or under illumination. Fig. 6 (a-1)
and (b-1) show the surface morphology of AgsBilg and AgsBij ils3
active layers. The averaged surface roughness slightly decreased from
27.6 nm for Ag3Bilg active layer to 23.4 nm for Ag3Bij 116 3 active layer.
The results were consistent with the topography from the FE-SEM image,
as shown in Fig. 4. Fig. 6 (a-2) and (a-3) show the surface potential
measurement at the moment when the light was turned on for AgsBilg
active layer, and Fig. 6 (b-2) and (b-3) show Ag3Bi; 114 3active layer
based on the same measuring condition. The surface potential profiles
were summarized in Fig. 6 (a-4) for AgsBilg active layer and Fig. 6 (b-4)
for AgsBij 1163 active layer. AgsBilg active layer showed the same sur-
face potential whether it was in the dark or under illumination. On the
other hand, a noticeable surface potential difference was observed when
the light struck the target active layer of AgsBij 1l 3. The minor po-
tential evolution under different conditions elucidated that AgsBilg
active layer exhibited a low light response than AgsBi; 11¢ 3 active layer.
In addition, the carrier generation in AgsBij 116 3 active layer was much
more apparent than that in AgsBilg active layer when both active layers
were illuminated by light. From the microscopic point of view, the su-
perior carrier mobility and the surface potential difference under light
illumination of AgsBi; 1ls 3 active layer revealed the reason for the
improved PCE of the device with AgsBi; 11 3 active layer from 2.10 % to
2.60%.
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Fig. 5. I-V curves of AgsBilg (x=0.0) and AgsBi; 1163 (x=0.1) active layers for the SCLC model fitting: (a) I-V curve and (b) I-VZ curve at the Child’s region for the
electron-only devices; (c¢) I-V curve and (d) I-V2 curve at the Child’s region for the hole-only devices.
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Fig. 6. Morphology and the surface potential mapping of an active layer in the dark or under illumination: (a-1, b-1) topography, (a-2, b-2) the surface potential
mapping in the dark, (a-3, b-3) the surface potential mapping transitioning from in the dark to under illumination, and (a-4, b-4) the profile of surface potential
mapping in the dark and under illumination for AgsBils (a-1—a-4) and AgsBij; 1163 (b-1—b-4).

Moreover, the long-term stability of a device is also a crucial char-
acteristic for evaluating a photovoltaic material. Fig. 7 shows the
changing photovoltaic performance of unencapsulated devices with
either the control or the target active layer left in the ambient envi-
ronment. The device with AgsBi; 1l¢ 3 active layer maintained 80% of its
initial PCE after 3,000 h. However, the device with AgsBilg active layer
only maintained 80% of its initial PCE for the first 750 h. The main
deterioration of PCE came from the decrease of photocurrent due to the
adsorption of gas molecules in the active layer. The adsorbed gas mol-
ecules might trap the charge carrier to reach a low free energy condition.
[35] It rationally infers that fewer gas molecules were adsorbed in the
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device with AgsBijlgs active layer exhibiting much-compacted
morphology than the device with AgsBilg active layer when stored in
the ambient environment. The smooth path for carrier transportation in
the device with AgsBi; 116 3 active layer can prolong the lifetime of such
a device.

Conclusion
This study demonstrates the composition engineering of the silver

bismuth iodide active layer. The relationships between the chemical
composition and the optoelectrical properties, including energy level,
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Fig. 7. Stability test of SBI solar cells stored in ambient condition with RH% at around 35%: (a) normalized V,, (b) normalized J,, (c) normalized FF, and (d)

normalized PCE of devices with AgsBils or AgsBi; 116 3 active layer.
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surface potential evolution, and carrier mobility, were investigated to
realize a non-toxic rudorffite solar cell with a PCE of 2.60 %. For the
long-term stability test, the device maintained over 80% of its initial PCE
after being stored in an ambient environment (RH% at around 35%) for
3,000 h. While decent photovoltaic performance can be obtained from
SBI photovoltaics, it shed light on how a non-toxic material with high
stability can be obtained. Its non-toxicity, low cost, and stable charac-
teristics make rudorffite solar cells a potential photovoltaic material for
a new generation of solar cells.

Experimental section
Material and method

In this study, silver iodide (Alfa Aesar, 99.999%), bismuth iodide
(Alfa Aesar, 99.999%), titanium isopropoxide (Sigma-Aldrich, 75 wt%
in isopropanol), diisopropoxide bis(acetylacetonate) (Sigma-Aldrich, 75
wt. % in isopropanol), bis(trifluoromethane)sulfonamide lithium
(Sigma-Aldrich, 99.95%), tin (II) acetate (Sigma-Aldrich, 99.99%), poly
(triaryl amine) (Sigma-Aldrich, Mn=7,000-10,000), dimethyl sulfoxide
(ECHO, >99.9%), acetonitrile (Acros, >99.5%), 4-tert-butylpryridine
(Sigma-Aldrich, 96%), chlorobenzene (Acros, 99.8%), toluene (ECHO,
>99.5%), 2-propanol (STAREK, >99.8%), a-terpineol (C;9H;g0, Merck,
90%), ethyl cellulose (Acros, ethoxyl content 48%), acetic acid (Arcos,
99.99%) were used without any pre-treatment. For the meso-Sn:TiO5
paste, the synthesizing method followed our previous work, [36] where
TiO2 nanocrystal doped with 1.00 mol% of Sn was prepared with the
sol-gel method. 200mL of aqueous dilute acetic acid with a 1:3 volume
ratio of acetic acid and D.I. water was prepared. After that, 1.33 mol of
tin acetate was dissolved into the as-prepared acetic acid solution. The
titanium dioxide precursor was prepared by mixing 50.0 g of titanium
isopropoxide and 20 mL of isopropanol. While the as-prepared acetic
acid was vigorously stirred and placed in an ice bath, the titanium di-
oxide precursor was slowly dropped into the stirring acetic acid solution.
The mixed solution was kept for 12 h to allow the reaction to complete.
The product was collected through centrifugation. The paste with 23 wt
% of Sn doped TiO3 was prepared by mixing 1.0-mol % Sn doped TiOs,
a-terpineol, and ethyl cellulose. To prepare the rudorffite precursors,
using AgsBile as an example, 211.3 mg of silver iodide and 176.9 mg of
bismuth iodide were weighed and transferred into a 7-mL vial. A
milliliter of DMSO was added to the vial to obtain a 0.3 M silver bismuth
iodide precursor solution. For poly(triaryl amine) (PTAA) hole trans-
porting layer precursor, 15 mg of PTAA was dissolved into 1 mL of
chlorobenzene. Additional 2.5 pL of Li-TFSI solution, which was pre-
pared by adding 100 mg of Li-TFSI to 0.5 mL of acetonitrile, was added
into the as-prepared solution to obtain the PTAA hole transport layer
precursor solution.

Device fabrication

The device architecture followed the established mesoporous n-i-p
structure, which was reported elsewhere.[36-38] Before the coating
process, FTO glasses (7 Q, FrontMaterials Co. Ltd.) were washed
sequentially with deionized water, acetone, and isopropanol to remove
and adsorbed organic contaminants. A compacted TiOy layer was
deposited onto the front side of a clean FTO glass using spray pyrolysis
with 0.05 M of titanium diisopropoxide bis(acetylacetonate) solution at
450 °C. The prepared Sn-TiO, paste was screen-printed onto the
compact layer of TiO, followed by calcination at 500°C for half an hour.
After the glasses were cooled to room temperature, the as-prepared
precursor solution of silver bismuth iodide was deposited on the glass
using the anti-solvent assisted crystallization method, where 75 pL of
SBI precursor was deposited using a two-steps spin-coating process.
First, the solution was sprayed out for 10s at a low spin rate of 1,000
rpm, followed by a high spin rate of 7,000 rpm for 30s to form a film
with the desired thickness of around 300 nm. During the second step of

Chemical Engineering Journal Advances 10 (2022) 100275

the spin coating process, around 500 pL of chlorobenzene was steadily
dripped onto the wet film to remove any excess solvent and assist the
crystallization of SBI materials. The substrate with SBI film was imme-
diately transferred onto a hotplate at 160°C for 15 min. Subsequently, 50
pL of Li-TFSI doped PTAA was spin-coated at 3,000 rpm for 30 s onto the
SBI layer. Lastly, the device was completed after 120-nm thick silver
electrodes with 0.04 mm? active layer were thermal evaporated onto the
hole transporting layer.

Characterization

Ultraviolet—visible spectroscopy (UV-Vis) absorption was measured
using UV-vis spectrometer (V-730, Jasco). The UPS (Sigma Probe,
Thermo VG-Scientific) equipped Hel (21.2 eV) light source was applied
to investigate the energy level of the active layers. Controlled Potential
Differences (CPD) profile was acquired from a scanning Kelvin probe
analyzer equipped with a 2-mm gold tip (KP Technology, SKP 5050).
The film morphologies of active layers with various bismuth ratios were
acquired using a Field-Emission Scanning Electron Microscope (FE-SEM)
(SU-8010, HITACHI) with an accelerating voltage of 10 kV. The I-V
curves of the devices were measured with a digital source meter (2400,
Keithley) under simulated solar illumination at 100 mW cm_z, AM 1.5G
standard and with a calibrated Si-reference cell (Bunkokeiki, BS-520BK)
with a KG-5 filter. The External Quantum Efficiency (EQE) spectra were
recorded using an IPCE spectrometer (EQE-R-3011, Enli Technology Co.
Ltd). The surface potential mappings were collected by KPFM (Dimen-
sion-3100 Multimode, Digital Instruments) with a Pt/Ir-coated tip in
tapping mode under wavelength-switchable LED light source (WLS-LED,
Mightex) illuminated at an angle of 45°. The crystal structure and
microstructure were analyzed by X-ray Diffraction Pattern (XRD, D2
phaser with Xflash 430, Bruker).
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