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Abstract

Toxic lead and poor stability are the main obstacles of perovskite solar cells. Lead-free silver bismuth iodide (SBI) was first
attempted as solar cells photovoltaic materials in 2016. However, the short-circuit current of the SBI rudorffite materials is
commonly <10 mA/cm2, limiting the overall photovoltaic performance. Here, we present a chemical composition engineer-
ing to enhance the photovoltaic performance. In this study, we incorporated a series of alkali metal cations (Liþ, Naþ, Kþ,
Rbþ and Csþ) into Ag3BiI6 absorbers to investigate the effects on the photovoltaic performance of rudorffite solar cells. Csþ

doping improved VOC and Naþ doping showed an obvious enhancement in JSC. Therefore, we co-doped Naþ and Csþ into SBI
(Na/Cs-SBI) as the absorber and investigated the crystal structure, surface morphology and optical properties. The photo-
assisted Kelvin probe force microscopy was used to measure surface potential and verified that Na/Cs doping could reduce
the electron trapping at the grain boundary and facilitate electron transportation.
Na/Cs-SBI reduced the electron–holes pairs recombination and promoted the carrier transport of rudorffite solar cells.
Finally, the Na/Cs-SBI rudorffite solar cell not only exhibited a power conversion efficiency (PCE) of 2.50%, a 46% increase to
the SBI device (PCE ¼ 1.71%), but also was stable in ambient conditions for >6 months.
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INTRODUCTION

Solution-processable lead halide perovskite solar cells (PSCs)
have recently attracted prominent attention due to their high
power conversion efficiency (PCE). Its highest documented PCE
has recently surpassed 25% [1]. Unfortunately, toxic lead and poor
stability are the main obstacles hindering the commercial appli-
cation of lead-based perovskites [2, 3]. Considerable effort has
been devoted to developing high-performance lead-reduced and

lead-free solar cells [4, 5]. Based on the Goldschmidt tolerance,
Sn2þ and Ge2þ are potential candidates for direct substitution for
the divalent Pb to form a 3D perovskite structure with iodine or
bromine [6–9]. However, the oxidative instability of Sn2þ and Ge2þ

in ambient air is the main issue hindering their development [10,
11]. Thus, a novel air-stable silver bismuth iodide (AgaBibIaþ3b,
SBI) photovoltaic material is being developed [12–14].
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This SBI photovoltaic material, featuring edge-shared [AgI6] and
[BiI6] and direct band gaps in the range of 1.79–1.83 eV, is named
rudorffite [15, 16]. It was found that the optical band gaps can be
tuned by varying the AgI/BiI3 ratio. In 2016, the Sargent group was
the first to demonstrate AgBi2I7 (Eg ¼ 1.87 eV) as the active layer of
solar cells that could achieve a PCE of 1.22% with excellent stability
[17]. Wang et al. reported AgBi3I10 (Eg ¼ 1.8 eV) prepared by spin-
coating following a 150�C thermal treatment. The corresponding
devices showed a PCE of 2.73% [18]. By tuning the stoichiometric ra-
tio of AgI to BiI3, Ag2BiI5 (PCE ¼ 2.6%) [14] and Ag3BiI6 (PCE ¼ 4.3%)
[19] have been successfully applied in rudorffite solar cells and
have shown good air stability. However, the short-circuit current
(JSC) of rudorffite solar cells is commonly <10 mA/cm2, which limits
the overall photovoltaic performance. Much like the lead-based
PSCs, incorporating monovalent metal cations or organic cations is
a successful method to improve the JSC and further enhance the
PCE of rudorffite solar cells [20–23].

Many strategies have been explored to pursue high stability
and high-performance rudorffite solar cells. Simonov et al. in-
corporated S into various SBI composites. Even with a slight
amount of S2�, a notable upshift of valence band edge could be
observed. The sulfide-modified AgBi2I7� 2xSx (x ¼ 5 at%) resulted
in a 35% increment in JSC and exhibited excellent long-term sta-
bility under ambient conditions [24]. Lee et al. fabricated Cu-
doped Ag2BiI5 by a solid-state method and it demonstrated a
significant increase in light absorption. The PCE of the device
was enhanced by 25%, reaching 2.53%, which is primarily attrib-
uted to the increased JSC [25]. Doping alkali metal ions in perov-
skite materials have achieved several important milestones in
improving their stability and photovoltaic performance. Among
many researchers, Ma et al. successfully incorporated Cs into
AgBiI4 rudorffite material and obtained a dense and pinhole-
free film. Cs-incorporated films showed a decreased nonradia-
tive recombination. After the optimization process, the device
PCE showed a 40% improvement due to the suppressed recom-
bination, reduced defect density and better carrier transporta-
tion. The improved carriers separation and their transportation
increased the JSC of the device from 2.46 to 3.34 mA�cm�2 [26].
These works have shown great potential in improving the pho-
tovoltaic performance of rudorffite solar cells. Incorporation
can be seen as an effective strategy to increase the current den-
sity and stabilize the rudorffite structure.

In this study, we have incorporated various alkali metal cati-
ons (such as Liþ, Naþ, Kþ, Rbþ and Csþ) into Ag3BiI6 to explore
the effects on the photovoltaic performance of rudorffite solar
cells. The crystal structure, surface topography, optical property
and carrier mobility of the SBI absorber were investigated. The
photo-assisted Kelvin probe force microscopy (photo-KPFM)
was used to measure the absorber’s surface potential and verify
the carrier behavior. The Na/Csþ-doped SBI (Cs-SBI) absorber
successfully reduced the electron–holes pairs recombination
and promoted carrier transport. Finally, the Na/Cs-SBI rudorffite
solar cell not only exhibited a PCE of 2.50%, a 46% increase com-
pared with that of SBI rudorffite solar cells (PCE ¼ 1.71%), but
also was stable in ambient conditions for >6 months.

EXPERIMENTAL PROCEDURES
Synthesis of various types of Ag3BiI6 precursor solution

Alkali metal cations, including lithium iodide (LiI �98%, Sigma-
Aldrich), sodium iodide (NaI �98%, Sigma-Aldrich), potassium
iodide (KI �98%, ACROS), rubidium iodide (RbI �98%, Sigma-
Aldrich) and cesium iodide (CsI �98%, Sigma-Aldrich), were

dissolved in dimethyl sulfoxide (99.9%, ECHO Chemical,
Taiwan). When preparing alkali metal-doping precursor solu-
tion, the molar ratio of alkali/Ag3BiI6 was set at 1�10�3 mol%.
The SBI precursor solution, 0.3 M Ag3BiI6, was prepared by dis-
solving 211.3 mg of AgI powder (99.999%, Alfa Aesar) and 176.9
mg BiI3 powder (99.999%, Alfa Aesar) in 1.0 ml of each alkali
metal-doping precursor solutions. The as-prepared solutions
were stirred for 1 day at room temperature to obtain the Ag3BiI6

(SBI) precursor solution.

Fabrication of SBI rudorffite solar cells

The device followed an FTO/dense TiO2/meso-TiO2/Ag3BiI6/
PTAA/Ag electrode architecture. The fluorine-doped tin oxide
coated glass (FTO, 7X, FrontMaterials Co. Ltd., Taiwan) was
cleaned following a process reported elsewhere [27]. The dense
TiO2 layer was prepared using spray pyrolysis with 0.05-M tita-
nium diisopropoxide bis(acetylacetonate) solution at 450�C on
the FTO glass. The synthesis of meso-TiO2 paste was based on
our previous work. Subsequently, it was screen-printed on the
dense TiO2 layer, followed by a calcination process at 500�C for
30 min [28, 29]. Each as-prepared SBI precursor solution was
spin-coated on separate FTO/dense TiO2/meso-TiO2 using a
spin coating process. Seventy-five microliter of SBI precursor
was first sprayed out at a spin rate of 1000 rpm for 10 s. After
that, the film was spun at 7000 rpm for 30 s. For the antisolvent
treatment, 500 ll of chlorobenzene was dripped onto the SBI
layer during the second stage of spin-coating process to remove
the excess solvent. The substrate was directly transferred to a
hot plate without being bench dried and annealed at 160�C for
15 min. For the hole-transporting layer, 50.0 ll of lithium bis(tri-
fluoromethanesulfonyl)imide (LI-TFSI) doped poly(triaryl
amine) (PTAA) solution was spin-coated onto the SBI absorber
at 3000 rpm for 30 s. The LiTFSI-PTAA solution was prepared by
mixing 1.0 ml of PTAA solution (15.0 mg PTAA in 1.0 ml chloro-
benzene) and Li-TFSI solution (100 mg Li-TFSI dissolved in 0.5
ml acetonitrile). Finally, the Ag electrode was deposited on the
LiTFSI-PTAA layer with a 0.04-cm2 area-confined mask using
the thermal evaporation method.

Characterizations

The J–V curves of SBI rudorffite solar cells under simulated solar
illumination were measured by a digital source meter (2400,
Keithley) equipped with a light source calibrated to give AM
1.5G standard (100 mW/cm2) radiation. Si-reference cell (BS-
520BK, Bunkokeiki) with KG-5 filter was used for light intensity
calibration. The crystallographic properties of various SBI
absorbers were determined by X-ray diffractometer (XRD)
(Bruker, D2 phaser with Xflash 430, Germany). The microstruc-
ture and elemental composition analysis of SBI absorbers were
observed by field-emission scanning electron microscope (FE-
SEM, Hitachi, SU8010, Japan) equipped with energy dispersive
X-ray spectroscopy (EDS, XFlash 5030, Bruker). Atomic force mi-
croscope (AFM, Dimension-3100 Multimode, Digital
Instruments) was used to measure the surface roughness of SBI
absorbers in tapping mode. The optical properties were ac-
quired by a UV–vis spectrometer (V-730, Jasco). The external
quantum efficiency (EQE) spectra were recorded at wavelengths
between 300 and 900 nm by incident photon conversion effi-
ciency (IPCE) spectrometer (QE-R-3011, ENLI Technology Co.
Ltd., Taiwan). The photo-KPFM (Digital Instruments,
Nanoscopes III) was conducted with a wavelength-switchable
LED light source (kmax ¼ 530 nm, 3 W, WLS-LED, Mightex)
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illuminating at an angle of 45� to understand photo-induced
electron transfer behavior. The band structure was analyzed by
ultraviolet photoelectron spectroscopy (UPS, Sigma Probe,
Thermo VG-Scientific) with an UV source (He-I 0–21.2 eV).

RESULTS AND DISCUSSIONS

The schematic diagram of established SBI rudorffite solar cells
is shown in Fig. 1a, and it presents the configuration of FTO/
dense TiO2/meso-TiO2/Ag3BiI6/PTAA/Ag electrode. To investi-
gate the relationship between alkali metal cation doping and
photovoltaic performance, the statistical analysis of the SBI so-
lar cells (10 devices for each series), including open-circuit volt-
age (VOC), JSC and PCE are demonstrated. As shown in Fig. 1b–d,
the box charts show the statistical distribution and
Supplementary Table S1 summarizes the corresponding results.
The results showed that incorporating alkali metal cation can
enhance the photovoltaic performance compared to SBI rudorf-
fite solar cells. Figure 1b demonstrates little vibrations of VOC

with mean values of 0.64, 0.63, 0.67, 0.68 and 0.69 V for Liþ, Naþ,
Kþ, Rbþ and Csþ doped SBI solar cells, respectively. The PCE of
various SBI solar cells is shown in Fig. 1d. The average PCE of
Cs-SBI rudorffite solar cells showed a 27% enhancement, which
was mainly induced by the significant improvements in VOC

(from 0.65 to 0.69 V) and fill factor (FF) (from 55.18% to 62.36%).
As shown in Fig. 1c, the incorporation of Cs has greatly im-
proved PCE, but JSC has not seen any noticeable improvement
(from 4.78 to 5.07 mA/cm2). Therefore, we proposed a series of
optimization processes. First, we optimized the Cs doping con-
centration and found that 10�3 mol% exhibited the highest aver-
age PCE of 2.18%, as shown in Fig. 1e. The detailed photovoltaic
performance is summarized in Supplementary Table S2. Hence,
the 10�3 mol% Cs-SBI was used for further optimization process.
Knowing that Na-SBI has shown the dominant effect on the JSC

improvement (5.95 mA/cm2), Na and Cs were co-doped in the
SBI absorber to improve the PCE of the device. For the Na/Cs-SBI
rudorffite solar cells, 1.0 mol% Na doping level demonstrated
the highest average PCE of 2.45% with the JSC enhanced from
5.07 to 5.49 mA/cm2 compared with Cs-SBI rudorffite solar cells
(Fig. 1f). Supplementary Table S3 summarized the detailed in-
formation of the photovoltaic performance of Na/Cs-SBI rudorf-
fite solar cells. We further studied the crystal structure, surface
morphology and optical property to understand the alkali metal
doping effect on the SBI absorber.

We investigated the crystal structure and crystallinity of var-
ious alkali metal-doped SBI absorbers using an XRD. Figure 2a
presents the XRD patterns of SBI, Cs/SBI and Na/Cs-SBI absorb-
ers. All SBI absorbers showed characteristic peaks at 13.42�,
25.98� and 29.95�, corresponding to the (003), (006) and (114)
planes [30]. The AgI-rich phase of the SBI absorber exhibited
two AgI characteristic peaks at 23.15� and 24.48� [31]. The addi-
tion of a small amount of cations (Csþ and Naþ) does not cause
the collapse of the SBI crystal structure. The magnified pattern
at 2h ranged from 11� to 16� for the (003) plane (Fig. 2b) was
used to calculate the crystallite size by the Debye Scherrer equa-
tion. The calculated crystallite sizes for the SBI absorber, the Cs-
SBI absorber and the Na/Cs-SBI absorber are 19.1, 28.8 and 30.4
nm, respectively (Fig. 2c). The slight alkali cation could induce
sparse nucleation sites and promote sufficient grain growth [32,
33].

The surface microstructure and EDS mapping of various ele-
ments are shown in Fig. 3a–c and Supplementary Fig. S1. FE-
SEM analysis revealed that the alkali metal doping provided a
larger crystal grain. From the AFM topographic images (Fig. 3d
and e), the root mean square of surface roughness is 18.0, 29.3
and 34.3 nm for SBI, Cs-SBI and Na/Cs-SBI absorbers, respec-
tively. The result demonstrated that the alkali metal doping in-
creased the roughness of absorbers’ surfaces, which might be

Figure 1: device structure and the distribution of photovoltaic performances with various alkali metal-doped SBI active layers: (a) Schematic diagram of the SBI rudorf-

fite solar cell structure. The photovoltaic performance of (b) VOC, (c) JSC and (d) PCE of various alkali metal-doped SBI rudorffite solar cells. The average PCE of (e) Cs-SBI

and (f) Na/Cs-SBI rudorffite solar cells with various doping concentrations.
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due to the increased grain size. The nanostructured film pos-
sesses a higher surface area, which might be a factor in effective
charge separation [34]. The EDS mapping of various elements
confirmed the presence of Cs and Na dopants. The results show
that the Na and Cs dopants may homogeneously distribute in
the SBI absorber.

To reveal the effect of alkali metal cation incorporation on
the optical properties of various SBI absorbers, we measured the
UV-vis absorption spectra (Fig. 4a). The Na/Cs-SBI absorber
showed the highest absorption. The absorption peak located at
around 427 nm can be attributed to AgI [31]. After introducing

Na dopant into SBI, an absorption peak emerged at �500 nm
(Supplementary Fig. S2). The absorbance for the Na/Cs-SBI ab-
sorber in the range of 400–550 nm shows a synergistic effect,
which is higher than that of SBI and Cs-SBI absorbers. This phe-
nomenon can be ascribed to the increase in the crystallinity by
the Cs/Na doping. Figure 4b shows the J–V curves of SBI, Cs-SBI
and Na/Cs-SBI rudorffite solar cells. The higher crystallinity and
more light absorption contribute to the increase in Jsc. Thus, the
co-dopant of Naþ and Csþ was beneficial to the PCE improve-
ment. The EQE spectra (Fig. 4c) show that the integrated JSC in-
creased from 3.97 mA/cm2 for the SBI absorber to 5.33 and 5.85

Figure 2: XRD diffraction patterns of rudorfitte active layers: (a) full-range spectra, (b) the magnified pattern at 2h ranged from 11� to 16� for the (003) plane and (c) the

calculated crystallite size for the (003) plane of pristine, Cs doped and Na/Cs doped SBI.

Figure 3: FE-SEM microstructure images and AFM topographic images of (a and d) SBI absorber, (b and e) Cs-SBI absorber and (c and f) Na/Cs-SBI absorber.
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mA/cm2 for the Cs-SBI and Na/Cs-SBI absorbers, respectively.
The integrated JSC is consistent with the current density, as
summarized in Supplementary Tables S1–3.

Recently, photo-KPFM has been used to understand electron
transport behavior by measuring the contact potential differ-
ence (CPD) [29, 35]. To demonstrate the electron transport differ-
ences between pristine and doped active layers, FTO/dense-
TiO2/meso-TiO2/SBI or doped SBI devices were prepared for
photo-KPFM investigation. Figure 5a–c shows the topographic

images of SBI, Cs-SBI and Na/Cs-SBI absorbers, respectively. The
surface potential measurement is performed in the dark
(Fig. 5a(1–3)) and under illumination (Fig. 5b(1–3)). Once the
electrons transfer from SBI absorbers to the TiO2 electron trans-
port layer (ETL), there is a negative shift in the surface potential
of SBI. Therefore, we can evaluate the electron extraction ability
by analyzing the change of surface potential. The constant po-
tential difference (DCPD) was calculated by the following
equation:

Figure 4: optical property and the PV performance of devices with various active layers: (a) absorption spectra of various SBI absorbers. Performance of champion devi-

ces: (b) J–V curves and (c) EQE spectra and integrated current density of rudorffite solar cells.

Figure 5: (a–c) AFM topographic images, surface potential mappings (a-1, b-1, c-1) in the dark and (a-2, b-2, c-2) under UV illumination, and the corresponding analyses

of CPD for (a) SBI, (b) Cs-SBI and (c) Na/Cs-SBI absorbers.
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DCPD ¼
SPtip � SPsample

�e
(1)

where SPtip and SPsample are the surface potentials of the tip and
the sample, respectively; and e is an elementary charge. For the
pristine SBI absorber layer, the photo-induced electron–hole
pairs were separated ineffectively in the SBI absorber. The
photo-induced electrons were trapped and recombined rather
than transported to the TiO2 ETL underneath. Therefore, there
is no noticeable CPD change under illumination. After introduc-
ing Cs into the SBI absorber, the large SBI grain provided a supe-
rior scenario for electron migration toward the TiO2 ETL than
the pristine SBI, generating significant CPD changes except for

the grain boundaries. For the Na/Cs-SBI/TiO2 sample, the CPD at
grains and grain boundaries showed a negative shift of CPD, in-
dicating that more electrons were injected from the SBI layer
to the TiO2 ETL even at grain boundaries. The photo-KPFM
results demonstrated that Na/Cs doping could reduce the
electron trapping at the grain boundary and facilitate electron
transportation.

The energy-level alignment at ETL/SBI and SBI/HTL interface
determines the capability of carrier extraction. From the Tauc
plot (Fig. 6a), it was found that the optical band gap (Eg) of the
SBI absorber changed from 1.96 (SBI) to 1.95 eV (Cs-SBI) and 1.94
eV (Na/Cs-SBI) after alkali metal cation incorporation. To gain
insights into the effect of alkali metal doping on SBI interfacial
energy band alignment, the band structures of SBI, Cs-SBI and
Na/Cs-SBI were characterized by UPS. The energy cutoff for the
work function (WF) and the energy difference between the
Fermi level and valence band minimum (VBM) is shown in
Fig. 6. The WF was determined to be �4.84 eV for the SBI ab-
sorber, �4.78 eV for the Cs-SBI absorber and �4.42 eV for the Na/
Cs-SBI absorber. The estimated energy levels determined from
the UPS spectra are summarized in Table 1. Figure 6c illustrates
the schematic energy band diagram of SBI rudorffite solar cells.

Figure 6: characterization of energy bandgap and energy level of active layers: (a) Tauc plots, (b) UPS spectra, (c) schematic illustration of the energy band diagram of

various absorbers, and (d) the J–V curve of the champion device in this study.

Table 1: evolution of bandgap, WF, valence band and conduction
band edge positions of various absorbers

Sample name Eg (eV) WF (eV) EVB (eV) ECB (eV)

SBI 1.96 4.84 �5.94 �3.98
Cs-SBI 1.95 4.78 �5.85 �3.90
Na/Cs-SBI 1.94 4.42 �5.61 �3.67
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As described in the band diagram, the valence bands of Na/Cs-
SBI showed a slight upshift after introducing Na/Cs and the en-
ergy bands of the SBI revealed proper band alignment with elec-
tron/hole transport layers. Figure 6d shows the J–V curve of the
champion device. For the Na/Cs-SBI rudorffite solar cells, the
champion device achieved a PCE of 2.50%, a 46% increase to SBI
rudorffite solar cells (PCE ¼ 1.71%).

We further examined the long-term stability of the SBI
rudorffite solar cells and the champion device with alkali metal
cation doping in ambient air condition (25�C, relative humidity
(RH) of 30%). The photovoltaic performance was tracked over
180 days and the results are shown in Fig. 7. After exposure in
the ambient condition, the PCE gradually increased in the initial
stage. The SBI rudorffite solar cells degraded faster than the
champion device, losing >50% of their PCE after 50 days, mainly
attributed to a significant reduction in JSC and FF. The champion
device maintained >70% of their original PCE even after 180
days of exposure to the ambient air. The alkali metal cation
doping has played a significant role in the crystal structure and
the intrinsic properties of the SBI absorber. The SBI absorber
with alkali metal cation doping successfully enhanced the pho-
tovoltaic performance and showed the high potential for
photovoltaic-based device applications.

CONCLUSION

Various alkali metal cations have been doped into Ag3BiI6 as the
absorber for lead-free solar cells. We have systematically studied
the crystalline structure, surface morphology, optical and photo-
voltaic properties of various absorbers. The Na/Cs-SBI absorber
exhibited a large crystal grain, which provided an efficient path-
way to inject photo-induced electrons into the TiO2 ETL. The Na/
Cs-SBI absorber successfully reduced electron–holes pairs recom-
bination and improved photovoltaic performance. Finally, the Na/
Cs-SBI rudorffite solar cell not only delivered a PCE of 2.50%, a 46%
increase to SBI rudorffite solar cells (PCE ¼ 1.71%), but also was
stable under ambient conditions for >6 months. Lead-free Na/Cs-
SBI rudorffite solar cells showed great potential for photovoltaic-
based devices in energy and environmental applications.

SUPPLEMENTARY DATA

Supplementary data are available at OXFMAT Journal online.
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