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Solution-proceed Air-stable Copper Bismuth Iodide CuBiI4 for 
Photovoltaics 
Zhaosheng Hu,*[a] Zhen Wang, [a] Gaurav Kapil, [a] Tingli Ma, [a] Satoshi Iikubo, [a] Takashi Minemoto,[b] 
Kenji Yoshino,[c] Taro Toyoda,[d] Qing Shen[d] and Shuzi Hayase*[a] 
Abstract: Bismuth based solar cells have been under intensive 
interest as an efficient non-toxic absorber in photovoltaics. Within 
this new family of semiconductors, we herein, report a new, long-
term stable material copper bismuth iodide (CuBiI4). A solution-
processed method is provided under air atmosphere. The adopted 
HI assisted Dimethylacetamide (DMA) co-solvent can completely 
dissolve CuI and BiI3 powders with high concentration compared to 
other organic solvent.  Moreover, high vapor pressure of Tributyl 
phosphate, we select for the solvent vapor annealing SVA, enable 
the whole low-temperature (≤700C) film preparation. It results in a 
stable, uniform dense CuBiI4 film. The average grains size 
increasing with precursor concentration, greatly enlarge the PL life 
time and hall mobility. And carrier lifetime of 3.03 ns as well as an 
appreciable hall mobility of 110 cm2/Vs were obtained.  X-ray 
diffraction illustrates that the crystal structure is cubic (space group 
Fd3m) and favored in [1, 1, 1] direction. Moreover, the photovoltaic 
performance of CuBiI4 was also investigated. A wide-bandgap (2.67 
eV) solar cell with 0.82 % performance is presented, which shows an 
excellent long-term stability at least over 1008 hours under ambient 
conditions. This air-stable material may give an application in future 
tandem solar cells as a stable short-wavelength light absorber.  

Introduction 

The past decade has witnessed the boost improvement of 
solution-processed solar cells (SCs), especially the MAPbI3 
SCs, which are large-area, low-cost and high-
performance.[1] However, the toxicity of lead limits their 
commercial potential. So, a lot of researches are forced on 
the candidates especially MASnI3 SCs with about 8% power 
conversion efficiency (PCE).[2] But devices processing was 
usually conducted in a nitrogen-filled glovebox because of 

the instability of tin cation, which is prone to 
disproportionation or oxidation after exposure to air and 
moisture.[3] Considering the instability as well as raising 
toxicity concerns, bismuth this non-toxic atom based 
materials are the most promising light-harvesting materials 
to replace lead and tin.[4] And, so far, incorporation of 
methylammonium (MA) and cesium in bismuth iodide 
complex are synthesized.[5] And silver bismuth iodide are 
reported.[6] Compared to the relative unstable organic 
cations such as MA, inorganic copper cation is stable. 
Moreover, copper is more abundant than the frequently 
used inorganic metal cations cesium and silver in earth, 
which is beneficial for applications. Monovalent copper 
cation has been mentioned before16 and meanwhile, copper 
iodide is very stable and developed as a hole transport 
material. But recently there are no reports of photovoltaics 
of copper bismuth iodide. Herein, we firstly report a new 
solution-processed air-stable CuBiI4 thin-film for 
photovoltaics. 

Results and Discussion 

Bismuth based devices, unlike lead or tin based solar cells, 
always suffer low coverage, poor morphology and pinholes in 
the resulting film.[7]  Herein, we use HI acid assisted organic 
solvent to dissolve CuI and BiI3 (see Experimental Section). HI 
acid reported to dissolve BiI3 or CuI to synthesize or make bulk 
crystals,[8] is also used as the additive with small amount in 
organic solvent to improve the morphology in MAPbI3 SCs[9]. As 
shown in Figure S1, concentrated HI acid (57 wt. %) assisted 
DMA completely dissolve CuI and BiI3 powders with the exact 
molar ratio (HI: CuI: BiI3=2: 1: 1) and form optically transparent, 
homogeneous solutions. It is mainly attributable to the high 
solubility of the produced complexes of hydrogen 
diiodocuprate(I) (HCuI2) and hydrogen tetraiodobismuthanuide 
(HBiI4) in DMA, which enable the up to 0.7 M concentration of 
CuI/BiI3. After one-step spin-coating, precursor solution yields a 
clear origin intermediates of DMA-HCuI2-HBiI4 covering the 
whole surface of substrate (Figure 1i). Initial reports indicate 
that the much faster complete crystallization of Bi based films 
than Pb based films leads to the easily generated poor 
morphology.[10] Therefore, to suppress the fast evaporation rate 
of solvent and crystallization, solvent vapor annealing (SVA)[11] is 
applied. High vapor pressure of TBP, we select for SVA, enable 
the whole low-temperature film preparation. Figure 1i-1ii shows 
the obviously changed color of the film before and after SVA and 
following post-annealing at 700C for 30min. The FTIR spectrum 
of as-prepared film (that is, non-SVA) (Figure 1) illustrates the 
strong transmittance peaks for C=O stretching (1650 cm-1), C-H 
stretching (2937 cm-1), N-CH3 (1397 cm-1), C-CH3 rocking (1014 
cm-1).[12] And it also includes the peaks associated with hydrogen
bond of the added HI (1180 cm-1-1360 cm-1)[13] and water (1634
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cm-1)[14]. The final film shows no transmittance peaks for organic
molecular, which demonstrate the complete removal of the co-
solvent.

Figure 1 FTIR spectrum and photo images of the sample after one-step spin-

coating precursor solution before SVA and sample dealt with SVA and the 

following post-annealing at 70 0C for 30min. 

X-ray diffraction (XRD) spectra was measured to precisely
determine the crystal structure of the grown crystal grains.
Fitting the experimental data (Figure 2a) of Cu-Bi-I film prepared
at 0.7 M precursor concentration and the XRD patterns (Figure
S3) at other concentrations to the calculated XRD pattern from
reference CIF file (ASM International & Material Phases Data
System No.1123303), all the matched XRD peaks indicate
CuBiI4 films with cubic structure (space group Fd3m). The
experimental cell parameters of a = 12.138 (2) Å , b =
12.127 (3) Å , c = 12.129 (2) Å  are obtained. The little
difference of parameters with the normal lattice parameters of
a=b=c=12.134 Å are due to the internal horizontal strains of the
thin-film because of the different thermal expansion coefficients.
For the CuBiI4 film at 0.7 M, there exist high-index crystal planes
as well as the low-index planes in [1, 1, 1] crystal direction with
2𝜃𝜃 peaks at 12.80, 25.50, 38.60, 52.10, which are (1, 1, 1), (2, 2,
2), (3, 3, 3) and (4, 4, 4) crystal planes respectively. It includes
the relative weak peak of (3, 1, 1) crystal plane at 24.40.  The
low-index crystal phases possess very strong intensity and
meanwhile, low full width at half maximum (FWHM) (0.100 for (1,
1, 1) and 0.150 for (2, 2, 2)). It demonstrates the grown crystals
are high quality and favored in [1, 1, 1] direction. The CuBiI4 film
is highly air- and moisture-stable showing neither structure
change nor phase separation after exposure in ambient
conditions for 1008 hours (Figure S2). The structure of CuBiI4
crystal cell is illustrated using the computer program VESTA
(Figure 2b). The unit cell of CuBiI4 with the cubic structure is
densely and symmetrically composed of the copper, bismuth,
and iodide. Both copper and bismuth metal ion in the unit cell
displays a coordination polyhedron of iodides.[15] Copper is in the

form of a cation four-coordinated with the tetrahedral iodide 
groups and a bismuth cation is six-coordinated with the 
hexahedral iodide groups (Figures 2c-2d).  

Figure 2 (a) Experimental XRD pattern and calculated XRD pattern from CIF 

No.1123303 of CuBiI4. (b) Schematic of crystal cell of CuBiI4 with cubic 

structure and the dimensions (a= 12.134 Å). (c)-(d) Copper and bismuth ions 

represented in polyhedral model respectively. 

The crystallization of CuBiI4 is very sensitive to precursor 
concentration. Figure S3 shows a series of XRD patterns for 
solution-processed CuBiI4 thin-films as a function of precursor 
concentration from 0.4 M-0.7 M. We confirm that [1, 1, 1] is the 
preferred crystallographic orientation for each concentration, 
while high concentration yields high quality, pin-hole free and 
dense grains with less other orientations. In addition, the surface 
morphologies were characterized by scanning electron 
microscopic (SEM). Figure 3a illustrates that up to 0.6 M 
especially 0.7 M produces a dense, uniform and pin-holes free 
copper bismuth iodide film. The average grain size greatly 
increase from 150 nm at 0.4 M to 300 nm at 0.7 M (Table 1), a 
finding that is consistent with the reported MAPbI3 film dealt with 
SVA.[16] Moreover, compared to SVA method, Figure S4 shows 
that the coper bismuth iodide film prepared by conventional 
thermal annealing at 0.7 M precursor concentration has lots of 
pin-holes and cannot form the obvious crystallized surface 
morphology, which agrees well with the observed XRD pattern 
(Figure S3). It demonstrates that SVA plays an important role in 
the crystallization.  
The optical absorption (Figure 4a) of CuBiI4 obtained via UV/Vis 
spectroscopy increase with the precursor concentration.  As 
shown in the Tauc plot (Figure 4b), we obtained an energy band 
gap Eg of 2.67 eV for CuBiI4 assuming a direct band gap. In 
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order to determine the energy band structure of CuBiI4, 
photoelectron spectroscopy in air (PESA) was used to measure 
valence band energy (𝐸𝐸𝑣𝑣 ) level (Figure 4c).  The spectrum 
shows that 𝐸𝐸𝑣𝑣 is at -5.68 eV. The conduction band energy level 
is found to be about -3.01 eV estimated by the equation 
𝐸𝐸𝑔𝑔 = 𝐸𝐸𝑣𝑣 − 𝐸𝐸𝑐𝑐 . Fermi level estimated by Kelvin probe is at -4.57 
eV. Additionally, just like many other bismuth based active 
materials, such as silver bismuth iodide[6a] and double perovskite 
Cs2AgBiBr6,[4b] CuBiI4 also presents weak indirect absorption 
from around 500 nm to 680 nm (Supporting Information, Figure 
S5) below the direct energy gap.  

Figure 3 SEM images of solution-processed copper bismuth iodide thin-films 

as a function of precursor concentration. 

Figure 4d illustrates that large grain size obtained at high 
precursor concentration enlarges the photoluminescence (PL) 
life time (steady PL is shown in Figure S6) from 0.23 ns to the 
highest 3.03 ns at 0.7 M (Table 1), which are obtained by the 
fitted stretch exponential decay function with curves. Such 
obvious increase is mainly because films with larger crystallites 
have smaller defect densities.[17] Moreover, both hall mobility 
and carrier concentration measured by Hall Effect shows the 
same tendency. An excellent hall mobility µ=110 cm2/Vs and 
carrier concentration 6.56×1014 cm-3 at 0.7 M is obtained. It 
demonstrates that gain size of copper bismuth iodide plays an 
important role in the life time and hall mobility.  

Table 1 Film thickness, grain size, average PL life time, carrier concentration, 
hall mobility, and resistivity of CuBiI4 films on glass as a function of precursor 
concentration. 

Figure 4 (a) UV/Vis spectra of copper bismuth iodide film. Inset: Tauc plot 

from absorbance spectra assuming direct energy band gap at 0.7 M. (b) 

Photon energy yield spectra in air. (c) Schematic of band structure of devices. 

(d) PL decay curves of CuBiI4 depending on varied precursor solution

concentration.

We also investigate the photovoltaic performance of the 
prepared CuBiI4 devices of the structure FTO/compact TiO2/ 
mesoporous-TiO2 with CuBiI4/ Spiro-OMeTAD/ Gold. During the 
fabrication of devices, HI in such co-solvent almost have no 
influence on the substrate (Figure S7).  Figure 5a shows the 
energy band diagram of devices. It illustrates that the TiO2 and 
Spiro-OmeTAD are suitable for CuBiI4 devices as hole transport 
layer and electron selective layer respectively. When exposed to 
light, the generated electron-hole pairs inside absorber layer can 
be separated and transported in devices. Precisely, electrons 
are selectively injected from CuBiI4 (𝐸𝐸𝑐𝑐 : -3.01 eV) into TiO2 (𝐸𝐸𝑐𝑐 : -
4.0 eV) and then collected by FTO electrode (𝐸𝐸𝑐𝑐 : -4.4 eV), while 
holes are selectively transported from CuBiI4 to Spiro-OMeTAD 
and finally collected by gold electrode.[1c, 18]  
The performance of devices were measured in dark and under 
illumination using 100 mWcm2, AM 1.5G covered with mask with 
light exposure area of 0.12 cm2. Figure 5b-5c illustrates that 
high precursor concentration yields high power conversion 
efficiency (PCE), which is mainly attributable to the increase of 
short-circuit current density (Jsc). And, the change of fill factor 
(FF) and open-circuit voltage (Voc) is tiny. The highest PCE of 
0.82% was obtained. As shown in Figure S8, films of CuBiI4 with 
the mesoporous TiO2 (diameter: 18nm) show the same tendency 
of average grain size. It demonstrates that high concentration 
and large grains are beneficial for photovoltaic performance. We 
also gave the photovoltaic performance of copper bismuth iodide 
prepared at 0.7 M precursor concentration by conventional 
thermal annealing (Figure S9). 0.03 % efficiency was obtained. 
Meanwhile, poor IPCE was observed. It demonstrates high 

Concentration (M) 0.4 0.5 0.6 0.7 

Thickness (nm) 150 196 245 303 

Average grain size 
(nm) 

130 191 242 300 

＜τ＞ (ns) 0.23028 0.823027 1.66747 3.03371 

Carrier 
concentration  (cm-3) 

2.47×1014 5.75×1014 6.03×1014 6.56×1014 

Hall Mobility 
(cm2/Vs) 

33.3 48.2 88.4 110 

Resistivity (Ωcm) 7.59×102 2.25×102 1.17×102 0.862×102 
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quality film by SVA greatly improves the performance.
 

 

Figure 5 (a) Schematic energy band diagram of CuBiI4 device. Energies are 

expressed in electron volts from vacuum level. Devices performance including 

(b) PCE, Jsc and (c) FF, Voc as a function of concentration of precursor 

solution. 
 

Figure 6a shows J-V characteristics of device prepared with 0.7 
M precursor concentration in two scan modes (forward and 
reverse) with illumination at 1 Sun. In forward scan mode (0V → 
Voc), the values of the Jsc, Voc and FF were found to be 2.19 
mA/cm2, 0.63 V and 0.57, respectively. In reverse scan mode 
(Voc → 0V), Jsc, Voc and FF were 2.17 mA/cm2, 0.63 V and 
0.59, respectively. The PCEs of the device in the forward as well 
as reverse scan mode are 0.82 % and 0.81 % respectively, 
which do not show obvious so-called hysteresis phenomena 
reported frequently in the perovskite solar cells[19]. The Incident 
Photon to Current Efficiency (IPCE) also emerge with about 465 
nm wavelength, which closely support the direct energy gap of 
2.67 eV (Figure 6b). And the integrated photocurrent density 
closely match with the IV curves. The copper bismuth iodide with 
relative wide (2.67 eV) energy bandgap processes comparable 
efficiency (0.82 %) with other bismuth based material, which as 
well as the >40 % appreciable IPCE within the range 300nm-
465nm provides an effective wide-bandgap solar cell, which may 
provide an efficient short-wavelength absorber in future tandem 
solar cell. In this work, further increase of current density and 
open-circuit voltage represents the opportunity to obtain high 
performance. In addition, the used highest precursor 
concentration is limited by the water in the HI acid. Further 
improvement in the fabrication method can be expected to 
reduce the water amount in the solution by evaporate 
concentrated HI acid and incorporating pure HI molecular in 
DMA solvent. 
Finally, the light-stability test were investigated under light 
intensity of 100 𝑚𝑚𝑚𝑚 ∙ 𝑐𝑐𝑐𝑐−2 in ambient conditions with complete 
devices without encapsulation by JV sweep. Data is recorded 
every 168 hours. As shown in Figure 6c and Figure 6d, the 
PCE of devices maintain 89% over 1008 hours and show an 

excellent stability. Meanwhile, CuBiI4 film shows almost no 
degradation after such long-term storage in air, which 
demonstrate the mainly reason for the decrease of PCE may be 
the instability of Spiro-OMeTAD (Figure S2). Under 
encapsulation, more stable cell performance is expected. 

 

Figure 6 (a) J-V curve of CuBiI4 device (prepared at 0.7 M precursor solution), 

in which forward and reverse scan modes and dark are illustrated. (b) IPCE 

and integrated photocurrent of the devices. (c)-(d) Photovoltaic performance 

change during storage of devices under light intensity of 100 mW cm−2
. 

 

Conclusions 

In conclusion, solution-processed copper bismuth iodide films 
are easily fabricated using a one-step spin-coating followed by 
SVA and post-annealing under low temperature. The HI acid 
assisted DMA solvent highly dissolve CuI and BiI3 powders and 
form clear solution with high concentration. CuBiI4 films show a 
very long-term stability under air atmosphere. X-ray diffraction 
spectrum illustrates the high-index facets as well as low-index 
facets in [1, 1, 1] direction for high precursor concentration, 
which demonstrate the obtained high quality crystal grains. In 
addition, the cubic crystal cell with lattice constant observed 
shows that both copper and bismuth ions are in the form with 
four-coordinated and six-coordinated of iodide respectively.   
The concentration of precursor solution increases the average 
grain size of CuBiI4 films, which meanwhile, greatly enlarges PL 
life time from 0.23ns to 3.03 ns at 0.7 M and increase the hall 
mobility to appreciable 110 cm2/Vs.   
Moreover, the photovoltaic performance of CuBiI4 were 
investigated. A wide-bandgap (2.67 eV) solar cell with 0.82 % 
performance is presented, which shows an excellent long-term 
stability at least over 1008 hours under ambient conditions. This 
wide-bandgap material may provide an application in future 
tandem solar cells as a long-term stable short-wavelength light 
harvester.  
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Experimental Section 

Materials preparation 

N,N-dimethylacetamide (DMA) with the added Hydroiodic acid (HI) was 
employed to completely dissolve the BiI3 and CuI powder. It must be 
noted that the added HI acid in organic solvent do not influence the FTO 
substrate. The detail preparation method is as follows. First, the high 
pure powder of CuI  and BiI3 are mixed with exactly molar ration 1:1 and 
added in 1ml DMA by stirring for 2h at room temperature with the 
concentration varied from 0.4 M to 0.7 M. After that, HI acid (57 wt. % 
without stabilizer) is added dropwise with stirring (4 h) to avoid the fast 
evaporation of HI molecular. The amount of the added HI in molar is two 
times of that of BiI3 and the solution became clear and purple-black.  

Devices fabrication 

Figure 7 illustrated the fabrication of CuBiI4 devices in details. F-doped 
tin oxide (FTO) substrates were cleaned in an ultrasonic bath by acetone, 
isopropyl alcohol and deionized water in turn for 30min respectively. 
Then, they are dried with nitrogen gas and sequentially cleaned by 
plasma. Compact-TiO2 (Figure 7i) with about 50 nm thickness was 
sprayed on the substrates under 300 0C. After that, a mesoporous TiO2 
layer with thickness of about 250 nm (particle diameter: 18 nm) was spin-
coated and annealed at 500 0C for 1.5 h. Then, the absorber layer was 
deposed by one-step method (Figure 7ii), in which about 80ul solution is 
casted on the surface and spin-coated with 500 rpm for 5 s and 5 krpm 
for 30 s.  Solvent vapour annealing method was carried out with TBP 
solvent (Figure 7iii) at room temperature. As-prepared samples were put 
on the holder in a chamber and exposed to vapour of TBP. The distance 
between sample and the solvent and the amount of TDP are precisely 
tuned to crystallize CuBiI4 crystals. The random holes inside the cap of 
the chamber for SVA can avoid the too much accumulation TBP on the 
surface of samples. After being annealed in TBP for about 2-3 h, 
samples were taken out from the chamber and dried on a hot plate under 
700C for 30min to completely remove the remaining solvent (Figure 7iv).  
Then, HTM layer was fabricated by spin-coating Spiro-MeOTAD solution 
(Figure 7v). The solution was prepared by dissolving 72.3 mg of 
2,2’,7,7’-tetrakis-(N,N-di-p-methoxyphenyl-amine)-9,9’-spirobifluorene 
(spiro-MeOTAD, Merck), in 1ml of chlorobenzene, in which 80μl ethanol 
and 17.5 μl lithium bis(trifluoromethanesulfonyl)imide (Li-TFSI) solution 
(520 mg Li-TSFI in 1 ml acetonitrile (Sigma-Aldrich, 99.8%)) were added. 
It must be noted that, in this preparation, 4-tert-butyl pyridine (TBP) is not 
used because it dissolved the thin CuBiI4 layer. And the added ethanol 
actually play the same role as TBP to dissolve Li-TSFI in chlorobenzene. 
Finally, about 100 nm gold electrode was deposited by thermal 
evaporator to complete the devices (Figure 7vi).  

 

Figure 7 Schematic of fabrication process of CuBiI4 solar cells.  

CuBiI4 thin-film fabrication  

CuBiI4 films were fabricated on glass substrate and the one-step spin-
coating, SVA process and post annealing are same with the device 
fabrication. 
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