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Mixed Chalcogenide-Halides for Stable, Lead-Free and
Defect-Tolerant Photovoltaics: Computational Screening and
Experimental Validation of CuBiSCl, with Ideal Band Gap

Chen Ming, Zhizhong Chen, Fan Zhang, Shuiping Gong, Xiaowei Wu, Jie Jiang,
Tang Ye, Qing Xu, Ke Yang, Liang Wang, Xun Cao, Songwang Yang,* Shengbai Zhang,

Yong Zhang,* Jian Shi,* and Yi-Yang Sun*

Lead halide perovskites have emerged as promising photovoltaic (PV)
materials owing to their superior optoelectronic properties. However,

they suffer from poor stability and potential toxicity. Here, computational
screening with experimental synthesis is combined to explore stable,
lead-free, and defect-tolerant PV materials. Heavy cations with lone-pair
electrons and mixed anions of chalcogens and halogens as a descriptor for
simultaneous realization of defect tolerance and high stability are adopted.
Together with the criteria of possessing direct band gap and optimal gap
value, the inorganic material database is screened and CuBiSCl; in the
post-perovskite structure is identified with an ideal band gap of 1.37 eV. The
electronic structure and defect calculations suggest its defect-tolerant char-
acteristics. By optical absorption measurement, its band gap is confirmed
to be =1.44 eV, with strong absorption near the band edge. The material

is stable against thermal decomposition up to 300 °C and can survive

from 25 days of storage at ambient conditions with 60% relative humidity.
Prototype solar cells are fabricated and demonstrate an open circuit voltage
of 1.09 V and a power conversion efficiency of 1.00%. With the excellent
properties above, CuBiSCl, is proposed to be a promising candidate for PV
application.

1. Introduction

In the past decade, the photovoltaic (PV)
community has witnessed a rapid develop-
ment of lead halide perovskite (LHP) mate-
rials.l Since 2009, the power conversion
efficiency (PCE) of LHPs has been dramat-
ically improved from the initial 3.8% to the
recently certified value of 25.5%,1>3 which
is unprecedented in the history of this
field. The low fabrication cost is another
main attraction of LHPs, as simple solu-
tion synthesis methods can be used to
prepare the LHP layers in the solar cells
without sacrificing the high efficiency.”!
Other than PV, LHPs have also been suc-
cessfully applied to light-emitting!®”l and
photodetection devices.[®?] Despite the
great potential, industrial adoption of
LHPs still faces two critical challenges,
i.e., the poor long-term stability and poten-
tial toxicity from the element lead (PD).
Stable and lead-free perovskites are thus
highly desired for PV.10-13l
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The replacement of Pb by its neighboring elements in
the periodic table, such as Sn, Bi and Sb, is among the most
extensively studied approaches. Sn and Pb belong to the same
group and exhibit similar chemical properties. Replacing Pb
by Sn can preserve the perovskite structure and the optoelec-
tronic properties to some extent.! However, the stability of
Sn-based perovskites is usually even worse than the Pb-based
ones due to the intrinsic instability of Sn*. Replacing Pb by
heterovalent elements Bi and Sb needs to balance the charge,
e.g., in double perovskites. Possible combinations of cations in
double perovskites have been screened by computations!'>1¢l
and some stable candidates such as Cs,AgBiX; (X = Cl or Br)
have been synthesized.'”l However, these materials usually
exbibit indirect and large band gaps,'® resulting in low PCE.
Dimension reduction has also been proposed as a strategy to
replace Pb. By using the low-dimensional perovskite struc-
tures, such as Ruddlesden-Popper compounds A,Sn(Ge)
X120 or layered compounds A;Bi(Sb),X, (X = Cl or Br),l2L22
significantly enhanced stability has been realized. But the
low dimensionality breaks the connectivity of octahedra and
leads to the large band gap and large exciton binding energy,
limiting the performance (PCE <10%).0% Inspired by LHPs,
chalcogenide perovskites have been explored as lead-free PV
and optoelectronic materials.?3-3% Based on computational
screening, promising compounds such as BaZrS; have been
predicted.?3] They have also been confirmed experimentally
to be direct band gap materials with strong absorption at the
band edge and have high stability, but no PV devices have been
demonstrated yet.[?*?7] Despite these efforts, the reported lead-
free perovskite materials are still not on par with the LHPs so
far in terms of PCE.

Though the current explorations primarily focus on the
perovskite structure, the scope can be expanded to perovskite-
derived structures or non-perovskite structures inspired by the
physical insights behind the excellent performance of LHPs.
Two of the most attractive features of LHPs are the high optical
absorption and defect tolerance. Defect tolerance plays a cen-
tral role in the observed ultralong lifetime of the photo-excited
carriers even under the existence of possible defects due to the
solution processing.?!! The defect tolerance in LHPs is believed
to originate mainly from their unique band structures and good
dielectric properties. The valence band maximum (VBM) of
the LHP exhibits an antibonding feature from interaction of
the lone-pair Pb-s state and the halogen p states. This is dif-
ferent from common semiconductors, where the VBM shows
a bonding feature. The conduction band minimum (CBM) is
mainly composed of the unoccupied Pb-p states.’?33 Due to
the strong spin-orbit coupling (SOC) effect in Pb, the degen-
erate CBM in LHPs is split and the band edge is downshifted
substantially.?*3%] These unique features of the band structure
give rise to shallow defect levels for most intrinsic defects in
LHPs, which are responsible for defect tolerance.3:3336-40]

LHPs also feature strongly polarized bonds, which give rise to
the large dielectric constants.'*? The large dielectric constant
screens the attraction between the photo-excited electrons and
holes and contributes to the long carrier lifetime.* The strongly
polarized bonds are related to weakness of the bonding in LHPs
and the softness of the materials, which necessarily leads to
low structure stability, particularly under moist environment.
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To enhance stability, mixing chalcogen into halides might be a
useful strategy. As the chalcogen anions have higher valence,
the bonding is expected to be stronger than that in pure halides
giving rise to enhanced stability, which has been demonstrated
by good stability of the chalcogenide perovskites.[*#0l

Inspired by the analysis above, we propose several design
criteria for PV materials: (1) utilization of cations with large
atomic numbers and lone pairs as cations, (2) mixed chalcogen
and halogen as anions, (3) optimal direct band gaps. There have
been several reports on related materials for PV applications.
Using first-principles calculations, mixed chalcogenide-halide
perovskites (e.g., CH;NH;BiSel;),” and mixed-anion non-
perovskite compounds SbS(Se)I;* have been proposed to be
promising PV materials. Experimentally, it has been claimed
that mixed chalcogenide-halide compounds MASDbSI, can
achieve PCE exceeding 4%, even though later it was argued
that the material synthesized may contain binary or ternary
compounds.P% PCEs of =4% have also been obtained based on
the sulfoiodides Sb(Bi)SI.>"5? A recent review has also pointed
out potential applications of mixed-anion compounds.?
These previous studies suggest that a systematic search is
required to further explore the mixed chalcogenide-halides for
photovoltaics.

In this work, we combined the computational screening and
experimental synthesis to explore the stable and lead-free PV
materials with defect tolerance based on the mixed chalcoge-
nide-halide compounds. Using the criteria above and accurate
band gap calculation at HSE+SOC level, we screened all the
possible compounds in the Materials Project (MP) databasel>*
and identify CuBiSCl, as the most promising one with an ideal
band gap of 1.37 eV. Focusing on this material, we then per-
formed detailed electronic structure and defect calculations and
verified its defect tolerance. We further synthesized CuBiSCl,
and observed strong optical absorption of above 10* cm™ near
the band edge with the measured band gap in good agreement
with the calculations. It is stable up to 300 °C against thermal
decomposition and can survive for 25 days stored at room tem-
perature in air with 60% relative humidity. We also fabricated
solar cells using CuBiSCl, as the light absorber. As a demon-
stration, without optimizing the device parameters, we have
found that the device can have a PCE of 1.00% and an open
circuit voltage of 1.09 V. Our results suggest CuBiSCl, to be a
promising stable and lead-free material for PV applications.
Moreover, our results indicate that the mixed anion perovskites
could be a direction worthy of exploration for lead-free PV
materials.

2. Results and Discussion

Figure 1a shows the schematic of the screening process. The
targeted materials should contain cations with large atomic
numbers and lone pairs (In, Sn, Sb, Bi), and anions with both
chalcogen (S, Se, Te) and halogen (Cl, Br, I). With these criteria,
193 compounds were found in the MP database. Eliminating
the compounds with toxic elements, such as Pb, Tl and Hg and
magnetic elements, such as Mn and Ni, 176 compounds were
left. It should be noted that we did not limit the screening to
perovskite structures.

© 2022 Wiley-VCH GmbH
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Figure 1. a) Schematic of the screening process. b) Calculated band gaps of 176 compounds based on the PBE functional. The stars and circles denote
the compounds with direct and indirect band gaps, respectively. The squares denote the compounds with unknown types of band gap, whose gap

values are out of the optimal region. c) Atomic structure of CuBiSCl,.

With these compounds, we performed further screening
based on the criterion of being direct band gap with optimal
gap values. The accurate prediction of band gap is essential to
the screening of PV materials. As we mainly focused on the
compounds with heavy anions where the SOC effect is strong,
hybrid functional with the inclusion of SOC is required to accu-
rately describe the electronic structures as previously shown in
LHPs.B133 To reduce the computation cost, we used a hierar-
chical strategy, i.e., using the PBE functional to coarsely screen
the compounds with the direct gaps and optimal gap values,
then HSE+SOC is used to obtain a more accurate band gap. For
those compounds, whose full band structures are unavailable in
the MP database, we performed PBE calculations to judge if the
gap is direct and if it is inside the optimal region. According to
the Shockley-Queisser theory,! the optimal region of gaps was
selected to be =1.1-1.6 eV for the HSE+SOC calculation. As the
PBE functional is known to underestimate the band gap, the
region for the coarse screening was broadened to =0.5-1.6 eV.

Figure 1b shows the calculated gap values of 176 com-
pounds by PBE. It can be seen that most compounds show an
indirect gap. There are 81 compounds with band gap within
=0.5-1.6 eV, but only 9 compounds exhibit direct gap, which
were listed in Table 1. Further HSE+SOC screening yielded four
final compounds, which are CuBiSCl,, In,Bi;Se;I, In,CuTe;Cl
and In,CuTe;I with band gaps of 1.37, 1.41, 1.26 and 1.21 eV,
respectively. The atomic and band structures of the selected
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compounds were shown in Figures S1 and S2 (Supporting
Information). Among the selected compounds, CuBiSCl,
exhibits the ideal band gap. Its constituent elements are all
earth-abundant, which may ensure low cost for fabrication. We,
therefore, focused on CuBiSCl, in the rest of this work.

The structure of CuBiSCl, with space group Cmcm is shown
in Figure lc. Cu cations sit at the centers of the dual-anion
octahedra, which form layers separated by the Bi cations. If
the anions are all the same, the structure is referred to as a
“post-perovskite” structure, as it was discovered that under high

Table 1. The obtained compounds by screening and their calculated
band gaps (in eV) by the PBE and HSE+SOC calculations.

Formula EngB EgHss+soc
CuBisSCl, 0.67 1.37
AgBisCl, 1.10 1.67
Sns(S,Cl), 0.59 0.52
InSel 1.42 2.13
In,Bi;Seyl 1.14 141
Bis(TeCls) 1.18 172
Ga,SbTe,Cly 1.22 1.70
In,CuTe;Cl 0.61 1.26
In,CuTe;! 0.63 1.21
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Figure 2. a) Band structures of CuBiSCl, calculated by HSE (left) and HSE+SOC (right). b) Projected density of states of CuBiSCl, calculated by
HSE+SOC. c) Projected crystal orbital Hamilton populations of the band edge on the Cu-S and Cu—Cl interactions. d) Transition levels and e) forma-
tion energies of intrinsic defects in CuBiSCl,. The orange and cyan bars in (d) denote the £(+/0) and £(0/-) levels, respectively. The defects with the

formation energy below 1.5 eV were shown in (e).

pressure the perovskite material MgSiO; undergoes a phase
change to this Cmcm structure.’>] In CuBiSCl,, however,
the anion sites (i.e., the corners of the octahedra) are shared
by S and CI, representing a mixed anion (or split anion) com-
pound.l¥>3 Note that the crystal structure of CuBiSCl, has been
reported in the literature,®® but its optical properties have not
been studied yet.

Figure 2a compares the band structures of CuBiSCl,
obtained without and with the SOC effect based on HSE cal-
culations. Without SOC, it yields a direct gap of 1.68 eV with
both the CBM and VBM located at the Y point. Strong SOC can
be clearly seen from the comparison as the conduction band
is split into a lower and an upper band, which are separated
by a gap of =0.2 eV as marked by a gray ribbon. The splitting
pushes down the CBM by 0.31 eV and the band gap is reduced
to 1.37 eV. Switching on SOC shifts the CBM from Y toward the
I point, but the energy difference between the CBM and the
state at Y point is small (10 meV). This quasi-direct band gap is
expected to exhibit strong absorption with an ideal gap for PV
applications. The effective mass of CuBiSCl, exhibits an aniso-
tropic feature as shown in Table 2. Along the c-axis as labeled in
Figure 1c, both of the effective masses of electron (0.41 mg) and
hole (1.07 m) are moderate indicating that the transport should
be optimal in this direction.
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As seen from Figure 2b, the CBM is mainly composed of
Bi-p states (see also from the charge density in Figure S3, Sup-
porting Information). This explains the strong splitting of the
conduction band, as the SOC effect is strong for the 6p orbital
of Bi. The VBM is a hybrid state between Cu-3d, S-3p, and Cl-4p
states, while the lone-pair Bi-s state was buried in the valence
band (Figure 2b). This should be the result of the p-d repulsion
between the orbitals of Cu and S/Cl atoms, which pushes the
antibonding states up substantially. Using the crystal orbital
Hamilton populations (COHP) analysis,*” we verified this p-d
repulsion picture and confirmed the anti-bonding feature of
the VBM (see Figure 2c). Thus, CuBiSCl, indeed exhibits the
required band features as targeted by the screening, which
could lead to shallow defect transition levels. In addition, the
static dielectric permittivity & of CuBiSCl, is calculated to be

Table 2. Effective masses of CuBiSCl, along different directions. The
unit of effective mass is m.

e h
m, 0.23 376
y 6.04 0.5
0.41 1.07
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33.3, which is mainly contributed by the ionic part as high-
frequency dielectric permittivity €., is only 8.7 Even though
this value is smaller than that of LHPs (=70), it is three times
that of Si (11.7) and Cu,ZnSnS, (=10).°% The combination of
the unique band features together with the large dielectric con-
stants of CuBiSCl, is expected to give rise to high defect toler-
ance similar to that of LHPs.

To further verify the defect tolerance of CuBiSCl,, we
studied the properties of the intrinsic defects. Figure 2d
shows the calculated defect transition levels £0/-) and &(+/0)
by €(0/-)=E; —E}—Eysy and &(+/0)=E} —E;—Eyzy, at the
HSE+SOC level (see Experimental Section), where E} is the
total energy of the supercell containing a defect in the charge
q state and Eypy, is the energy of the VBM. We considered the
neutral or singly charged defects, because in these charge states
the defects could easily serve as recombination centers.3”
As shown in Figure 2d, the defect transition levels are indeed
mostly shallow, except for the S vacancy (Vs), which has the
£(+/0) level located in the middle of the gap indicating that Vg
could be a potential recombination center in this material. To
evaluate the concentration of Vg, we calculated the defect forma-
tion energy at different synthesis conditions (see Experimental
Section and Figure S4, Supporting Information for details). As

o
ﬂ |IHH I

2

I

shown in Figure 2e, Vs has a formation energy varying from
1.06 eV under S-poor condition to 1.29 eV under S-rich condi-
tion. This value is much larger than that of the iodine intersti-
tial in MAPDI; (=0.3 eV),3! which is considered to be the major
recombination center therein. From Figure 2e, S-on-Cl anti-site
(Sc)) and Cu interstitial (Cu;) have formation energy as low as
0.1 eV, indicating that these defects are easily formed in this
material. As shown in Figure 2d, these two defects have shallow
transition levels and do not serve as efficient recombination
centers.

We synthesized CuBiSCl, by solid-state reactions, as detailed
in the Experimental Section. Figure 3a shows a chunk of the
crystal. The material appears in black indicating good absorp-
tion of visible light. Figure 3b shows the X-ray diffraction (XRD)
pattern, which is compared with the simulated pattern using
the computationally optimized structure. The compared struc-
tural parameters were given in Tables S1 and S2 (Supporting
Information). The excellent agreement between the two pat-
terns confirms the synthesis of CuBiSCl, in the post-perovskite
structure. Figure 3c shows the scanning electron microscope
(SEM) image of a piece of CuBiSCl, sample, which consists
of slab-shaped grains with a typical thickness of several tens
of um and typical width over 100 um (see also in Figure S6,

(on
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Figure 3. a) Photograph of as-grown sample of CuBiSCl,. b) XRD pattern of CuBiSCl,, compared with the simulated pattern using the computation-
ally optimized structure. c) SEM image on a piece of CuBiSCl, sample. The inset shows the red-color framed area with higher magnification. d) EDX
spectrum obtained from the framed area in (c). The inset shows the determined elemental ratio.
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Figure 4. a) Measured optical absorption spectrum of CuBiSCl,. The top-left inset shows the thin film used for the measurement with a size of
20 % 20 X 3 um, which is cut from a large chunk sample by focused ion beam. The bottom-right inset shows the Tauc plot for determining the band gap.
b) TGA/DTA measurements on the thermal stability of CuBiSCl,. The powder sample was heated from 20 to 800 °C with a heating rate of 10.0 °C min"!
in nitrogen atmosphere and a flow rate of 20 ml min". c) Evolution of XRD patterns for the CuBiSCl, samples stored at room temperature in air with
60% relative humidity. The black arrows mark the peaks attributed to the compound BiOCI.

Supporting Information). The inset of Figure 3c shows a flat
surface, on which energy dispersive X-ray (EDX) analysis was
carried out. As shown in Figure 3d, the elemental ratio is close
to stoichiometry.

To evaluate the optical absorption properties, we used
a focused ion beam (FIB) to cut a 3 pm thick CuBiSCl, film
with lateral dimension of =20 x 20 um as shown in the inset
of Figure 4a. The optical absorption was then measured on the
film by a transmission setup (see Experimental Section). As
seen in Figure 4a, the measured absorption spectrum shows
that from =1.4 to 2.2 eV, the optical absorption coefficient varies
between 1.0 x 10* to 1.3 x 10* cm™. The optical bandgap is esti-
mated to be 1.44 eV from the Tauc plot, as shown in the inset
of Figure 4a, which is in good agreement with the HSE+SOC
calculation. We also measured the optical absorption directly
from the as-grown material by selecting the edge region of a
thin sample. The obtained optical band gaps are close to that
of the FIB-cut sample (see Figure S7, Supporting Information).

Stability with respect to temperature and moisture is a crit-
ical concern for PV applications. In order to address the stability
issue of LHPs, we proposed to use anions with mixed chal-
cogen and halogen in this work. It is expected that CuBiSCl,
exhibits enhanced stability over LHPs. To verify this, we first
carried out thermogravimetric and differential thermal analysis
(TGA/DTA). As shown in Figure 4b, weight loss starts at about
300 °C ensuring that CuBiSCl, is stable against thermal decom-
position for PV applications.
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To evaluate the stability against moisture, the CuBiSCl, sam-
ples (chunks of about 0.5 mm in size) were stored at room tem-
perature in air with controlled 60% relative humidity. As seen
in Figure 4c, the material is reasonably stable by maintaining
the XRD pattern after storing for 25 days, which is superior
to the LHPs. After 25 days, several peaks in the XRD pattern
become more prominent and they are attributed to the forma-
tion of BiOCI on the surfaces.[®” Note that minor BiOCI peaks
already exist in the XRD pattern before the aging experiment,
ie., the 0-day sample in Figure 4c, suggesting that surface
oxidation may need attention in future studies when making
thin-film solar cells.

For a demonstration, we fabricated prototype solar cells
based on CuBiSCl, powders. The device structure is shown in
the inset of Figure 5 (see the Experimental Section for details
of fabrication). Figure 5 shows a typical measured J-V curve,
where the short-circuit current density (J.), open-circuit voltage
(Voo) and filling factor (FF) are 1.38 mA cm2, 1.09 V and 0.66,
respectively, yielding the PCE of 1.00%. We confirmed that
the material remains unchanged after the device testing by
XRD (see Figure S8, Supporting Information). Without dedi-
cated optimization, the preliminary result, especially the large
Vi, which is only 0.35 eV lower than the band gap, is encour-
aging. The low PCE may be resulted from the low quality of
CuBiSCl, film and the contacts. Other important factors to be
optimized are the choices of electron and hole transport layers,
as well as the interfaces, which are worthy of dedicated studies

© 2022 Wiley-VCH GmbH
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Figure 5. J-V curve measured on a CuBiSCl, based solar cell. The inset
shows the schematic structure of the device.

in the future. Overall, the large V,. and reasonable initial effi-
ciency suggest the potential of CuBiSCl, as a promising PV
material.

3. Conclusion

In summary, we combined computational screening and exper-
imental synthesis to explore the stable and lead-free PV mate-
rials with defect tolerance. Employing three screening criteria
of cations with large atomic numbers and lone-pair electrons,
mixture of chalcogen and halogen anions and direct band gap
with optimal gap value, we screened inorganic materials data-
base and identified CuBiSCl, with a post-perovskite structure
for PV applications. Our electronic structure and defect calcula-
tions suggest defect tolerance of this material. We synthesized
CuBiSCl, and showed that it exhibits strong optical absorp-
tion with an onset near 1.44 eV and satisfactory thermal and
environmental stability. We also observed a large open circuit
voltage of =1.09 V with a PCE of 1.00% in CuBiSCI, based pro-
totype solar cells. With its optoelectronic properties and sta-
bility, CuBiSCl, is expected to be a promising candidate for PV
applications. Furthermore, our results suggest that the mixed
anion perovskites and related materials could be a direction
worth further exploration in the future.

4. Experimental Section

Calculations: The first-principles calculations were based on the
density functional theory (DFT) as implemented in the VASP program.[®®l
Projector augmented wave (PAW) potentials were used to describe
the core-valence interaction.t In the screening calculation, the PBE
functional was first employed to calculate the band structure based
on the atomic structures from the Materials Project database.’l Plane
waves with kinetic energy up to 350 eV were used as the basis set. The
number of k points was selected as k; x L; = 40, where k; and L; are the
number of k points and the length of the basis vector in A along the
ith direction. The HSE functional®! with the inclusion of spin-orbit
coupling (SOC) was then used to confirm the band gap for the obtained
candidates from the PBE screening.
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The atomic structure of CuBiSCl, was relaxed based on the PBE
functional with the inclusion of SOC which was relaxed until the
residual forces on all atoms were smaller than 0.01 eV A, The electronic
structure was then calculated by the HSE hybrid functional with SOC
included.® The COHP calculationl® was based on the PBE calculation.
T'-centered 4 x 4 x 3 and 8 x 8 x 4 k-point grids were used for the
structural relaxation and electronic structure calculations, respectively.

The defect calculation was based on a 3 x 1 x 2 supercell containing
120 atoms. The defect structures were relaxed with PBE+SOC. Then
the single-point calculations were performed with HSE+SOC to obtain
the total energy, based on which the transition levels were determined.
To calculate the defect formation energy, the stable chemical potential
region of CuBiSCl, at the equilibrium growth condition was determined.
The formation of CuBiSCl, means that

Heu + Hpi + s + 2 = AH U]
where 1 is the chemical potential of element i and AHy s the formation
energy of CuBiSCl, which was calculated to be —2.81 eV by PBE+SOC.
The synthesis of CuBiSCl, from the binary reactants in the experiment
means

Heu+ Ha < AH [ (CuCl) 0]
24 +3MUs < AH ¢ (BiS3) 3)
Hei + 34 < AH ¢ (BiCl3) 4)

The formation energy of CuCl, Bi,S3, and BiCl; was calculated to be
—0.83, —1.4 and —-3.69 eV, respectively. Eq. (1)-(4) determines the stable
chemical potential region of CuBiSCl,, which was plotted in Figure S4
(Supporting Information), where points A and B label the S-rich and
S-poor conditions, respectively, used in the defect formation energy
calculations.

Synthesis: Polycrystalline samples of CuBiSCl, were prepared by a
solid-state reaction. In a glove box under argon atmosphere, the three
reactants, CuCl powder (99.999%), BiCl; powder (99.99%) and Bi,S;
powder (99.9%) were mixed with stoichiometry, ground and pressed
into tablets, and sealed in a vacuum quartz tube. The quartz tube was
put into a box furnace, which was ramped to 430 °C within 10 h, dwelled
for 10 h, cooled down to 200 °C within 60 h, and then turned off to allow
the tube to naturally cool down to room temperature.

Characterization: A Bruker D8 Advance X-ray diffractometer with Cu
Ko radiation was used to analyze the structure. The microstructures
and elemental maps were characterized using a scanning electron
microscope (SEM, ZEISS Supra 55) equipped with an energy dispersive
spectrometer (EDS). Thermogravimetric and differential thermal analysis
(TGA/DTA) on the CuBiSCl, powder sample in nitrogen atmosphere was
carried out on a thermal analysis instrument (NETZSCH STA449F3). The
sample was heated from 20 to 800 °C with a rate of 10.0 °C min~". The
environmental stability was measured by storing the samples (chunks
of =0.5 mm size) in a temperature and humidity chamber (espec
SH-641) with temperature and relative humidity set at 300 K and 60%,
respectively, for 25 days.

The optical absorption measurement by transmission was conducted
with a Horiba Jobin Yvon confocal Raman microscope with a 600 g mm™'
grating. A white lamp was applied as a light source below the sample.
Transmitted light was collected using a 100 x (NA = 0.9) microscope
lens above the sample. The high NA lens was used to reduce the impact
of light scattering. 532 nm long pass filter was inserted to let light below
2.33 eV to pass through. All measurements were performed at ambient
condition. A clean glass slide was used as a reference. Measurement
was carried out at a 3 um thick sample made by focused ion beam
(FEI VERSA3D) etching, which was loaded on the same kind of glass
substrate.

Device Fabrication: We dispersed CuBiSCl, powder in the terpineol
solution, scrape-coated the suspension onto the TiO,/FTO substrate,
and dried it at 100 °C for 20 min to remove the solvent, which was

© 2022 Wiley-VCH GmbH
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followed by annealing in a tube furnace at 100 °C for 6 h. All the
processes were conducted in air. The TiO, film is compact with a
thickness of =30 nm. Then, a Sn-alloy electrode was pressed on the
CuBiSCl, layer to form a complete solar cell, with an active area of
~0.5 mm? (estimated by electrode contact area).

Supporting Information

Supporting Information is available from the Wiley Online Library or
from the author.
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