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Lead-free double perovskite materials have recently shown promising in
optoelectronic application. However, the poor solubility of these materials makes
them difficult to form a high-quality thin film via the solution-processible
technology, which leads to the poor photovoltaic performance of a solar cell
device. Herein, the vacuum-evaporated Cs2NaBiI6 double perovskite film with
high quality achieved by the post-treatment engineering is demonstrated. It is
found that soaking in isopropyl alcohol (IPA) followed by annealing in dimethyl
formamide (DMF) atmosphere can enlarge the size of grains, lower trap-state
density, and remove side product of the Cs2NaBiI6 film. The resulting solar cell
devices show a power conversion efficiency (PCE) of 0.21% (VOC¼ 0.70 V,
JSC¼ 0.91 mA cm�2, and fill factor (FF)¼ 33%), which is tenfold higher
than the control device without post-treatment (PCE¼ 0.02%, VOC¼ 0.49 V,
JSC¼ 0.19 mA cm�2, and FF¼ 24%). In addition, the device shows robust sta-
bility against moisture and oxygen in ambient condition. The vacuum deposition
method accompanied with a post-treatment strategy, in this work, provides an
important research direction in improving the quality of a double perovskite film
and the PCE of corresponding perovskite solar cells (PSCs).

1. Introduction

The research of a thin-film photovoltaic device based on a hybrid
organic–inorganic lead (Pb) halide perovskite material has been
significantly progressed during the last decade, and the world
record power conversion efficiency (PCE) has recently reached
24.2%.[1–6] The promising performance of perovskite solar cells
(PSCs) is already competitive with CdTe and polycrystalline sili-
con-based solar cells.[7] Despite the rapid development of PSCs,

the instability and the toxicity of a classical
Pb-based perovskite material remain the
potential risks for its large-scale commer-
cial application.[8–10] As a result, much
effort has been made on exploring lead-free
perovskite materials with high stability and,
meanwhile, low toxicity.[11,12]

Substitution of Pb2þ by Sn2þ or Ge2þ,
which are in the same IV main group with
Pb2þ in the periodic table, has been studied
since 2014. Notably, Sn-based PSC devices
have recently shown promising PCE
approaching 10%.[13–15] Nevertheless, the
easy oxidization of Sn2þ to Sn4þ and
Ge2þ to Ge4þ leads to the instability of
PSC devices in ambient condition, which
remains the biggest challenge in Sn- or
Ge-based PSCs.[16–20] In addition to Sn or
Ge, another candidate for the substitution
of Pb2þ is non-toxic Bi3þ and Sb3þ in
the V main group, but their correspond-
ing 0D or 2D A3B2X9 crystal structure
tends to strongly bound excitons, leading
to low charge mobility and inferior

photovoltaic performance.[21]

Recently, researchers have shown great interest in lead-free
double perovskite materials, which possess a crystal structure
of elpasolite with a formula of A2BB’X6. Such types of quaternary
halides are formed by replacing two Pb2þ cations with a mono-
valent Bþ metal cation and another trivalent B’3þ metal cation,
keeping the total number of valence electrons and 3D geometry
unchanged compared with the ABX3 structure.[22] Although a
large amount of Bþ and B’3þ candidates can be selected to form
a double perovskite structure,[23] only some of them fit the prop-
erties that are required for an effective light absorber material,
including suitable decomposition enthalpy (ΔH), suitable band
structure, small effective carrier masses, and low exciton binding
energy.[24] In the past three years, the synthesis of some
double perovskites has been reported, such as Cs2AgBiX6

(X¼ Cl, Br),[25] Cs2AgSbCl6, Cs2AgInCl6,
[26] (MA)2AgBiBr6,

[27]

(MA)2KBiCl6,
[28] (MA)2TlBiBr6,

[29] and Cs2NaBiI6.
[30] However,

only Cs2AgBiBr6 and Cs2NaBiI6 are reported to successfully
apply into a solar cell device. Using a spin-coating film-forming
method, PSCs based on Cs2AgBiBr6 and Cs2NaBiI6 films show a
PCE of 2.5% and 0.42%, respectively. These low PCEs are owing
to the poor quality of the double perovskite film made from the
solution process. One reason is the low solubility of double
perovskite materials in conventional polar solvent. For example,
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the maximum solubility of Cs2AgBiBr6 in dimethylsulfoxide
(DMSO) is less than 0.4 M,[31] and the maximum solubility
of Cs2NaBiI6 in dimethyl formamide (DMF) is only
1mgmL�1.[30] In addition to the low solubility, the double perov-
skite materials also show fast crystallization rate during the spin-
coating process, which results in poor film morphology with
holes and rough surface.[32,33] Therefore, the low solubility
and fast crystallization rate of double perovskite materials hinder
the realization of the high-quality thin film, leading to their poor
photovoltaic performance.

To avoid the drawbacks of the solution-processed double
perovskite film, the vacuum deposition technology is a better
choice. For example, Liu and co-workers demonstrated a sequen-
tial-vapor-deposition procedure to fabricate the Cs2AgBiBr6 film,
and a PCE of �1.4% can be achieved.[34] The advantages of
vacuum deposition technology are 1) facile tenability of film
thickness; 2) homogeneous film quality on large-scale area;
and 3) high reproducibility. However, the vacuum-deposited film
may suffer from the presence of side products, high density of
grain boundaries (GBs), and small grain size of the film.[35–37]

These disadvantages could largely limit the photovoltaic proper-
ties of the double perovskite film.

In this work, the Cs2NaBiI6 film is deposited by the vacuum-
deposited method, and post-treatment engineering is then
applied to improve the quality of the Cs2NaBiI6 film. Post-
treatment processes are found to eliminate the side product,
enlarge the grain size, and lower the defect density of the
as-evaporated Cs2NaBiI6 film. The photovoltaic performance
can be correspondingly enhanced by tenfold (from 0.02% to
0.21%) after optimizing the parameters of post-treatment pro-
cesses. Moreover, the PSC device shows no PCE loss after stored
in ambient condition for 100 day.

2. Results and Discussion

Prior to vacuum deposition of the Cs2NaBiI6 film, Cs2NaBiI6
powder was synthesized through a simple one-step hydrothermal
process.[30] Figure 1a shows the crystal structure of Cs2NaBiI6,
which shows a typical 3D perovskite structure with corner-shared
AgI6 and BiI6 octahedral alternatively in all three directions. The
as-prepared powder shows small crystals with dark orange color
(Figure 1b). The scanning electron microscopy (SEM) image in
Figure 1c shows the typical 3D structure of Cs2NaBiI6 particles

Figure 1. a) Crystal structure, b) photograph, and c) SEM image of prepared Cs2NaBiI6. d) XRD pattern of Cs2NaBiI6 powder before and after IPA
treatment. e) XPS, f ) TGA, and g) DSC characterization of Cs2NaBiI6 powder.
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with smooth surfaces. The X-ray diffraction (XRD) pattern in
Figure 1d demonstrates the diffraction peaks of Cs2NaBiI6 at 2θ
of 12.82�, 21.14�, 24.28�, 25.22�, 25.86�, 27.52�, 29.74�, 31.68�,
32.40�, 42.18�, 42.98�, and 45.78�, which are in agreement with
the literature.[30] The diffraction peaks at 2θ of 9.72� and 39.46�

are due to the presence of trace amount of Cs3Bi2I9 side product,
which is due to the decomposition of Cs2NaBiI6 during the cooling
period of the chemical synthesis process.[30] Because isopropyl
alcohol (IPA) is reported to be effective in removing the adsorbed
chemical-induced surface states on Cs2AgBiBr6 double perovskite,
we tried to treat the Cs2NaBiI6 powder with IPA. The treatment was
carried out by continuous stirring of Cs2NaBiI6 powder in IPA for
1 h under room temperature. It can be observed in XRD results
that after IPA treatment, the intensities of peaks at 2θ of 9.72�

and 39.46� are obviously reduced, indicating that IPA is valid in
removing side product and purifying the Cs2NaBiI6 material.
The full range X-ray photoelectron spectroscopy (XPS) measure-
ment of Cs2NaBiI6 powder is shown in Figure 1e, which displays
the presence of all four elements (Na, Bi, Cs, and I) in Cs2NaBiI6.
It is worth noting that a NaKL1 Auger peak located at �497 eV can
be observed, revealing the existence of ionic sodium rather than
sodium oxides. This is because for Naþ, 1s peak and Auger peak
are always simultaneously observed in the XPS spectra.[38] The
narrow spectra of Cs 3d, Na 1s, Bi 4f, and I 3d (Figure S1,
Supporting Information) all fit well standard binding energy differ-
ences of each element with ion valences of 1þ, 1þ, 3þ, and 1�,
respectively.[30] Moreover, the thermal stability of Cs2NaBiI6 is
studied by thermo gravimetric analyzer (TGA) and differential
scanning calorimeter (DSC) measurements. It is observed that
Cs2NaBiI6 begins to lose weight at 500 �C, implying its thermal
stability as high as 500 �C (Figure 1f ). More importantly, no DSC
peak is observed when temperature is <500 �C (Figure 1g), dem-
onstrating no phase transition occurring in this temperature range.

Figure 2a shows the illustration of the whole process of film
fabrication in this work, including the vacuum evaporation depo-
sition of the Cs2NaBiI6 film and post-treatment of the as-evapo-
rated Cs2NaBiI6 film. In particular, the Cs2NaBiI6 film is first
thermally evaporated on the SnO2:F/compact TiO2 (c-TiO2) sub-
strate under vacuum (<10�3 pa). Thereafter, the film undergoes
three different post-treatment paths in N2-filled glove box. As
shown in Figure 2a, Path 1 contains two stages of annealing
at 150 �C first and then 210 �C (namely, “No treatment”). Path
2 introduces DMF atmosphere during the first annealing stage
at 150 �C, and then 210 �C in N2 (namely, “DMF”). Path 3 further
introduces IPA soaking step before annealing in DMF atmo-
sphere (namely, “IPAþDMF”). From the SEM images of the
Cs2NaBiI6 film following different paths, significant surface mor-
phology change can be observed (Figure 2b–e). The morphology
of the as-evaporated Cs2NaBiI6 film is composed of small grains
with many distinct holes between them (Figure 2b). Following
Path 1, negligible morphology changing can be observed on
the film morphology, indicating that the thermal energy could
not promote the reconstruction of Cs2NaBiI6 grains. When fol-
lowing Path 2, holes between Cs2NaBiI6 grains are obviously
eliminated, whereas the size of the grain shows little change, sug-
gesting that the trace amount of DMF atmosphere could partially
dissolve the surface of Cs2NaBiI6 grains, thus resulting in
decomposition and recrystallization. The recrystallization will
grow with undissolved large particles as nuclei and promote

the joint growth of the grains, thus reducing GBs and defects
and further improving the morphology of the film to some
extent. However, this reconstruction of Cs2NaBiI6 particles
has limited impact on the grain size enlargement because the
solubility of Cs2NaBiI6 is low in DMF as mentioned in the
Introduction Section. Interestingly, by following Path 3, signifi-
cantly enlarged grain size with neat grain surface of the
Cs2NaBiI6 film is observed (Figure 2f ). The key role of IPA
on the double perovskite material has been observed in our
previous work, which showed that using IPA as antisolvent, a
high-quality Cs2AgBiBr6 double perovskite film with enlarged
grain size can be obtained due to reconstruction and coarsening
of Cs2AgBiBr6 grains.

[31,39] In addition, from the XRD patterns of
Cs2NaBiI6 after different post-treatment (Figure 2g), it can be
observed that diffraction peaks of Cs2NaBiI6 are enhanced after
IPAþDMF treatment. This result demonstrates that IPA could
remove the side product and purify the Cs2NaBiI6 film, which is
consistent with the result in Cs2NaBiI6 powder (Figure 1d).
Figure 2h shows the morphology evolution after IPAþDMF
treatment. Soaking in IPA leads to Ostwald ripening and coars-
ening of Cs2NaBiI6 grains resulting in enlarged size of the
grains, and further annealing in DMF further improves the
morphology of the film.

Furthermore, we investigated the impact of the post-treatment
process on the electronic and optical properties of the Cs2NaBiI6
film. Space charge limited currents was carried out to measure
the density of trap state in electron-only devices (FTO/c-TiO2/
Cs2NaBiI6/Ag) of different Cs2NaBiI6 films.[40] As shown in
Figure 3a, the onset voltage of the trap-filled limit (VTFL) of
the Cs2NaBiI6 film with no treatment is 1.01 V, which gives a
trap-state density of 9.25� 1015 cm�3 (calculation details can
be found in the Experimental Section in the Supporting
Information). After introducing solvent annealing in DMF, the
value of VTFL decreases to 0.70 V, referring to a decreased
trap-state density of 6.41� 1015 cm�3. Further adding IPA soak-
ing process prior to DMF atmosphere annealing leads to the
value VTFL of 0.61 V, corresponding to a trap-state density of
5.59� 1015 cm�3. These results confirm that the post-treatment
processes effectively remove the surface states of the film.
The optical property of Cs2NaBiI6 films was characterized by
UV–vis and photoluminescence (PL) spectra, as shown in
Figure 3b. It should be noted that the Cs2NaBiI6 film with no
treatment shows higher intensity in the range of 550–650 nm,
which is due to the light scattering effect of rough morphology
of the film in the presence of holes.[41] After introducing IPA
soaking and DMF annealing, the typical exciton absorption peak
of Cs2NaBiI6 at �500 nm is enhanced. Similarly, the PL spectra
of Cs2NaBiI6 with no treatment show no exciton emission peak,
but an enhanced exciton emission peak at �550 nm after post-
treatment can be observed after post-treatment, which is in
agreement with the UV–vis spectra. These changes before and
after post-treatment indicate that the post-treatment process
could promote the phase purification of the Cs2NaBiI6 film.
Furthermore, the bandgap of the Cs2NaBiI6 film is estimated.
The Tauc plot in the direct mode delivers an estimated direct
bandgap of 2.36 eV (Figure S2a, Supporting Information), which
is in accordance with the calculated value (2.42 eV) reported in
the literature.[24] However, the theoretical result indicates the
indirect band nature of the Cs2NaBiI6 material. Therefore, fitting
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Figure 3. Characterizations of a) electrical and b) optical properties of the Cs2NaBiI6 film under different post-treatment paths.

Figure 2. a) Illustration of film deposition and post-treatment paths of the Cs2NaBiI6 film. b–e) SEM images of the Cs2NaBiI6 film under different
post-treatment paths. f ) Grain size distribution and g) XRD pattern of the Cs2NaBiI6 film under different post-treatment paths. h) Schematic showing
the effect of post-treatment on the morphology of the Cs2NaBiI6 film.
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by an indirect mode, the Tauc plot of the Cs2NaBiI6 film
(Figure S2a, Supporting Information) suggests the phonon-
assisted processes of indirect semiconductor, and the transitions
at 1.52 and 2.10 eV occur with absorption and emission of a pho-
non, respectively.[42] Also, the indirect bandgap of 1.81 eV with
an assisting phonon energy of 0.29 eV can be estimated. This
value of 1.81 eV is in agreement with the PL results showing
a PL emission peak at 675 nm (1.83 eV) (Figure 3b).

To study the photovoltaic performance, the PSC devices based
on Cs2NaBiI6 films were fabricated in a normal device
structure of Glass/FTO/c-TiO2/Cs2NaBiI6/Spiro-OMeTAD/Ag
(Figure 4a). Figure 4b shows the cross-sectional SEM image
of the device, and the thickness of the Cs2NaBiI6 layer is esti-
mated to be �300 nm. The ultroviolet photoelectron spectrome-
ter (UPS) was used to measure the band structure of the
Cs2NaBiI6 layer (Figure S3, Supporting Information).
Combining the UPS result with the indirect bandgap of
1.81 eV estimated from PL spectra (Figure 3b), the valence band
and conduction band of the Cs2NaBiI6 layer are located at �5.37
and �3.56 eV, respectively (Figure 4c). From J–V curves of
Cs2NaBiI6 films with different post-treatment paths (Figure 4d),
it can be seen that all the parameters (JSC, VOC, fill factor (FF),
and PCE) increase after IPA soaking and DMF annealing, which
is owing to the improved film quality after post-treatment as
investigated earlier. The external quantum efficiency (EQE)
spectra in Figure 4e show the enhanced photocurrent response
in the range of 300–530 nm after post-treatment, revealing the
higher photocharge collection after post-treatment. The PSC
devices show some hysteresis effect (Figure 4f ), which is always
observed in the normal PSC devices owing to the charge traps at
the TiO2/perovskite interface.

[43] Figure 5 shows the statistics of
the photovoltaic parameter distributions of PSCs based on differ-
ent Cs2NaBiI6 films, and the post-treatment clearly enhances

every parameter of the device. It is worth mentioning that the
Cs2NaBiI6 film shows a narrow distribution of all parameters,
which reveals the high uniformity of the vacuum deposition tech-
nology. However, the distributions of all parameters become
broader after post-treatment, especially after the IPAþDMF pro-
cess; the reason might be due to the fact that soaking and spin-
ning out of IPA during the IPA treatment process could induce
inhomogeneity on the film morphology to certain extent.

Furthermore, the stability of the device is studied. Under con-
tinuous 1 sun illumination, the stabilized maximum power out-
put measured at a bias of 0.41 V shows that the current density
drops within 10 s and then gradually decreases to �80% of its
initial value (Figure 6a). This decrease might originate from
the increased charge recombination rate when large amount
of carriers aggregated at the interfaces under continuous illumi-
nation, which is the same reason of the hysteresis effect observed
in Figure 4f. Notably, due to the superior stability of Cs2NaBiI6,
the PSC devices show promising stability in ambient condition
(relative humidity (RH)� 40%) (Figure 6b). A slight increase in
PCE is observed after 100 day, which is mainly caused by the
slightly increased VOC (Figure S4, Supporting Information).

The role of the post-treatment process on the photovoltaic per-
formance of Cs2NaBiI6-based PSCs is further investigated by car-
rying out electrochemical impedance spectroscopy (EIS)
measurement to describe the charge transfer process in the
device. As shown in Figure 7a, the Nyquist plot can be used
to distinguish the charge transfer/transport at the Cs2NaBiI6/
Spiro-OMeTAD interface and the charge recombination at the
c-TiO2/Cs2NaBiI6 interface, and a simplified circuit model is
shown in the inset of Figure 7a.[44] In this equivalent circuit
diagram, a high-frequency arc is assigned to the diffusion of
holes through the hole-transporting material (HTM) Spiro-
OMeTAD, which is modeled by an HTM resistance, RHTM.

Figure 4. a) Device structure, b) cross-sectional SEM, and c) energy band diagram of PSC devices fabricated in this work. d) J–V and e) EQE measure-
ments of PSC devices based on Cs2NaBiI6 films with different post-treatment paths. f ) The champion device under reverse and forward scan.
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Figure 6. a) Stabilized power output measured at 1 sun illumination conditions in air of the champion PSCs. b) The long-term stability test of PSC devices
stored in ambient condition (RH� 40%).

Figure 5. Statistics of the a) VOC, b) JSC, c) FF, and d) PCE distribution of PSCs based on different Cs2NaBiI6 films. Data are based on 18 individual devices.

Figure 7. a) EIS measurement of different Cs2NaBiI6 films. b) PL spectra of the Cs2NaBiI6 film under different substrates.
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The lower frequency arc is related to the recombination resis-
tance, RREC, which is attributed to the recombination of the elec-
trons with holes at the c-TiO2/Cs2NaBiI6 interface. The EIS
measurement is conducted under 1 sun illumination under
0 V bias, and Table 1 collects the fitting results of both resistance
values of different Cs2NaBiI6 films. It can be observed that RREC

shows a slight increase from 11.75 to 12.49 kΩ after post-
treatment of IPAþDMF, indicating an enhanced recombination
resistance at the c-TiO2/Cs2NaBiI6 interface. At the same time,
RHTM decreases from 119.18 to 81.77 kΩ after post-treatment of
IPAþDMF, suggesting a reduced charge diffusion resistance at
the Cs2NaBiI6/Spiro-OMeTAD interface. As a result, the charge
transfer/transport at both interfaces becomesmore effective after
post-treatment, which explains the improved photovoltaic perfor-
mance of the Cs2NaBiI6 film after the post-treatment process.

It can be seen that after post-treatment, although the param-
eters of PSC devices all improved after post-treatment, the FF of
the device is still poor (�0.34) even under careful parameter opti-
mization (Figure S5, Supporting Information), which hinders
the gain of higher PCE. Normally, the poor FF is associated with
the interface recombination at the interfaces of PSC devices. To
study the charge behavior at the c-TiO2/Cs2NaBiI6 interface, PL
spectra of the Cs2NaBiI6 film with and without c-TiO2 layer are
measured, as shown in Figure 7b. The PL emission at 675 nm is
completely quenched when the c-TiO2 layer is applied, indicating
the efficient transfer of free charge at this interface. However, the
exciton PL emission at 550 nm significantly increases when the
c-TiO2 layer is applied, revealing the higher exciton recombination
rate at the interface. For double perovskite materials, it has been
found that excitonic effects and electron–phonon coupling are
their intrinsic characteristics, which could induce unwanted
electron–hole recombination and hamper carrier transport.[45]

Also, the presence of the c-TiO2 layer could somehow enhance
this excitonic effects and electron–phonon coupling phenome-
non. Therefore, such effects might be the reason that leads to
the poor FF of Cs2NaBiI6-based PSCs. To solve this problem,
doping Cs2NaBiI6 and/or modifying the c-TiO2/Cs2NaBiI6 inter-
face could be promising strategies to reduce exciton binding
energy of the material.

3. Conclusion

In summary, the high quality of the lead-free Cs2NaBiI6 double
perovskite film is achieved by vacuum evaporation and post-
treatment engineering. This method is valid in enlarging grain
size, lowering trap-state density, and removing side product of
the Cs2NaBiI6 film. As a result, compared with the control device,
the Cs2NaBiI6-based PSC devices with optimized post-treatment
of IPA soaking and DMF annealing show a tenfold improvement

in PCE (from 0.02% to 0.21%). Moreover, Cs2NaBiI6-based PSC
devices show no PCE loss after 100 day storing in ambient con-
dition (RH¼ 40%). This work demonstrates a universal and
robust film deposition strategy to fabricate all inorganic lead-free
double perovskite films. The realization of the high-quality dou-
ble perovskite film could open up new avenue for the efficient
lead-free PSC devices and also expand the application field of
such material in the future.
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