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1. Introduction

Perovskite solar cells (PSCs) have shown remarkable progress in
recent years, surpassing the efficiency of conventional thin-film
photovoltaic (PV) technologies such as CdTe and CIGS. The recent
discoveries in organic–inorganic hybrid PSCs resulting from

synergistic optimization of the perovskite
absorber layer have generated remarkable
development in device efficiency from
3.8% in 2009 to the present state-of-the-art
25.7%.[1–10] Organic–inorganic halide perov-
skites have also shown 31.3% efficient tan-
dem devices with Si bottom cells.[11] Mixed-
halide and mixed-cation systems (e.g.,
MAPbI1-xBrx; FA0.85MA0.15PbI2.55Br0.45;
Cs0.1FA0.75MA0.15PbI2.49Br0.51) have dem-
onstrated high efficiency, improvement in
stability and reduced hysteresis.[12–14]

Despite these attractive attributes, some
areas need to be addressed on the funda-
mental materials level, such as materials sta-
bility and replacement of Pb with nontoxic
and sustainable alternatives.[15–17]

The general formula for halide perov-
skite is ABX3, where A is a monovalent
organic or alkali metal cation, typically

MAþ, Csþ, Rbþ, etc.; B is divalent p-block metal, e.g., Pb2þ,
Sn2þ, Ge2þ, and X is halide anion such as Cl�, I� or
Br�.[18,19] Due to its isoelectronic configuration of s2p2 similar
to Pb and smaller radius (1.35 and 1.49 Å in Sn2þ and Pb2þ,
respectively), Sn is a potential substitute for Pb and can retain
original perovskite structure without any significant alteration
in lattice parameters.[20,21] However, the oxidation tendency of
Sn2þ to Sn4þ leads to the formation of Sn-cation vacancies that
results in metallic conductivity of CsSnI3, MASnI3, FASnI3, and
FAMASnGeI3 films.[22–27] Although the film conductivity has
been controlled with the addition of SnF2, CsSnI3 is not stable
in atmospheric conditions. Chung et al.[28] have demonstrated
10.2% dye-sensitized solar cells (DSSC) with CsSnI3 electrolytes.
Kumar et al.[22] have used 20mol% SnF2 additives to modulate
the high p-conductivity of CsSnI3 and showed a solid-state perov-
skite solar cell with a photocurrent density of 22mA cm�2. The
addition of Ge to limit the oxidation of Sn has also shown prom-
ise, as Ge2þ oxidizes to Ge4þ, forming a thin GeO2 protective
layer.[29–31] Ito et al.[32] have fabricated inverted planar devices
for FA0.75MA0.25Sn0.95Ge0.05I3 that showed the efficiency of
4.48%, with an increase to 6.90% after 72 h of annealing in
N2 atmosphere. Additives such as ethylenediamine diiodide
and guanidinium iodide have been shown to be effective in film
crystallization and passivation of recombination centers, demon-
strating 8.4% 2D/3D FASnI3 devices.[33,34] Nishimura et al.[35]

have reported an efficiency of 13.24% in GeI2-doped
(FA0.9EA0.1)0.98EDA0.01SnI3 devices with the highest VOC reach-
ing 0.7 V achieved by surface passivation with the addition of
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Air-stable p-type SnF2:Cs2SnI6 with a bandgap of 1.6 eV has been demonstrated as
a promising material for Pb-free halide perovskite solar cells. Crystalline Cs2SnI6
phase is obtained with CsI, SnI2, and SnF2 salts in gamma-butyrolactone solvent,
but not with dimethyl sulfoxide and N,N-dimethylformamide solvents. Cs2SnI6 is
found to be stable for at least 1000 h at 100 °C when dark annealed in nitrogen
atmosphere. In this study, Cs2SnI6 has been used in a superstrate n–i–p planar
device structure enabled by a spin-coated absorber thickness of �2 μm on a
chemical bath deposited Zn(O,S) electron transport layer. The best device power
conversion efficiency reported here is 5.18% with VOC of 0.81 V, 9.28mA cm�2 JSC,
and 68% fill factor. The dark saturation current and diode ideality factor are
estimated as 1.5� 10�3 mA cm�2 and 2.18, respectively. The devices exhibit a high
VOC deficit and low short-circuit current density due to high bulk and interface
recombination. Device efficiency can be expected to increase with improvement in
material and interface quality, charge transport, and device engineering.
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ethylene diamine diiodide.[36–39] Dimensional modification
of Sn-based ABX3 structures such as low-dimensional Dion–
Jacobson Sn(II) or 2D Ruddlesden–Popper (RP) have shown
2.15%, 8.82%, and 14.81% power conversion efficiency (PCE),
respectively, for 2D/3D FASnI3.

[40–46] While Sn-based PSCs still
have room for efficiency and stability enhancements, these devel-
opments offer a potential avenue for replacing Pb with a nontoxic
and sustainable alternative.

A2BX6 is a defect variant of the general perovskite structure
ABX3 where half of the vacant B-cations results in corner-sharing
octahedron of anions [BX6]

2� and A-cation occupying the
sites between the octahedron in 12-fold coordination.[19]

Alteration and substitution of B-cations and/or halogen
anions (Cs2TeI6,

[47] Cs2PtI6,
[48] Cs2PbI6,

[49] Cs2TiBr6,
[50]

Cs2AgBiBr6,
[51] Cs2AgBiCl6,

[52] etc.) offer a multitude of features
in these double perovskite structures. A2BX6 structure offers a
broader composition range than the ABX3 structure optimizing
the optoelectronic properties, thermal, andmoisture stability.[53–56]

Cs2SnI6 double perovskite has emerged as a promising light
absorber, derived from the cubic 3D structure of CsSnI3, with
a 4þ oxidation state of tin and shorter Sn–I bond length
(2.85 Å vs 3.11 Å in CsSnI3), making it oxidation resistant and
air-stable.[54–58] Intrinsic Cs2SnI6 has a direct bandgap of
1.3–1.6 eV,[25,57–60] and is an n-type semiconductor with electron
mobility as high as 310 cm2 V�1 s�1, ideally suited for theoretical
single-junction efficiency of 33%. Interestingly, Cs2SnI6 has dual
carrier transport characteristics and can be doped p-type with Sn2þ

exhibiting hole mobility of 42 cm2 V�1 s�1.[57] A common concern
about vacancy-ordered double perovskites has been that due to low
structural dimensionality (isolated [BX6]

2� octahedra), these mate-
rials would also exhibit low electronic dimensionality.[61] However,
recent results have shown that Cs2SnI6 has higher than 0D elec-
tronic dimensionality because the close-packed halide framework
results in strong overlap between I 5p orbitals and Sn and I states
between neighboring octahedra. Cs2SnI6 has shown to have high
dispersion in the conduction band minimum, leading to low
electron effective masses of 0.48m0 for electrons and 1.32m0

for holes.[62] Kapil et al.[60] have reported hole mobilities of
382 cm2 V�1 s�1 and hole concentration of 3.65� 1019 cm�3 for
solution-processed Cs2SnI6 thin-films. Overall, Cs2SnI6 is a prom-
ising material for use in solar panels because of its high electron
and hole mobilities, direct bandgap, and good stability.

Different studies have reported approaches to tune the
optoelectronic properties, stability, and device engineering.
Qiu et al.[63] have achieved PCE of 0.86% using ZnO nanorod
electron transport layer (ETL) and ZnO nanorod/embedded
Cs2SnI6 light absorber with a device structure of FTO/ZnO/
Cs2SnI6/P3HT/Ag. Zhang et al.[64] have demonstrated
ITO/CsSnI3/Cs2SnI6 heterojunction with 1.1% PCE, and these
devices retained 90% of the initial performance when exposed
to ambient air for 20 h. Air-stable Cs2SnI6 films with a bandgap
of 1.48 eV and high absorption coefficient have been processed
by oxidation of B-γ-CsSnI3 for �1% n–i–p planar solar cells.[59]

Elemental doping has been reported to tune the optoelectronic
properties of Cs2SnI6, such as the incorporation of excess Cl
or I to improve the stability,[65–67] indium- Cs2SnI6 solid solution
for enhanced photoluminescence (PL) emission,[68] A-site tailor-
ing with monovalent Rb and Ag,[69] F� doping to improve film
crystallinity in p-type Cs2SnI6,

[70] and incorporation of Br� ions

to prepare Cs2SnI2Br4 films that have achieved PCE of 2.1%.[71]

Another approach that has been adopted in several studies is to
use the different molar ratios of CsI and SnI4 to develop
this perovskite composition for various optoelectronic
applications.[54,60,67–74] Our recently published numerical study
suggests the PCE of Cs2SnI6 can be increased to >25% by
eliminating parasitic losses, optimizing band offsets, reducing
mid-gap defect densities, and increasing the absorption coeffi-
cient.[53,75] Although significant progress has been made in
the efficiency and stability of 2D/3D and 3D Sn(II)-based lead-
free perovskite solar cells, limited information exists on
Sn(IV)-based Cs2SnI6 devices.

[12–14,29,35,42,59] Here, we report pla-
nar n–i–p ITO/Zn(O,S)/Cs2SnI6/carbon/Au devices with best
efficiency of 5.18% fabricated by solution processing. Cs2SnI6
films were synthesized using a one-step doctor blade method with
a 0.4 M solution of CsI and SnI2 with 20 at% SnF2 in
γ-butyrolactone (GBL) solvent with addition of chlorobenzene
antisolvent. Solvents such as dimethyl sulfoxide (DMSO) and
N,N-dimethylformamide (DMF) were also tested to understand
the perovskite phase formation andmorphology control. The solu-
tion was stirred at 70 °C for 2 h in low humidity conditions.
Postdeposition treatment with guanidinium thiocyanate, pyrazine,
and ethylene diamine followed by 100 °C anneal for up to an hour
in vacuum, has also been explored for perovskite film formation
and defect passivation.[76–83] For device fabrication, the precursor
solution was spin-coated on ITO glass following chemical bath
deposition of Zn(O,S). The device stack was completed with
EDA postdeposition treatment, carbon paste, and evaporated Au.

2. Results and Discussion

2.1. Solvent Effect on Cs2SnI6 Phase Formation

Solvent selection plays a key role in the formation of halide per-
ovskites, crystal quality, and pinhole-free deposition using doctor
blade or spin-coating methods. Hao et al. have shown the forma-
tion of pinhole-free CH3NH3SnI3 perovskite films with DMSO
solvent via the formation of SnI2·3DMSO intermediate phase.[84]

However, Pascual et al. have reported that DMSO oxidizes Sn(II)
to Sn(IV) limiting the performance of Sn-halide perovskites at
10%–14%.[85] In our study of ambient deposition, CsI, SnI2,
and SnF2 in GBL solvent results in the formation of a dark-
colored precursor solution and shows a narrow direct bandgap
of 1.3–1.5 eV. DMF- and DMSO-based precursors result in films
with 2 and 2.5 eV bandgap, respectively, as shown in Figure 1a.
The X-ray diffraction (XRD) patterns (Figure 1b) show that these
dark films with GBL are primarily crystalline Cs2SnI6 phase with
small amounts of unreacted CsI, which can be eliminated with
the use of additives such as pyrazine or ethylene diamine. DMSO
solvent results in the formation of a yellow precursor solution
resulting in films primarily containing wide-bandgap CsI as
detected by the (101), (200), and (400) peaks in the XRD pattern.
DMSO is a dipolar aprotic solvent that has been shown to form
an intermediate such as PbI2·DMSO or SnI2·3DMSO phase or
oxidation of iodide to iodine;[83–85] limiting the formation of
Sn-perovskite. DMF-based precursor solution is a dark reddish-
black color resulting in films with significantly suppressed
CsI peak as observed in XRD. DMF-based films are more
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amorphous with lower intensity for CsI (101) peak and small
crystallite size, resulting in a wide bandgap of 2 eV. Films proc-
essed with both DMF and DMSO solvents do not show the (222)
Cs2SnI6 peak, suggesting incomplete formation of perovskite
phase. Further, the small crystallite size or higher fraction of
amorphous phase can result in wider bandgap films.[86] Both
DMF and DMSO solvent-based films also show higher back-
ground signal at low 2*theta values in XRD indicating poor crys-
tallinity as confirmed by scanning electron microscopy. Figure 1c
shows the scanning electron microscopy (SEM) images depicting
the morphology of films deposited using DMSO, DMF, and GBL
solvents, respectively. DMF- and DMSO-based films have poor
morphology and crystallinity, whereas GBL results in large
Cs2SnI6 crystallites, with high density of pinholes. Tin halide
is a Lewis acid and the three solvents GBL, DMF, and DMSO
are Lewis bases with donor numbers (DN) of 18, 26.6, and
29.8 kcal mol�1, respectively. The high DN of DMF and
DMSO retards perovskite crystal growth forming glass-like films
with wider bandgap. The wide bandgap of the films and absence
of Cs2SnI6 characteristic peaks in XRD suggest that the forma-
tion of Cs2SnI6 is inhibited by the solvent co-ordination to the
metal precursor for DMF and DMSO. To determine the mecha-
nism of formation of intermediate phase we conducted Fourier
transform infrared (FTIR) spectroscopy.

Figure 2a shows the FTIR spectra for GBL solvent and precur-
sor solution with the addition of CsIþ SnI2þ SnF2 solutes,
showing a shift in the peaks to lower wavenumber and an
increase in the intensity of C═O bond indicating intermediate
phase formation with this functional group. In metal halide

perovskite solutions, atoms, ions, and solvent molecules coordi-
nate, forming specific solvate intermediate phases. It has been
shown that strong coordination interactions can be formed when
the lone electron pairs in the functional groups (–NH and –CO)
are delocalized to the 5p empty orbitals of Sn2þ (4d105s2) in
CsSnI3. Subsequently, with annealing, the B-γ-CsSnI3 evolves
into Cs2SnI6, creating discrete molecular [SnI6]

2� octahedra with
Sn4þ oxidation state. FTIR spectrum of DMF-based precursor
solution shows stretching of CH3–N–CH3 bond as shown by
an increase in the intensity of the 553 cm�1 wavenumber peak
(Figure 2b), which is nonexistent in the solvent spectrum. The
peak represents intermediate phase formation with DMF limiting
perovskite formation. DMSO-based precursor solution shows the
additional peak at 552 cm�1 as well as stretching of sulfoxide
bonds indicating their role in limiting the formation of perovskite
phase as shown in Figure 2c. A comparison of the three solvents
shows GBL is best for precipitation of Cs2SnI6 crystallites, how-
ever, the film quality is powder-like with discrete crystals. The
use of chlorobenzene antisolvent and additives assists film crystal-
lization and passivation as discussed in the following sections.

Figure 3 shows that addition of SnF2, GuaSCN, EDA, as well
as pyrazine assists with the crystallization of Cs2SnI6. Films with
20 at% SnF2 added to CsIþ SnI2 in GBL show a coexistence of
amorphous and crystalline region and not much improvement in
film morphology, as shown in Figure 3a. Figure 3b shows
improved film crystallization with the use of SnF2 and
GuaSCN additives, however, many pinholes are observed due
to rapid crystal growth before nucleation is complete. SEM
images in Figure 3c,d show uniform polycrystalline films with

(a)

(c)

(b)

DMSO

DMF GBL

DMSO DMF GBL

Figure 1. a) Tauc plot showing bandgap, b) XRD pattern, c) Filmmorphology, of Cs2SnI6 perovskite with different solvents, namely gamma-butyrolactone
(GBL); N,N-dimethylformamide (DMF); dimethyl sulfoxide (DMSO).
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EDA without any pinholes. The use of diamines like EDA and
pyrazine as a postdeposition treatment has multiple advantages
including defect passivation, filmmorphology, and improvement
in VOC.

[87,88] Previous studies suggest the addition of EDA bal-
ances the rate between nucleation and crystal growth, where it
slows down crystal growth to achieve uniform nucleation and
form compact pinhole-free perovskite films,[22] as observed here.
Song et al.[89] and Lee et al.[82] have previously highlighted the
critical role of the diamine group in piperazine and pyrazine,
respectively, to assist the formation of perovskite films with
improved crystallinity and coverage. EDA and pyrazine, being
strong Lewis bases are also effective mediators for excess
SnF2 resulting in enhanced crystallinity and F� doping.[90]

Diamine-based additives can accept lone pairs from SnI2 and
SnF2 forming complexes and thereby effectively control the
Sn vacancies and prevent phase segregation due to the presence
of excess SnF2 in the precursor solution.[82] The passivation effect
of guanidinium-based salt such as guanidinium thiocyanate
(GuaSCN) has also been reported as a potential approach to
positively affect the nucleation process, initiate grain structure
optimization, suppress the formation of Sn-vacancy, and
improve photovoltaic performance.[76–80] Pyrazine postdeposi-
tion treatment has shown to passivate the surface and

grain-boundary defects in Pb-based PSCs, enhancing device
efficiency from 19.14% to 20.58%.[81] As shown in Figure 3c,
Cs2SnI6 films with EDA postdeposition treatment are polycrys-
talline with thickness range of 1.67–2.16 μm.

Figure 4a shows the XRD patterns of perovskite films depos-
ited with and without additives to understand the phase transfor-
mations. No significant change in lattice parameters and
perovskite crystal structure resulted from the addition of SnF2,
suggesting F� does not substitute I� because of its smaller ionic
radii of 1.33 Å compared to 2.2 Å of the latter one, similar to what
has been observed in previous studies.[26,90–92] A clear reduction
in the intensity of CsI (101) and CsI (200) peaks at 2θ= 27.8° and
39.5°, and enhancement in the intensity of Cs2SnI6 (222) peak at
2θ= 26.5° has been observed with the addition of SnF2. XRD
spectra suggest the formation of crystalline Cs2SnI6 films with
pyrazine and EDA treatments without CsI impurities and
preferred orientation on the (222) crystal plane, indicating fewer
defects in these films. The addition of GuaSCN did not result in
any significant changes in the crystal planes, and the relative
intensity ratio of the Cs2SnI6 (222) and the CsI (101) plane
was found to be similar to the SnF2-added films, suggesting a
small amount of GA does not affect the perovskite structure.[76,79]

The peak broadening of the XRD pattern is inversely correlated

Figure 2. Fourier transform infrared (FTIR) spectra for solvent and precursor solution (solventþ CsIþ SnI2þ SnF2 for a) gamma-butyrolactone (GBL);
b) N,N-dimethylformamide (DMF); c) Dimethyl sulfoxide (DMSO). Insets for (b) and (c) show the wavenumber range of 1200 to 400 cm�1 to zoom on
the peak changes.
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with crystallite size. Perovskite films with large crystallite sizes
can have reduced grain boundaries and reduced carrier recom-
bination, which increases carrier mobility.[93] The peak broaden-
ing in our films with no additives is reduced to some extent with
the addition of SnF2, while a further reduction in peak broaden-
ing is observed with the additional additives, especially with pyr-
azine and EDA, which is in good alignment with the compact
microstructure of EDA-induced films shown in Figure 3d.
Due to the good binding affinity to SnF2, pyrazine, and EDA
facilitate Sn-vacancy reduction and hinder phase segregation that
comes from the presence of excess SnF2 in the precursor solu-
tion, which is in good alignment with the reflection of phase pure
Cs2SnI6 without any CsI peak as observed in the XRD analysis.[89]

Cs2SnI6 has been reported to have a direct bandgap between 1.25
and 1.62 eV, here we estimate the bandgaps using UV–vis-NIR
transmittance spectrum and the plot of ðαhϑÞ2 versus photon
energy, as shown in Figure 4b. With effective F-doping using
amine-based additives strong electrostatic attraction, and hence
an increase in the energy gap is expected. Films without SnF2
exhibit a primary direct bandgap of 1.2–1.3 eV with a secondary
wider bandgap over 2 eV. The primary bandgap widens to
1.5–1.6 eV with the use of SnF2 and additives such as pyrazine
and ethylene-diamine, as also confirmed by photoluminescence
(PL) emission peak at 1.61 eV (Figure 4c). To determine the
phase stability of Cs2SnI6 films with SnF2 and EDA, we annealed
the films at 100 °C for 1000 h in nitrogen atmosphere. XRD

patterns shown in Figure 4d, point toward the intrinsic stability
of Cs2SnI6 as has also been previously demonstrated by Saparov
et al.[58] Here, we observe that EDA served a dual function, first, it
helps to incorporate SnF2 in the films and passivation of defects,
surfaces, and grain boundaries, as shown in Figure 4e. As no
peak shift is observed in diffraction patterns with the incorpo-
ration of SnF2, we infer that F� does not replace I� in bulk,
however, can occupy I-vacancies at grain boundaries.

Incorporation of these diamine compounds passivated the
defects in the bulk, surface, and grain boundaries resulting in
a reduced recombination rate as measured by enhanced minority
carrier diffusion lifetime as shown in Figure 5a. The use of
GuaSCN and EDA improves the film crystallinity and reduces
CsI residual phase thereby decreasing charge carrier recombina-
tion and increasing the carrier lifetime. With GuaSCN additive
the minority carrier lifetime shows a marginal increase to 4.3 ns.
The minority carrier lifetime for films with only SnF2 is mea-
sured as 3.74 ns that improves to 6.23 and 6.06 ns with pyrazine
and EDA additives respectively. Carrier density andmobility have
been measured using Hall measurements on thin film samples
with and without SnF2 and EDA, as shown in Figure 5b,c. All the
films processed with SnF2 have p-type semiconductor properties,
showing an increase in carrier density and mobility over samples
without SnF2. Undoped Cs2SnI6 shows an average carrier density
of �1014 cm�3 and mobility of 7 cm2 V�1 s�1, whereas with
SnF2 doping, an increase to 6� 1014 cm�3 and 18 cm2 V�1 s�1

Figure 3. Film morphology of Cs2SnI6 perovskite with different additives, such as, a) SnF2, b) GuaSCNþ SnF2, c) EDAþ SnF2 (cross-sectional thickness
on cleaved sample), d) EDAþ SnF2.
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is observed. With EDA treatment, the carrier density increases
from 5.5� 1014 cm�3 to 6.9� 1014 cm�3, and hole mobility
increases in marginal. An increase in carrier lifetime supports
the passivation effect of EDA and an increase in carrier density
is likely due to better incorporation of F� ions from SnF2.

To evaluate the device performance, we synthesized ITO/
Zn(O,S)/SnF2-Cs2SnI6/carbon/Au devices with EDA postdeposi-
tion treatment, as shown in Figure 6a. Figure 6b,c shows the dark
and light current–voltage (J–V ) performance of champion cells
and external quantum efficiency (EQE) curves, respectively.

Figure 4. a) XRD pattern Cs2SnI6 films with additives SnF2, GuaSCNþ SnF2, Pyrazineþ SnF2, ethylene diamine (EDA)þ SnF2, b) Tauc plot showing
bandgap of Cs2SnI6 film with additives SnF2, GuaSCNþ SnF2, pyrazineþ SnF2, ethylene diamine (EDA)þ SnF2. c) Tauc plot and PL emission for EDA-
treated films processed with CsIþ SnI2þ SnF2 in GBL. d) XRD pattern for annealed Cs2SnI6 films. e) Schematic depicting the perovskite formation using
CsI, SnI2, and SnF2 in GBL solvent with guanidium thiocyanate, chlorobenzene antisolvent, and ethylene diamine (EDA) postdeposition treatment.
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The best device with SnF2 only (no EDA) showed an efficiency of
2.39% with a JSC of 7.55mA cm�2, VOC of 0.625 V, and a fill fac-
tor (FF) of 50.79%. With the addition of EDA, efficiency
increased to 5.18% with a JSC of 9.28mA cm�2, VOC of
0.81 V, and a fill-factor (FF) of 68.89%. The integrated quantum
efficiency is calculated as 5.8 mA cm�2 for devices without EDA
and 9.3 mA cm�2 for devices with EDA postdeposition
treatment. It is noted that devices without EDA treatment
exhibit voltage-dependent current collection as evident from
the J–V data resulting in the discrepancy between light-generated
current and integrated quantum efficiency (IQE). The increase in
device performance with the addition of EDA is attributed
primarily to increased VOC and FF due to better collection
efficiency, as indicated by enhanced long-wavelength QE
and minority carrier lifetime. Next, we evaluated the dark
saturation current density (J0) and ideality factor (A) for the
devices to understand the effect of EDAþ SnF2 treatment on
the recombination and parasitic losses. J–V behavior of planar
thin-film devices can be described by a single exponential
diode equation

J ¼ J0exp
q

AkT
ðV � RJÞ

h i
þ GV � JL (1)

Where q is the electron charge, k is Boltzmann constant, T is
the temperature in Kelvin, R is series resistance, G is shunt con-
ductance, and JL is light-generated current. The derivative dV

dðJ�GVÞ
against ðJ �GVÞ�1 is plotted for constant JL ¼ JSC, and the slope
should be AkT

q , from which A can be calculated. The diode ideality

factor, A, is estimated as 2.45 without and 2.18 with the use of
EDA, and J0 is 6.5� 10�3 and 1.5� 10�3 mA cm�2, respectively,
listed in Table 1. The diode ideality factor in the range 1 to 2
represents Shockley–Reed Hall nonradiative recombination of
carriers. The A-value for these Cs2SnI6 planar devices is greater
than 2 suggesting additional mechanisms such as Auger and/or
interface recombination. The decrease in J0, increase in FF, and
carrier lifetime all indicate passivation effect of EDA leading to
improvement in device efficiency. Figure 6d shows the box plot
of device parameters for 10 devices of each type with and without
EDA. The average efficiency improves from 1.52% to 4.54% with
EDA with an increase of JSC, VOC, and FF. The use of EDA
marginally improves the current collection and VOC. However,
further improvements such as optimized absorber thickness,
improved carrier density, and lifetime are needed to address
the VOC-deficit, and low short-circuit current density.
Figure 6e shows the SEM micrograph for Cs2SnI6 deposited
on Zn(O,S) layer depicting the film nonuniformity.

Figure 5. a) Minority carrier lifetime in SnF2-doped Cs2SnI6 films with additives GuaSCN, pyrazine, EDA; b) carrier density of pristine (no SnF2) and
additive-assisted Cs2SnI6 films with SnF2 and EDA, c) hole mobility of pristine (no SnF2) and additive-assisted Cs2SnI6 films with SnF2 and EDA.
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Figure 6. a) Process flow for device fabrication; b) dark and light current density–voltage ( J–V ) performance of champion cells with and without EDA
postdeposition treatment, c) external quantum efficiency (EQE) and integrated JSC curves for Cs2SnI6 devices with and without EDA postdeposition
treatment d) box-plot for normalized device parameters showing the effect of EDA with 10 devices of each type, average values listed, and
e) cross-section SEM micrograph of ITO/Zn(O,S)/Cs2SnI6/carbon device stack.
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3. Conclusion

In this report, we have demonstrated the formation of crystalline
Cs2SnI6 phase with a solvent of GBL, chlorobenzene antisolvent
and SnF2, guanidinium thiocyanate, and ethylene diamine addi-
tives in a superstrate n–i–p planar device structure. GBL as a sol-
vent helps in the formation of low bandgap (1.3–1.5 eV) Cs2SnI6
perovskite phase with a small amount of unreacted CsI, which
has been reduced with additives. The strong interaction between
the Lewis base EDA and the Sn species improves the morphol-
ogy, passivates the grain boundaries, and results in a larger grain
size and pinhole-free surface with a direct bandgap of 1.6 eV.
SnF2-doped crystalline Cs2SnI6 films with diamine-based addi-
tives show significantly suppressed CsI and Cs2SnI6 preferred
orientation along the (222) crystal plane and have a minority
carrier lifetime of over 6 ns, which is almost twice the lifetime
in films with only SnF2. The champion cell having an efficiency
of 5.18% with EDA is primarily attributed to an increase in the
VOC and FF, which confirms a better collection efficiency with
EDA as indicated by enhanced long-wavelength QE and minority
carrier lifetime. The hole mobility of Cs2SnI6 films is measured
to be around 18 cm2 V�1 s�1 and carrier concentration of
6� 1014 cm�3 indicating room for improvement in the film
quality. These devices are dominated by high interface and bulk
recombination rates as indicated by the diode quality factor of
2.18 and dark saturation current of 1.5� 10�3 mA cm�2.
Future work will include improving film quality and alternate
electron and hole transport layers for reducing interface recom-
bination and enhancing bulk and interface passivation. The
results presented are promising toward a Pb-free perovskite
thin-film devices with a bandgap well suited for a top cell in tan-
dem with technologies such as crystalline Si or Cu(In,Ga)Se2
solar cells.

4. Fabrication and Characterization Methods

Cs2SnI6 films were synthesized on ITO glass using a 0.4 M

equimolar solution of CsI (CAS No. 7789-17-5), SnI2
(CAS No. 10294-70-9) in a solvent mixture of GBL (CAS No.
96-48-0), chlorobenzene (CAS No. 108-90-7), and 20 at% SnF2
(CAS No. 7783-47-3). 0.5196 gm of CsI and 0.745 gm of SnI2
in 5mL of solvent were stirred at 70 °C for 2 h in low-humidity
conditions resulting in a blackish-brown solution. A 10-second
spray postdeposition treatment of guanidinium thiocyanate
(GuaSCN, CAS No. 593-84-0), pyrazine (CAS No. 290-37-9), or
ethylene diamine (EDA, Sigma Aldrich CAS No. 391085) were
used for enhanced film morphology and passivation. The glass
substrates were preheated at 70 °C for 30min, and after doctor
blade or spin coating, the films were annealed at 100 °C in a

vacuum oven for 30min to an hour. For device processing
Zn(O,S) was deposited using chemical bath deposition using
zinc sulfate (CAS No. 7446-20-0), thiourea (CAS No. 62-56-6),
and ammonium hydroxide (CAS No. 1336-21-6) at 80 °C, while
stirring at 500 rpm. 11.952 gm of ZnSO4 and 9.13 gm of thiourea
were mixed with 127mL of NH4OH and 72mL of DI water and
HCl were used to maintain a solution pH of 11. The substrates
were then cleaned with 2.5% ammonium hydroxide solution and
water, followed by air drying. The sunny side of the glass was
cleaned with dilute HCl, and then Zn(O,S) substrates were pre-
heated at 70 °C, followed by Cs2SnI6 deposition. 100 μL of 0.4 M

precursor solution of CsI, SnI2, 20 at% SnF2 in GBL solvent was
spin-coated for 45 s at 2000 rpmwith chlorobenzene dispensed at
20 s. The devices were completed by application of carbon paste
ElectroDAG 440B from Acheson[94] followed by annealing at
150 °C for 15min and evaporated Au for an active device area of
5mm� 5mm, as shown in Figure 6a. About 100 films and 10
functional devices have been consistently fabricated using this pro-
cess. It is noted that SnI4 did not result in the Cs2SnI6 phase.
Further, this phase did not form without the use of SnF2. To
improve the wettability and coverage on glass or Zn(O, S), 50 μL
of chlorobenzene was dispensed at about 20 s into the spin coating
cycle. Current–voltage characteristics were measured using an
ABET solar simulator calibrated to 1 sun and Keithley 2400 source
meter with a 10mV step size. The EQE spectra were obtained using
the QE XLþ tool from PVMeasurements Inc. consisting of a xenon
lamp, a monochromator, a lock-in amplifier, and calibrated Si and
Ge photodetectors. For quantum efficiency, the integrated quantum
efficiency (IQE) or integrated JSC was solved via Equation (2)

IQE ¼
Z

1200nm

λstart

qλ
hc

QE
100

� �
E0,AM1.5ðλÞdλ (2)

where E0,AM1.5 is the AM1.5G spectral irradiance, QE is the
quantum efficiency, and q is the elementary unit charge. Time-
resolved photoluminescence (TRPL) measurements were con-
ducted at Molecular Foundry using a setup built around a
Nikon Eclipse Ti-U microscope with 0.3 NA objective. For one-
photon excitation, a 405 nm nanosecond pulsed laser system
(Thorlabs NPL41B, 6 ns pulse width, 1MHz repetition rate) was
used and photoluminescence was filtered with 540 and 532 nm
long-pass filters. X-ray diffraction (XRD) measurements were con-
ducted on a Bruker diffractometer under ambient conditions using
Cu Kα radiation.Mercury was used to create crystal structure (ICSD
250743) and PDF-4 was used for XRD data analysis and phase iden-
tification. Optical transmittance and reflectance measurements
were performed using Shimadzu UV-2600 spectrophotometer
and light soaking experiments were conducted in ATLAS XXLþ
solar simulator. Carrier mobility and conductivity were measured
using a van der Pauw test structure in Ecopia HMS5500 Hall effect
measurement method.
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