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Slow surface passivation and crystal relaxation
with additives to improve device performance and
durability for tin-based perovskite solar cells†

Efat Jokar,a Cheng-Hsun Chien,a Amir Fathi, a Mohammad Rameez,a

Yu-Hao Changa and Eric Wei-Guang Diau *ab

We investigated the doping effect of bulky organic cations with

ethylenediammonium diiodide (EDAI2) and butylammonium iodide

(BAI) as additives to passivate surface defects, to control the film

morphology and to improve the crystallinity for inverted planar

FASnI3 perovskite solar cells. The addition of BAI altered signifi-

cantly the orientation of crystal growth and improved the connec-

tivity of the crystal grains, but the existence of pinholes in the

surface of the pristine FASnI3 films was unavoidable; this effect

impeded further improvement of the device performance (PCE

5.5%), which is nevertheless superior to that of a pristine FASnI3

film (PCE 4.0%). The addition of EDAI2 had the effect of curing the

pinhole problem, passivating the surface defect states, preventing

Sn2+/Sn4+ oxidation and inducing slow relaxation of the crystal

structure. In the presence of the EDAI2 additive (1%), the FASnI3

device attained the best initial efficiency, 7.4%, and the device

performance continuously increased as a function of duration of

storage; the maximum PCE, 8.9%, was obtained for a device stored

in a glove box for over 1400 h with only slight degradation for

storage beyond 2000 h. The observed slow passivation of surface

defects and relaxation of crystal strain were verified with X-ray

diffraction, X-ray photoelectron spectroscopy and photolumines-

cence decay techniques.

Introduction

Solar energy is a clean and sustainable source. To harvest solar
energy effectively into electric power, there is a demand for the
development of cheap and easily processed next-generation
solar cell devices beyond Si-based solar cells with great device
performance.1,2 For this reason, organic–inorganic hybrid

methylammonium (MA+) lead perovskite (PSK) solar cells (PSCs)
have attracted much attention from both scientific and industrial
communities due to their rapid progress in device performance
exceeding 22%.3 Large-scale fabrication and commercialization of
PSCs became a challenging task because of the involvement of
toxic lead inside the perovskite. For lead-free perovskites, the best
option is to use Sn to replace Pb because tin-based perovskites
have a smaller band gap and greater charge-carrier mobility
than their lead-based analogues.4 The feasible oxidation of Sn2+

to a more stable Sn4+ species and the easy formation of tin
vacancies causing large p-doping concentrations are still major
issues to be resolved for tin-based PSCs.5 Moreover, tin-based
PSK films degraded rapidly when they were exposed to an ambient
atmosphere, which is another great challenge for tin-based PSCs.
In addition to the problem of oxidation of Sn2+ that is apt to form
tin vacancies, tin perovskite films are processed from solution;
defects in the polycrystalline perovskite films are hence unlikely
to be avoided. The formation of pinhole-free, dense, compact
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Broader context
Perovskite solar cells (PSCs) have attracted much attention due to their
rapid progress in performance comparable to a silicon solar cell.
However, traditional PSCs contain toxic lead that must be replaced for
their future commercialization. Tin-based PSCs thus become a candidate
for promising lead-free PSCs to be developed. Unfortunately Sn2+ is apt to
react with water in air to form Sn4+ so that the traditional tin-based PSC
has poor stability that leads to its poor device performance. To solve the
stability problem, we propose to add a trace amount of additive,
ethylenediammonium diiodide (EDAI2), to a FASnI3 PCS to control the
film morphology, passivate the surface defect states and prevent
Sn2+/Sn4+ oxidation. We found that only adding one percent EDAI2 into
the FASnI3 precursor solution led to significant improvement in film
formation to give a uniform, close-packed and pinhole-free perovskite
layer. Moreover, EDAI2 had the effect to slowly relax the crystal strain of
the perovskite so that an efficiency as high as 8.9% was obtained after
B2000 h of storage. The high performance and great stability of the
FASnI3 device with 1% EDAI2 additive have thus opened a new door for
lead-free perovskite solar cells toward commercialization.
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and well-crystalline PSK films is thus key to make a tin-based
PSC with high performance.6,7 In a tin-based perovskite,
besides the Sn2+ vacancies inside the ionic crystal, dangling
bonds on the surface and at grain boundaries could introduce
trapping states and centers of non-radiative recombination to
degrade the device performance.8,9 For lead-based PSKs, it has
been proved that the optoelectronic properties of the PSK films
in the grain boundaries differ from those of bulk states with
shorter lifetimes of charge carriers of the former than of the
latter.10 Engineering the chemical composition of perovskite
films can be an effective approach to passivate their defect
states and to improve their optoelectronic properties.11,12

Many approaches have been tried to solve the stability
problems of tin perovskites using varied additives, e.g., hydrazine
vapor,13 H3PO2,14 SnF2,15,16 SnCl2

17 or pyrizine.6 For example,
Liao et al. reported an inverted planar formamidinium (FA+)
tin tri-iodide perovskite (FASnI3) device to control the film
morphology with SnF2 additive in varied proportions to attain
a PCE of 6.22%.7 Organic cations were also reported18–23 to play
an important role to delay degradation of tin-based perovskites;
more stable and reproducible devices can be obtained when
part of cation MA+ was replaced by cation FA+ to form a hybrid
(MA)x(FA)1�xSnI3 device.20 Butylammonium iodide (BAI) has
been applied for MASnI3 to make a two-dimensional (2D) tin-
based perovskite (BA2MAn�1SnnI3n+1) solar cell to attain a PCE
of 2.53% at n = 4.22 The purpose of making a 2D tin-based PSC
is for its excellent enduring stability, which outperformed that
of its 3D counterpart (MASnI3), but the device performance was
poor. Some other organic ammonium cations have been applied
as additives for inverted planar FASnI3 PSCs to improve the cell
efficiency and stability.24,25 For instance, Liao et al. used mixed
precursor solutions containing phenylethylammonium (PEA+)
and FA+ in varied proportions to control the crystal structure with
a quasi-2D architecture (PEA2FAn�1SnnI3n+1) to attain a PCE of
5.94% at the ratio PEAI/FAI = 20/80 (n B 9).24 Shao et al.25 used
the same approach as Liao et al.24 but claimed the tin perovskite
to have a 2D/3D hybrid structure, with the best device perfor-
mance (PCE = 9.0%) occurring at the ratio PEAI/FAI = 8/92.25 In
contrast, Ke et al. reported the concept of formation of a hollow
3D crystal structure on adding ethylene diamine (en) liquid in
varied proportions to FASnI3

26 and MASnI3
27 to enhance the

photovoltaic performance and the stability of tin perovskites;
the best device performance (PCE = 7.14%) was obtained for the
FASnI3 device containing en additive at 10%.26

In the present work, we studied the effect of additives to
passivate the surface defects and to control the film formation
and crystallinity so as to improve the photovoltaic performance
for the inverted planar FASnI3 PSC. As schematically demon-
strated in Fig. 1a, two organic cationic salts, BAI and ethylene-
diammonium diiodide (EDAI2), were used as additives in the tin
perovskite precursor solutions. We found that these two cations
(BA+ and EDA2+) can modify the film morphology, decrease the
defect states and enhance the crystallinity for tin perovskites in
varied ways. For BAI, we observed only a 3D structure for additive
concentrations less than 15%; small proportions of BAI additive
changed the orientation of crystal growth and significantly

improved the crystallinity. The corresponding device performance
improved from 4.0% (pristine FASnI3) to 5.5% (FASnI3 + 15% BAI).
There still existed some pinholes that were not fixed for the case of
the BAI additive. In contrast, all pinholes were fixed on adding
EDAI2 in the proportion 0.5–5%; the best device performance was
obtained on adding only 1% EDAI2. We observed an effect not
reported elsewhere, which we call slow passivation – the devices
showed the best performance only after they were stored in a glove
box for more than two months. This effect was observed when the
enduring stability of the performance was tested; the performance
of the fresh FASnI3 device with EDAI2 1% attained a PCE of 6–7%
when made on the first day, but the efficiency increased
continuously until the best performance (PCE 8.9%) at a
storage period over 1400 h. The effect of slow passivation might
be due to the decrease of surface defects and relaxation
of crystal strain in the presence of the EDAI2 additive, which
has been confirmed with measurements of transient photo-
luminescence and X-ray diffraction. Moreover, conformational
rearrangement or migration of the cations inside the perovskite
crystal might also be considered as the reason to cause the slow
passivation phenomenon that we reported herein.

Results and discussion

The precursor solutions of perovskites were prepared on dis-
solving FAI, SnI2, SnF2 (molar ratio 10%) and alkyl ammonium
iodides (varied proportions), BAI or EDAI2, in dimethyl sulf-
oxide (DMSO). The PSK precursor solutions were spin-coated
onto a PEDOT:PSS/ITO substrate; chlorobenzene served as the
anti-solvent for the formation of the perovskite films.28 Photo-
voltaic performance and reproducibility were improved on using
pure DMSO as a precursor solvent rather than a mixture of
dimethylformamide (DMF) and DMSO reported elsewhere.7,25

The obtained FASnI3 films with varied organic cationic additives
are labeled as FASnI3–xBAI and FASnI3–yEDAI2, prepared on
adding BAI and EDAI2, respectively; x and y represent the molar
fraction of BAI and DEAI2, respectively. Fig. 1a shows the
possible crystal structures of PSK in the presence of (1) BAI
and (2) EDAI2 additives. The formation of a film in the presence
of BAI and EDAI2 additives was examined with a scanning
electron microscope (SEM), as shown in Fig. 1b–d. The pristine
FASnI3 film was formed with large packed grains, but the surface
coverage was incomplete and involved many large pinholes
(Fig. 1b). The grain sizes were broadly distributed in the range
300–1000 nm (Fig. 1b). On adding BAI as an additive, the film
morphology considerably altered; no apparent crystalline grain
boundaries existed on the FASnI3–BAI samples. BAI seemed to
merge crystal grains to form continuous films. This morpho-
logical characteristic was observed in other reports on adding
another organic additive PEAI.24,25 The merging of crystal grains
became more evident when further BAI was added (Fig. S1, ESI†).
Although the film morphology of the FASnI3–xBAI samples was
improved and the surface became smoother, grain boundaries
and pinholes were still unambiguously observed (Fig. S1, ESI†).
We show the film morphology of the FASnI3–BAI 15% sample
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in Fig. 1c; the size of the pinholes was decreased but the
pinholes could not be fixed even with BAI additives at greater
proportions (20% and 25%), for which the surface roughness of
the films increased. In contrast, on adding EDAI2, we obtained
highly packed, uniform and pinhole-free films (Fig. 1d), but the
grain sizes in the FASnI3–yEDAI2 samples were smaller than

those of the FASnI3–xBAI samples. As shown in Fig. S2, ESI,† on
increasing the proportions of EDAI2, the grain sizes decreased
but no pinholes were observed. The differences in roughness
of samples of these three types (Fig. 1b–d) were analyzed with an
atomic-force microscope (Fig. S3, ESI†). The values of root-mean-
square (RMS) roughness for pristine FASnI3, FASnI3–BAI 15%

Fig. 1 (a) Schematic representations of perovskite crystals in the presence of BAI and EDAI2 additives; top-view SEM images of (b) pristine FASnI3,
(c) FASnI3–BAI 15% and (d) FASnI3–EDAI2 1%; XPS of samples (e) pristine FASnI3, (f) FASnI3–BAI 15% and (g) FASnI3–EDAI2 1% showing distributions
of Sn2+ and Sn4+ in their surface states; XPS of samples (h) pristine FASnI3, (i) FASnI3–BAI 15% and (j) FASnI3–EDAI2 1% after plasma etching for 30 s
showing the distributions of Sn2+ and Sn4+ in their bulk states.
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and FASnI3–EDAI2 1% films were 23.8, 11.6 and 14.7 nm,
respectively, within the probe area 2 � 2 mm2.

Basically BAI has the tendency to slice the 3D tin perovskite
into a hybrid 2D/3D structure with great crystallinity and
preferred orientation, but the pinholes cannot be fixed due to
the unbalanced rates between nucleation and crystal growth;
i.e., when the crystal growth rate was too rapid and the nuclea-
tion was not complete yet, then rapid growth of the crystal
would generate pinholes on the perovskite film. The existence
of pinholes for the BAI films was due to the rapid crystal growth
prior to the nucleation being complete. To fix this problem,
we considered the di-ammonium cations for which the two
ammonium functional groups could have more interactions
with the tin perovskite to slow down the crystal growth process.
We chose EDAI2 as a potential additive because it has a similar
molecular size to BAI. Surprisingly, the presence of a small
amount of EDAI2 could slow down the crystal growth so that
uniform nucleation can be achieved to form a dense-packed
and pinhole-free perovskite film as in the SEM image shown in
Fig. 1d and Fig. S2, ESI.† We may conclude that EDA2+ not only
acts as a cation doped inside the FASnI3 crystal as schematically
demonstrated in Fig. 1a, but also acts as a controller agent to
balance the kinetic processes between the nucleation and the
crystal growth.

The effect of these cations not only modified the film
morphology of FASnI3 but also prevented oxidation of Sn2+ to
form Sn4+, which has been demonstrated in the XPS shown in
Fig. 1e–j. When the FASnI3 films were exposed to air during the
preparation of the samples and the measurements, the surface
of the samples was reported to be easily oxidized.5,6 We expect
that surface passivation with the additives in our tin perov-
skites can avoid this oxidation problem. For proof, we recorded
XPS under two conditions – first for the pristine condition
(surface characterization) and second after etching the samples
with an Ar+ plasma for 30 s (bulk characterization). As shown in
Fig. 1e–j, the XPS can be deconvoluted into two components
corresponding to Sn2+ (magenta traces) and Sn4+ (green traces)
species; the corresponding ratios of the two cationic species
before and after plasma etching are summarized in Table S1,
ESI.† Similar to the results reported elsewhere,6 the proportion
of Sn4+ on the surface of the pristine FASnI3 sample (Fig. 1e)
was much greater than that of the FASnI3–BAI 15% (Fig. 1f) or
the FASnI3–EDAI2 1% (Fig. 1g) samples. The proportions of Sn4+

species found on the surface of the films show the following
trend: FASnI3 4 FASnI3–BAI 15% 4 FASnI3–EDAI2 1%. After
plasma etching for 30 s, the proportions of Sn4+ species inside
the films (bulk) of all samples decreased significantly with the
same trend FASnI3 (Fig. 1h) 4 FASnI3–BAI 15% (Fig. 1i) 4
FASnI3–EDAI2 1% (Fig. 1j). We conclude that the presence of
these organic cations effectively suppressed the oxidation of
tin on the surface as well as within the perovskite layers; the
best Sn2+/Sn4+ ratios occurred for the FASnI3–EDAI2 1% sample.
For the case of BAI, such an effect can be attributed to the
formation of a compact layer in the presence of hydrophobic
organic molecules that prevent diffusion of water molecules
and retard the Sn2+/Sn4+ oxidation. For the case of EDAI2, the

amount of additive was very small so that we may consider the
EDA2+ cation as an effective reducing agent for suppression
of tin oxidation.

The variation of the crystallinity of the above samples was
studied using X-ray diffraction. Fig. 2a compares XRD patterns
of FASnI3–xBAI with BAI additive at varied proportions (0, 10, 15
and 20%) and Fig. 2b shows the XRD patterns of FASnI3–yEDAI2

with EDAI2 additive at varied proportions (0, 1, 2, 3 and 5%).
For the pristine FASnI3 film, the observed XRD patterns were
assigned to facets (100), (120), (200), (211), (222) and (300) for
the crystal with an orthorhombic structure.25 On adding the
BAI, the corresponding XRD patterns altered significantly for
the crystal growth with the preferred orientation along facets
(100) and (200). Our results are consistent with those showing
that the PEAI precursor can provide preferential direction for
the growth of tin perovskites.24,25 For the FASnI3–xBAI films,
the maximum XRD intensities occurred for the sample with BAI
additive 15%, but there is no evidence for the formation of a
2D perovskite structure for BAI less than 15%, as the inset of
Fig. 2a shows no diffraction signal in the small-angle region.
On increasing the amount of BAI to 20%, two diffraction lines
at 4.21 and 8.81 appeared, indicating that part of the original 3D
FASnI3 crystals was partially converted into 2D nanolayers
separated by long butylammonium chains.22–25 No 2D FASnI3

perovskites were produced under the condition of BAI additive
15%, which differs from the results reported with larger organic
cations such as PEAI.25 For example, with addition of PEAI 8%
to the FASnI3 precursor solution, sharp signals corresponding
to the 2D perovskite were observed at small angles in the
diffraction.25 In contrast, additive EDAI2 did not significantly
alter the XRD patterns, except that the intensities of the
diffraction signals systematically decreased from 1% to 5%
for the FASnI3–yEDAI2 samples.

Absorption spectra of FASnI3 perovskite films with organic
additives BAI and EDAI2 are depicted in Fig. S4a and b, ESI,†
respectively. The presence of BAI did not affect the band edge of
absorption (Fig. S4a, ESI†), as confirmed with PL spectra shown
in Fig. 2c. The band gaps of the FASnI3–xBAI samples were
determined to be 1.40 eV, regardless of the presence of the
BAI additive. In contrast, for the FASnI3–yEDAI2 samples the
absorption spectra show a systematically blue-shifted feature
with increasing proportions of EDAI2 (Fig. S4b, ESI†). The band
gaps of the FASnI3–yEDAI2 samples were determined to be 1.43,
1.44 and 1.45 eV for added EDAI2 at 1, 2 and 3%, respectively;
the change in the band gap is confirmed with the blue shift of
the PL spectra shown in Fig. 2d. For the PL lifetimes obtained
from the TCSPC measurements, the pristine FASnI3 perovskite
film has an exciton lifetime within the instrument response
limit, B0.1 ns. On introducing organic cations as additives, the
exciton lifetimes of the PSK films increased significantly – 0.24 ns
for FASnI3–BAI 15% and 1.5 ns for FASnI3–EDAI2 1%. The greater
exciton lifetime of FASnI3–BAI 15% might be attributed to the
increased crystallinity, decreased grain boundaries and decreased
proportion of Sn2+ vacancies. For the FASnI3–EDAI2 1% sample,
the passivation of surface defects and doping of the EDA2+ cations
inside the PSK crystal might be considered to contribute to the
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enhanced lifetime (Fig. 2e and Table S2, ESI†), so that fewer
defect states were generated to account for the blue shift in the
PL spectra.12,29–31 With enhanced exciton lifetimes of both
samples with additives, we expect that the corresponding solar
cells might have less possibility for charge recombination and
hence an increase in the open-circuit voltages (Voc).

Inverted planar heterojunction (PHJ) perovskite solar cells
were fabricated based on the device configuration ITO/PEDOT:
PSS/PSK (120–150 nm)/C60 (20 nm)/BCP/Ag (shown in the
inset of Fig. 3a), similar to those published elsewhere;24,25 the
cross-section SEM images of the devices are shown in Fig. S5,
ESI.† BAI in varied proportions – 10, 15, 20 and 25% – and
EDAI2 – 0.5, 1, 2, 3 and 5% – were tested to optimize the device
performance for comparison with a pristine FASnI3 device without
an additive. The current–voltage characteristics and the IPCE action
spectra of the best devices made of pristine FASnI3, FASnI3–BAI
15% and FASnI3–EDAI2 1% samples are shown in Fig. 3a and b,
respectively. The best device performance for the standard cell
(FASnI3) was obtained with a PCE of 4.0%. On adding BAI in varied
proportions, the device performance improved; the best photovol-
taic performance (PCE = 5.5%; Fig. 3a) was obtained for a device
containing BAI additive at 15%; the average and best PV parameters
of FASnI3–xBAI devices are summarized in Table S3, ESI.†
For the FASnI3–EDAI2 1% devices, the best photovoltaic
performance (PCE = 7.4%; Fig. 3a) was obtained for devices

containing EDAI2 additive at only 1%; the average and best PV
parameters of the FASnI3–yEDAI2 devices are summarized in
Table S4, ESI.† The raw data for the photovoltaic parameters
of 30 pristine FASnI3, FASnI3–BAI 15% and FASnI3–EDAI2 1%
devices are listed in Tables S5–S7, ESI,† respectively; the
photovoltaic parameters of the best devices and their average
values (in parentheses) are summarized in Table 1. Fig. 3c
shows efficiency histograms of devices of the three types for
comparison. Relative to standard FASnI3 devices, adding BAI
significantly improved the Voc and FF values (Fig. S6 and S7,
ESI†), which is attributed to the elimination of grain bound-
aries in the perovskite layer (Fig. S1, ESI†). As in the scheme
shown in Fig. 1a, BAI has the effect to passivate the surface
defect states by forming a compact hydrophobic layer. However,
if the surface of FASnI3 is fully covered with BAI at the concen-
trations greater than 15%, then lots of BAI might be segregated
and/or embedded in the perovskite grains. As a result, the
electron transport from FASnI3 to C60 might be hampered by
the presence of interfacial BAI. This could be the reason for the
performance of the BAI devices being optimized at 15% and
the Jsc values decreasing under the conditions of higher BAI
concentrations (Fig. S6 and S7, ESI†).

For the FASnI3–yEDAI2 devices, the efficiencies (Fig. S8 and
S9, ESI†) were further improved over both standard FASnI3 and
FASnI3–xBAI devices. Although the presence of EDAI2 in a trace

Fig. 2 (a) XRD patterns of the FASnI3–BAI samples with BAI additive at varied proportions – 0, 10, 15 and 20%; (b) XRD patterns of the FASnI3–EDAI2
samples with EDAI2 at varied proportions – 0, 1, 2, 3 and 5%; photoluminescence of (c) FASnI3–xBAI and (d) FASnI3–yEDAI2; (e) time-resolved PL decay
profiles of perovskite films with various additives. Symbol ‘‘#’’ refers to ITO signals.
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proportion inside the FASnI3 perovskite layer can significantly
improve both Voc and FF, an optimal point for enhanced Jsc

occurs at EDAI2 1%; further increasing the amount of EDAI2

decreases the Jsc values as in the box plot statistics shown in
Fig. S9, ESI.† The improved device performance in the presence
of both BAI and EDAI2 additives was unambiguously observed
herein (Fig. S10, ESI†); these additives play an important role to
control the mechanism of charge migration, to be understood
by further characterization detailed in the following. Moreover,
hysteresis was not observed in the J–V characteristics of the
FASnI3–BAI 15% and FASnI3–EDAI2 1% devices (Fig. S11, ESI†).

Mott–Schottky analysis (Fig. 3d), electrochemical impedance
spectra (EIS, Fig. 3e) and the dependence of the open-circuit
voltage on the incident light intensity (Fig. S12, ESI†) were
measured to understand the mechanism of charge recombina-
tion. In principle, trap-assisted recombination is related to the
spatial variation in the quasi-Fermi level of the perovskite,32

which uplifts the perovskite quasi-Fermi level, thus lowering

the energetic offset between EFn and EP (EFn and EP correspond
to the quasi-Fermi levels of the ETL/cathode contact and the
perovskite film, respectively) and ultimately diminishing the
flat-band potential Efb (see Experimental section, ESI†). As
shown in Fig. 3d, the charge carrier recombination in FASnI3

is more significant than in the others because of its flat-band
potential, which is less for the FASnI3 device than for the other
devices. This observation is consistent with the results obtained
from the EIS analysis (Fig. 3e) showing the same trend of
the charge-recombination resistance (FASnI3–EDAI2 1% 4
FASnI3–BAI 15% 4 FASnI3). Furthermore, larger flat-band
potentials for devices with additives also assist the charge trans-
port, charge separation and collection of photo-generated carriers.
From the Mott–Schottky plots of the devices (Fig. 3d) we esti-
mated that the charge carrier densities of the devices have the
order FASnI3–EDAI2 1% (5.6 � 1016 cm�3) o FASnI3–BAI 15%
(6.2 � 1016 cm�3) o FASnI3 (7.2 � 1016 cm�3). A smaller carrier
density indicates fewer defects and less recombination; these
properties could decrease the metallic nature of FASnI3. The device
performance hence shows the trend with order FASnI3–EDAI2

1% 4 FASnI3–BAI 15% 4 FASnI3, which is consistent with the
results of the statistics of PCE shown in Fig. 3c.

The Nyquist plots (Fig. 3e) of all three devices display only
a single semicircle representing the charge recombination
resistance (Rrec) values that are consistent with the corresponding
device performance (Fig. 3a). To distinguish the recombination
regimes, plots of the open-circuit voltage versus incident light
intensity15 are shown in Fig. S12, ESI.† The open-circuit voltages
were determined from the splitting of the quasi-Fermi levels of
electrons and holes with the quasi-Fermi level positions set by

Table 1 Photovoltaic parameters of fresh and inverted planar hetero-junction
perovskite solar cells fabricated with additives (at optimum proportion) under
simulated AM-1.5G illumination (power density 100 mW cm�2). The average
values of PCE are in parentheses. The photovoltaic parameters of the aged
champion cell are shown in the last row of the table

Devices Jsc/mA cm�2 Voc/V FF PCE/%

FASnI3 17.6 0.360 0.627 4.0 (3.7 � 0.2)
FASnI3–BAI 15% 18.0 0.440 0.694 5.5 (5.2 � 0.1)
FASnI3–EDAI2 1% 20.0 0.516 0.716 7.4 (6.4 � 0.5)
FASnI3–EDAI2 1%
(champion cell)

21.3 0.583 0.718 8.9

Fig. 3 (a) Current–voltage curves, (b) corresponding IPCE spectra with integrated current densities, (c) histograms of 30 fresh cells fabricated under the
same experimental conditions, (d) Mott–Schottky plots, (e) Nyquist plots obtained from electrochemical impedance spectra (EIS), and (f) stabilized
power-conversion efficiencies and photocurrent densities of the FASnI3–BAI 15% and FASnI3–EDAI2 1% devices for 240 s.
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the free-carrier concentrations, which must be balanced by the
rates between the photogeneration and charge recombination.
The semi-logarithmic plots (Fig. S12, ESI†) are all linear, which
indicates the presence of trap-assisted Schottky–Read–Hall
(SRH) recombination in all devices. Both the EDAI2 and BAI-
based cells show a slope of the plot significantly less than that
of the reference cell, indicating the smaller rates of charge
recombination for the former than for the latter. Deep traps
were created during the degradation of tin perovskites that are
less prominent in both cells with additives than those of the
reference cell without an additive. Defect passivation with amine
cations was also reported for lead-based perovskites,12,33,34 but
we found that this effect is more pronounced for tin-based
perovskites than for their lead-based analogues. These results
indicate that the key factor determining the performance of a
FASnI3 cell is charge recombination, because a large concen-
tration of charge carriers confines the electric field within a
small depletion region for charge recombination to occur easily.
Hence, our characterization results provide an explanation for
the device performance showing the order FASnI3–EDAI2 1% 4
FASnI3–BAI 15% 4 FASnI3.

The BAI and EDAI2 additives can not only protect perovskite
crystals against tin oxidation but also stabilize the perovskite

structures under conditions of oxygen and moisture during
storage. The unencapsulated films (FASnI3, FASnI3–BAI 15%
and FASnI3–EDAI2 1%) were exposed to ambient air (50% RH,
20 1C); their XRD patterns (Fig. S13, ESI†) were monitored during
the period 0–6 h. The reference FASnI3 sample was rapidly
decomposed to SnI4, but those with additives stabilized the
phase: neither oxidation nor decomposition were observed up
to 6 h. Moreover, the stabilized output powers of the two devices
with additives were evaluated on subjection of the devices
to constant AM1.5G illumination. As shown in Fig. 3f, both
FASnI3–EDAI2 1% and FASnI3–BAI 15% devices were rapidly
stabilized with a steady-state PCE of 8.0 and 5.0%, respectively,
under constant light irradiation for more than 240 s.

The results of the device durability as a function of duration
of storage are shown in Fig. 4a: the encapsulated standard
cell lost 30% of its efficiency after storage for 20 h, but the
FASnI3–BAI 15% device maintained more than 90% of its initial
efficiency over 2000 h. For the FASnI3–EDAI2 1% cell, we found
that the efficiency of the device gradually increased, from 6.3%
when freshly prepared up to 8.9% after storage for 1462 h; the
presence of 1% EDAI2 additive hence had the effect of slowly
passivating the surface and gradually adjusting the crystal
structure to its optimal phase near 1500 h, for which the best

Fig. 4 (a) Enduring stability showing the PCE of FASnI3, FASnI3–BAI 15% and FASnI3–EDAI2 1% devices as a function of storage period; (b) current–
voltage curves of a typical FASnI3–EDAI2 1% device at varied duration of storage; (c) statistical box plots for the variation of power-conversion efficiencies
of 20 encapsulated FASnI3–EDAI2 1% devices with varied duration of storage; (d) variations of XRD patterns of the FASnI3–EDAI2 1% film at varied duration
of storage, ‘‘*’’ denotes signals related to the ITO substrate; the inset shows data in an enlarged region highlighted in yellow; and (e) variations of PL decay
profiles of the FASnI3–EDAI2 1% films at varied duration of storage.
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device performance was obtained. Such a slow passivation of
surface defects and relaxation of structural strain has never
been reported; such an effect is remarkable. The fresh FASnI3–
EDAI2 1% devices had initial PCEs of 6–7% (Fig. 3c) with the
best fresh cell attaining a PCE of 7.4% (Fig. 3c and Table 1), but
the device performance gradually improved due to the presence
of EDAI2 additive at 1% proportion and attained a maximum
efficiency of B9% after storage for a long duration. As shown in
Fig. 4b, Jsc increased by 20% to its maximum value after 10 days,
but Voc continuously increased to attain values of 0.563 and
0.579 V after 38 and 60 days, respectively. As shown in Fig. S14,
ESI,† the same trend was also found for four other cells. The
photovoltaic properties were monitored for 20 devices during
varied duration of storage; the results are summarized in Fig. 4c
(PCE) and Fig. S15, ESI† (other PV parameters). The perfor-
mance of the FASnI3–EDAI2 1% device gradually improved with
increasing the duration of storage beyond 1 month.

To rationalize the above slow-passivation phenomena
observed for the FASnI3–EDAI2 1% devices, the corresponding
films were studied with XRD and PL decays; the corresponding
results are shown in Fig. 4d and e, respectively. For XRD, the
diffraction signals related to the (h00) planes showed almost no
shift but those for directions such as facets (120) and (222)
shifted to the small-angle region (Fig. 4d). The shifts in XRD as
a function of storage duration might be related to the relaxation
of strain due to the crystal stress originally existing in the fresh
sample, leading to an increased d-spacing values and volume of
the unit cell.35 As no other change was observed in XRD
patterns after 5 days, the crystal relaxation was complete within
that period. As the XPS of the film showed no change after
7 days (Fig. S16, ESI†), this XRD shift was unrelated to Sn2+

oxidation. Because the EDAI2 additive does not change the 3D
crystal structure of FASnI3 (Fig. 2b), EDA2+ may act as a dopant
to occupy the two FA+ vacancies of the perovskite as in the
mechanism proposed in Fig. 1a. Because the size of EDA2+ is
bigger than that of FA+, the initial crystal structure was not
optimized. As the storage time increases, the constrained EDA2+

cations may adjust their conformation slowly to reach the
optimized crystal structure at a longer storage time. We propose
that the structure of the FASnI3–EDAI2 crystal might be under
structural stress to be relaxed. Upon increasing the storage
time, the strain of the crystal can be relaxed to a stable structure
as in the XRD results shown in Fig. 4d. The crystal strain affects
the optical properties of the crystals.36,37 A similar phenom-
enon was also observed for the PL lifetimes, which increased
from 1.5 ns to 1.8 ns after 5 days; the lifetimes continuously
increased to attain 8.9 ns after storage for 33 days (Fig. 4e and
Table S8, ESI†). The systematic increases of the PL lifetimes
upon increasing the storage periods seem to be related to the
slow passivation of surface defect states, crystal rearrangement
and/or conformation change of EDA2+ inside the PSK crystal.
This characteristic is consistent with the slowly improved
device performance shown in Fig. 4a–c. This phenomenon
was observed also for the FASnI3–EDAI2 2% devices; the effi-
ciencies of the encapsulated devices increased from 5.3% to
7.4% on storage for 24 days.

We also performed experiments on mixing of two additives
(EDAI2 and BAI) in varied proportions to solve the pinhole
problem for the BAI devices; the SEM images of the hybrid
EDAI2/BAI films are shown in Fig. S17, ESI.† By combing these
two organic cations at two different ratios, the pinhole-
free films can be obtained but the surface morphologies are
different from either the FASnI3–BAI or FASnI3–EDAI2 film – the
grain size became bigger with increasing the amount of BAI.
XRD spectra show that the crystal structures of the samples
with combined additives remain under the control of BAI with
the preferred growth orientation in the (h00) plane (Fig. S18,
ESI†), but the XRD intensities are smaller those that of the
reference sample containing only one additive, BAI 15%. The
TCSPC and XRD characterization of the EDAI2 1% and BAI 5%
combined films at varied storage periods is shown in Fig. S19,
ESI.† We found that the PL lifetime of the FASnI3–5% BAI–1%
EDAI2 film slightly decreased and the crystallinity of this
perovskite also became worse on increasing the storage period.
Therefore, addition of BAI in the FASnI3–1% EDAI2 film did not
show the effect of slow passivation because the BA+ cations sliced
the 3D perovskite structure and may act as an insulator to retard
the charge transport inside the perovskite. The photovoltaic
parameters of various devices with combinations of the BAI and
EDAI2 additives are illustrated in Fig. S20 and summarized in
Table S9, ESI.† The slow passivation phenomenon was not
observed for the BAI case because the BA+ cation is too large to
participate in the co-crystallization process. Instead, the large BA+

will slice the original 3D structure into an uncontrollable 2D/3D
structure with the BA+ cations covering the crystal surface to
prevent Sn2+/Sn4+ oxidation. Such an effect could help to improve
the device stability and the performance as reported by other
groups using PEAI as an additive for FASnI3 perovskite.24,25 Only
EDAI2 alone showed the effects of slow surface passivation and
crystal relaxation and the best proportion of EDAI2 additive was
found to be 1%. Nevertheless, both FASnI3–BAI 15% and
FASnI3–EDAI2 1% devices had great enduring stability with
negligible degradation for devices stored for over 2000 h.

Conclusion

We demonstrated that the incorporation of bulky organic
cations such as butylammonium iodide (BAI) and ethylene-
diammonium diiodide (EDAI2) as additives can lead to a
substantial improvement of device performance and enduring
stability for FASnI3 perovskite solar cells. This improvement
results from the inhibition of Sn2+/Sn4+ oxidation, surface
passivation to decrease the defect states and strain release of
the crystal structures. Both additives altered the morphology
and the crystallinity of the FASnI3 perovskite films, and resulted
in suppression of tin vacancies and decreased background
carrier densities with longer lifetimes of the charge carriers. An
effect of slow passivation was observed for the FASnI3–yEDAI2

samples for the device performance to increase gradually with
increasing duration of storage – the best FASnI3–EDAI2 1% device
showed a slow increase of PCE from 6.25% when freshly prepared
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up to 8.9% after storage for 1462 h. Therefore, EDA2+ plays a key
role to (1) control the film morphology via kinetic balance
between the nucleation and crystal growth; (2) passivate the
crystal surface to minimize the Sn2+/Sn4+ oxidation; (3) dope
the crystal to optimize the crystal structure; and (4) reduce the
defect states for better charge separation. The observed slow
passivation is due to the small amount of EDAI2 additive, which
not only led to relaxation of crystal strain (judging from XRD)
but also led to a decrease of the defect states of the perovskite
(judging from PL lifetime). Moreover, conformational rearran-
gement or migration of the cations inside the perovskite crystal
might also be the reason to cause the slow passivation pheno-
menon that we reported herein. Our current investigation thus
achieves a new milestone for the development of tin-based
perovskite solar cells that attain great device performance with
superior enduring stability for their promising potential
towards future commercialization. The concept of slow passiva-
tion of surface defects and relaxation of crystal strain via
additives might be applied to improve the PCE and long-term
stability of other novel lead-free perovskite solar cells. Work in
this direction is in progress.
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