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Efficient and Stable Tin Perovskite Solar Cells Enabled by
Graded Heterostructure of Light-Absorbing Layer

Tianhao Wu, Danyu Cui, Xiao Liu, Xiangyue Meng, Yanbo Wang, Takeshi Noda,
Hiroshi Segawa, Xudong Yang, Yigiang Zhang, and Liyuan Han*

Lead-free tin perovskite solar cells (TPSCs) have attracted widespread attention in
recent years due to their low toxicity, suitable bandgap, and high carrier mobility.
However, the photovoltage and efficiency of TPSCs are still much lower than

those of the lead counterparts because of the high trap density and unfavorable
band structure in tin perovskite films. To overcome these issues, efficient and
stable TPSCs with a graded heterostructure of light-absorbing layer are reported,
in which the narrow-bandgap tin perovskite dominates at the bulk, whereas the
wide-bandgap tin perovskite is distributed with a gradient from bulk to surface.
This heterostructure can selectively extract the photogenerated charge carriers at
the perovskite/electron transport layer interface, reduce the density of trap states,

application. So far, a series of lead-free per-
ovskites based on tin (Sn), germanium
(Ge), bismuth (Bi), stibium (Sb), and
copper (Cu) have been investigated.”*!
Among them, tin perovskite materials have
been developed as one of the promising
candidates for lead-free perovskite absorb-
ers because of their suitable optical
bandgap close to the Shockley—Queisser
limit and higher charge carrier mobility
as compared to their lead-based counter-
parts."*7) However, the performance of
tin perovskite solar cells (TPSCs) is still

and impede the oxidation process of Sn>* to Sn*" in air. As a consequence,
this graded heterostructure of tin perovskite layer contributes to an increase of
120 mV in the open-circuit voltage and a maximum power conversion efficiency

of 11% for TPSCs with longer operational stability.

1. Introduction

Organic—-inorganic metal halide perovskites as ideal materials for
the next-generation photovoltaic technique have attracted great
attention from all over the world.'®! However, the toxicity issue
of lead perovskite has been a potential obstacle for the large-scale
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inferior to that of the lead-based counter-
parts due to the large recombination loss
in tin perovskite semiconductors.[*#-2%

The oxidation process of Sn*™ to Sn*"
is thermodynamically favorable, which
spontaneously introduces the electronic
trap states, acting as the main nonradiative
recombination pathway of photogenerated free carriers.'>*!! To
suppress the instability of Sn?*, antioxidant additives such as
SnF,, SnCl,, pyrazine, and hydroxybenzene sulfonic acid have
been reported as sacrificial agents to prevent the oxidation
and improve the carrier lifetime in tin perovskite films.**~2!
Recently, a liquid formic acid was exploited as a volatile reducing
solvent for the film deposition to eliminate the Sn** impurities
in Snl, precursor.’® Unsuitable interface band alignment is
another factor that induces the voltage loss in TPSCs. The large
energy-level offset between tin perovskite and the commonly
used electron transport materials suppresses the quasi-Fermi
level splitting and provides additional channels that accelerate
the trap-assisted recombination process.*”!

Introducing the large-size organic cations such as
n-butylammonium (BA), phenylethylammonium (PEA), and
guanidinium (GA) to form the low-dimensional tin perovskite
with a tailored electronic band structure, can efficiently stabilize
the Sn”* components and reduce the energy level mismatch in
TPSCs.2% For example, Wu and co-workers used the PEA cat-
ions to fabricate a 2D-3D bulk heterojunction of tin perovskite
film via a bilateral interfacial engineering strategy.*”! This bulk
heterojunction significantly reduced the charge recombination
rate in TPSCs by the presence of wide-bandgap 2D perovskite
phase, resulting in an efficiency of 6.98% and better device
stability. In addition, forming a 2D-3D heterojunction has also
been applied to other perovskite compositions such as the lead
or mixed tin-lead halide perovskites to improve the device
performance.*?! However, distribution of the low-dimensional
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structure in light-absorbing layer is still hard to control, which
would impact the carrier transportation and separation by the
quantum-well effect, resulting in a compromise of the photovol-
taic performance. Therefore, a rational design of the band struc-
ture enabling robust carrier transport ability and favorable
contact with the electron-selecting materials is required to fur-
ther increase the efficiency of TPSCs.

In this study, we reported stable and efficient TPSCs with a
perovskite graded heterostructure (GHS), in which the narrow-
bandgap tin perovskite dominates at the bulk as well as the
wide-bandgap tin perovskite distributed with a gradient from
bulk to surface to reduce the recombination loss in TPSCs. This
perovskite heterostructure was constructed by a sequential cation
exchange reaction between the as-prepared formamidinium
tin iodide perovskite (FASnlI3) and the bulky 4-(trifluoromethyl)
benzyl ammonium cations (TFBA", CF;C¢HsCH,NH;").
Experimental studies and the theoretical calculation demon-
strated that the GHS could selectively extract the photogenerated
charge carriers at the perovskite/electron transport layer (Cgo)
interface, reduce the density of trap states in perovskite film,
and serve as an energy barrier against the undesirable oxidation
of Sn** components. Attributed to these benefits, we achieved an
increase of 120 mV in the open-circuit voltage (Vi) of TPSCs,
enabling a maximum power conversion efficiency (PCE) of about
11%. Moreover, the optimized device showed a large improve-
ment in the operational stability, maintaining a PCE more than
10% after 500 h of light soaking (AM 1.5G, 100 mW cm ™ ?) at the
maximum power point.

2. Results and Discussion

The FASnl; perovskite film was prepared using a typical antisol-
vent method through a one-step deposition process (details can
be found in the Experimental Section). To fabricate the GHS of
the tin perovskite, the as-prepared FASnI; film was subsequently
dipped in a chloroform solution containing TFBAI salts, followed
by thermal annealing to promote the sequential exchange reac-
tion between FA' and bulky TFBA™ cations,?>*! resulting
in the formation of wide-bandgap TFBA,Snl, perovskite. The
exchange process possibly occurring at the surface of the
solid-state film due to the large steric effect of bulky TFBA™
cation could hinder the further reaction inside the perovskite
crystal, and a structure of (TFBA,Snl),(FASnl;);_, with graded
bandgap alignment is supposed to be constructed, as demon-
strated in the following discussion. Here, the GHS was applied
in an inverted TPSCs (device structure is shown in Figure 1a) to
optimize the perovskite/fullerene (Cgp) interface.

We first conducted X-ray diffraction (XRD) measurement to
verify the formation of GHS in perovskite films. As shown in
Figure 1b, the XRD pattern of pristine FASnl; film (marked
as control) deposited on the PEDOT:PSS substrate shows diffrac-
tion peaks at 14.0°, 24.4°, 28.2°, and 31.7° associated with (100),
(102), (200), and (122) crystal planes of the orthorhombic perov-
skite phase (Pnma), respectively.’® For the perovskite film
undergoing a post treatment of TFBAI salts (marked as
TFBAI-treated), two additional peaks located at 4.9° and 9.8° were
found, assigned to the (100) and (200) crystal planes of the 2D
TFBA,Snl, perovskite, respectively. To further investigate the
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vertical distribution of 2D phase in the film, the grazing incident
X-ray diffraction (GIXRD) analysis was performed. Figure S1,
Supporting Information, shows the GIXRD patterns of
TFBAI-treated perovskite measured at different X-ray incident
angles; we can see that the diffraction peak intensity ratio of
3D (100)/2D (100) increases from 5.2 to 13.5 when the X-ray inci-
dent angle increases from 0.2° to 1.0°, indicating that the content
of TFBA,Snl, phase decreases gradually from surface to the
inner part of tin perovskite layer.

To study the compositional evolution of perovskite films
before and after the TFBAI treatment, we used time-of-flight—
secondary ion mass spectrometry (ToF—SIMS) to characterize
the depth profile of the corresponding elements (Figure 1c,d).
For the control film, the tin (indicated by Snl, ) and iodide (indi-
cated by I") elements showed a homogeneous distribution from
bottom to the top of film. In contrast, the TFBAI-treated sample
exhibited an increased concentration of iodide at the top surface,
attributed to the formation of iodide-rich TFBA,Snl, phase.
Furthermore, the concentration of TFBA™ cations (indicated
by CF;CeH;s ™) depicted a gradual decay with increasing probed
depth. We also performed the ToF—SIMS 2D mapping analysis to
investigate the distribution of TFBA™ cations along the x—z plane
of GHS perovskite film (Figure S2, Supporting Information).
It was found that the color of CF3C¢Hs ~signal changes from
light yellow (high content) to dark blue (low content) gradually
along the z direction, further confirming the formation of GHS.
Moreover, X-ray photoelectron spectroscopy (XPS) was used to
monitor the variation of binding condition at perovskite surface
with the incorporation of TFBA™ cations. Figure le shows the
high-resolution XPS C 1s spectrums of different perovskite films.
For the pristine FASnl; film, the peaks located at 284.6 and
287.8 eV are assigned to the signals of C—H and C=NH," bonds
on FA™ cations, respectively. We also found that the intensity of
C=NH," peak clearly decreased in the TFBAI-treated film,
whereas two new peaks were detected at 285.9 and 291.4e€V,
associated with the C—NH;" bond and the n—r interaction of
benzene ring on TFBA" cations, respectively. In addition, the
surface I 3d core levels (I 3ds,, and I 3ds ;) of FASnI; perovskite
shift to a higher binding energy after the TFBAI post treatment
(Figure S3, Supporting Information), which indicates a variation
in the Sn—1I bond and further confirms the cation exchange reac-
tion occurred at the tin perovskite surface.””’

We then studied the impact of TFBAI treatment on the
surface morphology of FASnI; perovskite by the scanning elec-
tron microscopy (SEM), as shown in Figure S4, Supporting
Information. The top-view SEM images of the FASnI; film show
a polycrystalline structure with many pinholes at grain bound-
aries, which is consistent with the morphology shown in
previous studies.*®*? After being dipped in 2 mgmL ™" TFBAI
solution, the perovskite surface was covered with a thin capping
layer and the pinholes at grain boundaries almost disappeared.
When the concentration of TFBAI solution increased to
5mgmL~", aggregation and residues of the unreacted TFBAI
salts could be found at the surface with large roughness and poor
film morphology, indicating the fact that further reaction
between the FASnI; and TFBA" cations was prohibited.

To understand the carrier dynamics in different perovskite
structures, photoluminescence (PL) characterizations were used
in the study. Figure 2a shows the steady-state PL spectrums of
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Figure 1. a) Schematic illustration of the device with a structure of ITO/PEDOT:PSS/tin perovskite/Ceo/BCP/Ag; the inset shows the GHS at the
perovskite/fullerene interface. b) XRD patterns of the corresponding perovskite films deposited on the PEDOT:PSS substrate. The diffraction peaks
indicated by # and * represent the Bragg reflections of ITO glass and the TFBA,Snl, phase in FASnl; film, respectively. ToF-SIMS depth profiles
scanning from the top to the bottom of c) pristine FASnl; film and d) TFBAIl-treated film. e) High-resolution XPS C 1s spectrums of the control,

TFBAI-treated, and TFBA,Snl, films.

pristine FASnI; and GHS perovskites deposited on the bare glass
substrate. The PL peak position of the GHS sample showed a
slightly blue shift as compared with that of the control one, which
means a decrease in the surface tail states. In addition, the mod-
ified perovskite also exhibited a much larger PL quenching of
72% than that of control one (51%) after the introduction of
an electron-accepting fullerene layer atop the perovskite films,
indicating a high electron-collection efficiency at the GHS/Cgp
interface. Moreover, we measured the time-resolved PL plots fit-
ted with a single exponential mode to extract the carrier lifetime
of corresponding perovskite samples (Figure 2b), and the fitting
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parameters are shown in Table S1, Supporting Information. PL
decay lifetime in the GHS structure was 6.61 ns, about two times
higher than that in the FASnI; perovskites (3.25 ns), associated
with a slower trap-assisted carrier recombination rate according
to the Shockley-Read—Hall model.*” In addition, PL lifetime of
the GHS perovskite covered with Cg significantly decrease to
1.91ns, shorter than the control/Ceo sample (2.32 ns), which
means that GHS structure can selectively extract the photo-
generated electrons under light condition. In addition, space
charge limit current (SCLC) method was conducted to estimate
the trap density in perovskite films. Figure 2c shows the dark -V
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Figure 2. a) Steady-state PL spectrums of the perovskite films without or with an electron-accepting Ceo capping layer. b) TRPL spectrums of the
corresponding samples. c) Dark I-V plots of the electron-only device with a structure of ITO/SnO,/tin perovskite/Cgo/Ag. d) Tauc plots of the perovskite
films derived from UV-vis spectrums. e) The schematic band alignment of the GHS at perovskite/Ceo interface. All the samples for PL measurement were

deposited on the bare glass.

curves of the electron-only device with a structure of ITO/
SnO,/tin perovskite/Cgo/Ag; the trap density can be calculated
from the onset voltage of trap-filling limit region (Vrgyr), as shown
in Equation (1)

2e0e, Vg

Niap =
trap qdz

1)

where ¢, is the vacuum permittivity, e, is the relative dielectric
constant (&, of the FASnI; perovskite is estimated at 5.7),1*!! g is
the unit charge, and d is the thickness of the perovskite film.
Based on the Vg derived from dark I-V curves, we can calculate
the trap density to be 5.62 x 10'® cm ™ and 3.86 x 10'® cm ™ for
the control and modified perovskite films, respectively, which
could be attributed to the passivation effect of large-size organic
TFBA™ cations that could effectively reduce the trap states caused
by surface vacancy defects.?”?

To reveal the mechanism of the enhanced electron-collection
efficiency and carrier lifetime, we further studied the band
structure of different perovskite samples by measuring the
ultraviolet-visible (UV-vis) absorption spectrums (Figure S5a,
Supporting Information). The TFBAI-treated sample showed a
similar absorption edge around 880 nm as compared with that
of the FASnI; perovskite, corresponding to 1.41 eV of the opti-
cal bandgap (Figure 2d), indicating that the UV-vis response of
tin perovskite film is not affected by the GHS structure. In con-
trast, the pure TFBA,Snl, perovskite showed a narrow UV-vis

Sol. RRL 2020, 2000240

2000240 (4 of 9)

response and a wide bandgap of 2.10eV, about 0.7 eV larger
than that of the FASnlI; perovskite. Furthermore, we estimated
the shift of surface energy levels using UV photoelectron emis-
sion spectra. As shown in Figure S5b, Supporting Information,
the ionization potentials of the electrons ejected from the
valence band maximum (VBM) of pristine FASnI; and
TFBA,Snl, films are —4.95 and —5.66eV, respectively.
Intriguingly, the TFBAI post treatment shifts the surface ioni-
zation potential to the value between those of the FASnI; and
TFBA,Snl, alone (from —5.06 to —5.40 eV with increased con-
centration of the TFBAI solution, as shown in Figure S5c,
Supporting Information), indicating the shift of surface VBM
level for tin perovskite is proportional to the amount of incor-
porated wide-bandgap phase. By subtracting the bandgap of the
samples, we can estimate the conduction band minimum
(CBM) of FASnl; and TFBA,Snl, films to be —3.54 and
—3.56 eV, respectively, indicating a type II junction forming
in the GHS perovskite (Figure S5d, Supporting Information).
On the other side, our ToF-SIMS results indicate that the
wide-bandgap phase has a gradient distribution in the vertical
direction within the GHS structure. According to the aforemen-
tioned discussion, we drew the energy-level alignment at the
GHS/Cg interface in Figure 2e. The conduction band of the
GHS shows a free barrier for electron transport from perovskite
to the lowest unoccupied molecular orbital (LUMO) of Cgp.
In contrast, the gradually deeper energy level of the valence
band could efficiently block the holes generating from

© 2020 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim


http://www.advancedsciencenews.com
http://www.solar-rrl.com

ADVANCED
SCIENCE NEWS

é ‘RRL

www.advancedsciencenews.com

narrow-bandgap FASnl; phase, leading to a reduced charge
recombination rate at the electron transport layer interface.*!

Apart from the modification of interfacial band alignment,
we confirmed that TFBA™" cations in wide-bandgap phase with
large steric hindrance could also serve as an energy barrier to
suppress the permeation of oxygen molecules into the perov-
skite lattice by the density functional theory (DFT) calculation.
Figure 3a,b showed the oxygen-absorbed models of FASnI;
and TFBA,Snl, perovskites along the (100) slabs, and both
two models underwent a structure-relaxation process before
the simulation. The oxygen molecule was first put on an octa-
hedral interstice of the corner-sharing [Snlg]*™ units (Figure S6,
Supporting Information) and then moved close to the perov-
skite lattice gradually, as highlighted by the sequence numbers.
During this process, we calculated the formation energy of
perovskite—oxygen composites at different positions and then
summarized the corresponding values in Figure 3c. For the
FASnl; model, the formation energy decreases from —0.21
to —0.7 eV when the oxygen molecule moves close to the perov-
skite lattice, indicating that the oxygen permeation is thermo-
dynamically favorable, which is related to the stable N—H...O
hydrogen bonding interactions between the FA™ cations and
oxygen molecules, as proved in our previous work.** In the
case of TFBA,Snl, model, the formation energy shows a slight
increase from —0.23 to 0.14 eV with a reduced distance between

www.solar-rrl.com

oxygen molecule and the Sn—I-Sn frameworks, which could be
attributed to the large steric effect of 4-(trifluoromethyl)phenyl
unit that provides additional energy barrier against the oxygen
absorption.

To confirm our speculation, we put the perovskite films in air
and monitored the variation of surface Sn 3d core level via XPS
analysis. As shown in Figure 3d,e, the Sn 3ds,, signal could be
separated into two individual peaks at 486.4 and 487.2 eV, asso-
ciated with the Sn** and Sn*" components, respectively. After
being exposed in air for 4 h, the atomic ratio of Sn** in control
films increases to 76.92%, much higher than the value of fresh
sample (22.65%). Interestingly, no clear change in the Sn** ratio
was found in the TFBAI-treated films, demonstrating a better
environmental stability of the tin perovskite with GHS structure.
We also measured the UV-vis absorption spectrums of the
perovskite films with different air-exposed time to interpret
the possible degradation process. As shown in Figure S7,
Supporting Information, the control film exhibited an absorption
loss of 34% at 600 nm after 4 h aging, indicating a large amount
of nonperovskite phase induced by the Sn*" oxidation. In con-
trast, the TFBAI-treated film could keep over 90% of the initial
light response during the aging process.

Subsequently, we studied the device performance of TPSCs
(ITO/PEDOT:PSS/tin perovskite/Cqo/BCP/Ag) assembled with
different perovskite structures, and the cross-section SEM image
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Figure 3. The relaxed structures of the oxygen-absorbed a) FASnl; and b) TFBA,Snl, models along the (100) slabs for DFT calculation. c) Calculated
formation energy of the perovskite models with oxygen molecule at different sites. High-resolution XPS Sn 3d spectrums of the d) FASnl; and

e) TFBAI-treated FASnl; films before and after aged in air for 4 h.

Sol. RRL 2020, 2000240

2000240 (5 of 9)

© 2020 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim


http://www.advancedsciencenews.com
http://www.solar-rrl.com

ADVANCED
SCIENCE NEWS

; ‘RRL

www.advancedsciencenews.com

www.solar-rrl.com

25

(a) (b) —— Control —— TFBAI-treated (C)

~ 204 . —~10°

£ 80 20~ = 1]

§ g 1

E 154 < 601 15 E ~ a2

2 £ = &7

2 § 22

$ 10- 40- 3

o —o— Control = 10 % o ]

5 —— TFBAl-treated g 8107

8 54 20 L5 E 3 —— Control

} —— TFBAl-treated
0 T T T 0 r . . . r 4. 0 10° T T v y
0.0 0.2 04 0.6 300 400 500 600 700 800 900 0.0 0.2 04 06
Voltage (V) Wavelength (nm) Voltage (V)
(d) (e) (f) 12
1.0 ——Control (t = 11.2 ps) ° $gg‘/’\‘l" 4 L,
| 9 of R s 2
8 —— TFBAL-treated (t = 30.6 pis) 0.8 trodts o Mittaanance NOVSUNNENNNY
s
[ 1.75 k,Tiq —
2 .,/-—&—/*'/»,/0,4 3
[*] <
& h—— W 8-
£ / &
3
N
S 1.93 K, T1
E o1q 64 —— Control
3 —o— TFBAl-treated
v 4 T T T T
0 20 30 130 10 100 0 100 200 300 400 500
Tims (us) Light intensity (mW cm?) Time (hour)

Figure 4. a) J-V curves of the best-performing devices assembled with control and TFBAI-treated perovskites measured under reverse scan; the active
area is 0.09 cm®. b) IPCE of the devices. c) Dark current plots of the devices. d) TPV measurement for the TPSCs. €) Voc versus illumination intensity for
the devices. f) PCE decay plots of the TPSCs measured under the maximum power point in air; the applied biases corresponding to the maximum power
point are 0.42 and 0.60 V for the control and TFBAI-treated devices, respectively, and the operating temperature is fixed at 25 °C. All the cells that went

through the aging test were encapsulated.

of the optimized device was shown in Figure S8, Supporting
Information. Figure 4a shows the current density-voltage (J-V)
curves of the champion FASnls-based cells without or with
TFBAI treatment. The control device displayed an V. of 0.58 V,
a short-circuit current density (Ji) of 21.29 mA cm ™2, a fill factor
(FF) of 69.1%, and a PCE of 8.53% at the reverse scan.
Meanwhile, the device treated with 2mgmL™" TFBAI showed
a much higher V,. of 0.70V, a J. of 21.07 mA cm 2, an FF of
74.3%, and a PCE of 10.96% with very stable power output
(Figure S9, Supporting Information). The large improvement
in the device V,. could be attributed to the following reasons.
1) The graded band structure of GHS perovskite is better for
the charge separation and extraction at the perovskite/charge
transport layer interface, as compared to the pristine narrow-
bandgap FASnI; perovskite with large energy-level offset at
the heterojunction. 2) The passivation effect of TFBA ammo-
nium molecules significantly reduced the trap density in perov-
skite films, as confirmed by the SCLC measurement, resulting in
less trap-assisted recombination in TPSCs.[**! 3) The GHS perov-
skite film showed a pinhole-free morphology compared with the
pristine FASnI; film, which can also reduce the charge recom-
bination rate and improve the photovoltage in TPSCs. In addi-
tion, the modified devices showed a higher reproducibility
with a standard deviation of 0.65% for the PCE as compared with
that of the control devices (1.12%) based on the statistics of
40 cells (Figure S10, Supporting Information). Furthermore,
the J-V hysteresis of solar cells becomes smaller after the TFBAI
treatment (Figure S11, Supporting Information), which could be
attributed to the reduced recombination channels and lower trap
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density in the GHS structure. We also found that higher concen-
tration (3 mgmL™") of the TFBAI treatment would lead to a
decrease in FF and a larger J-V hysteresis in the TPSCs, which
is attributed to the fact that excess TFBAI salts serving as an insu-
lating agent on perovskite surface could hinder the electron
extraction process and cause the energy-level mismatch at the
tin perovskite/Cg, interface.[*! In addition, incident photon-
to-electron conversion efficiency (IPCE) spectrums were used
to characterize the photo-response of corresponding solar cells
(Figure 4b). The integrated J,. of control and TFBAI-treated devi-
ces were calculated to be 21.14 and 20.99 mA cm ™2, respectively,
consistent with those obtained by the J-V curves within a stan-
dard error less than 1%.

To further reveal the recombination dynamics in a completed
device, we measured the dark current plots of the TPSCs,
as shown in Figure 4c. The device with TFBAI treatment
exhibited a relatively lower saturation current density
(Jo=41x10°mAcm ?) than that of the control one
(Jo=2.8 x 107* mA cm™?), associated with less charge recom-
bination in the solar cells. Moreover, transient photovoltage
(TPV) analysis was conducted to derive the charge recombina-
tion lifetime in the TPSCs (Figure 4d). The TFBAI-treated
device showed a substantially slower decay of the TPV than that
of the pristine one, suggesting that charge recombination path-
ways in completed device are efficiently blocked by the GHS
structure. We then tested V, versus illumination intensity
curves to identify the voltage loss caused by the interface carrier
recombination (Figure 4e). The ideal factor (n) of TFBAl-treated
device calculated from the slop (nkgT/q) is 1.75, smaller than
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that of the control cell (1.93), associated with a less voltage loss
in the solar cells, as shown in the Equation (2), where Ej is the
bandgap of perovskite absorber, kyis the Boltzmann constant, I
is the light intensity, T is the temperature, and I, is a constant
with the same unit as L

qVoe = Eg — nkBTln(ITO) (2)

In addition, we measured the evolution of PCE versus the time
for the control and TFBAI-treated solar cells (with encapsulation)
under continuous light soaking (AM 1.5G, 100 mW cm™?) at the
maximum power point in air (Figure 4f). The device with TFBAI
treatment still kept the efficiency over 10% with negligible PCE
decay after 500 h of operation, whereas the control one showed a
35% loss of its initial efficiency after the aging process. In addi-
tion, the J-V curves and device parameters versus the operational
time are summarized in Figure S12 and Table S2, Supporting
Information. We found that the PCE loss of TFBAI-treated device
is mainly caused by the decrease in FF, which occurred after
300 h of the operation. Possible reason is that the long-term oper-
ation causes a degradation of the metal electrode and thus
increases the series resistance of solar cells.*”! In contrast, we
extracted the 80% lifetime (T80) of TPSCs from the PCE decay
curves; the T80 values were estimated to be 282 and 1643 h for
the control and TFBAI-treated devices, respectively, indicating a
significant improvement in the device working lifetime by intro-
ducing the GHS structure. Furthermore, the operational stability
of TPSCs under moisture and heat conditions was measured for
discussion. As shown in Figure S13, Supporting Information,
the pristine FASnI; device shows a large PCE decay of about
22% after 100h of operation at 60 °C with a relative humidity
of 60%. In contrast, the TFBAI-treated device presents an effi-
ciency loss less than 5% after the aging test. Possible reason
is that the layered TFBA,Snl, phase could suppress the decom-
position of perovskite crystal induced by heat or moisture due to
its high formation energy.”” We also tested the stability of unen-
capsulated devices to demonstrate the potential benefits of GHS.
As shown in Figure S14, Supporting Information, the control
device completely degraded after exposed in air for 40h, but
the TFBAI-treated device could maintain 78% of the original
PCE after 100 h of storage in air.

3. Conclusions

In summary, we first proposed a strategy for highly efficient
TPSCs based on constructing a GHS of tin halide perovskite
to optimize the perovskite/electron transport layer interface.
Our results and discussions confirmed that the GHS with grad-
ually increased bandgap and deeper energy level of the valence
band from bulk to the interface, could selectively extract the pho-
togenerated electron, decrease the trap density in perovskite film,
and increase the energy barrier against the oxidation of Sn*" in
air. Consequently, the solar cells with GHS structure obtained a
high efficiency about 11% for the fresh device and still kepta PCE
over 10% after 500 h of operation at the maximum power point.
More importantly, this work also provides a new route to improve
the photovoltage of TPSCs via precisely controlling the phase
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distribution and band structure of tin perovskite absorbers,
and can be further applied to improve the efficiency of other
tin-based or mixed tin-lead perovskite solar cells.

4. Experimental Section

Device Fabrication: The patterned ITO glass substrates were cleaned
via sequential ultrasonication in detergent, deionized water, acetone, and
isopropanol for 15 min, respectively. Then the substrates were treated with
UV ozone for 30 min. The (PEG)-PEDOT: PSS solution was spin-coated
onto the ITO substrate at 4000 rpm for 30 s and then annealed at 150 °C for
15 min.1*¥) After that, the substrates were immediately transferred into the
glovebox. For the deposition of tin perovskite film, the precursor solution
composed of 0.9 M Snl,, 0.9 M FAI, and 0.09 M SnF, in dimethyl sulfoxide
(DMSO) was stirred for 2 h at room temperature. Then, the solution was
spin-coated onto the (PEG)-PEDOT: PSS layer at 1000 rpm for 12's and at
5000 rpm for 48 s; 140 pL chlorobenzene was dripped onto the perovskite
film after 30s of the second process. After the one-step deposition
process, the as-prepared FASnl; film without thermal annealing was
dipped in a chloroform solution with different concentration of the TFBAI
salt (from 1 to 5mgmL™") for 10s to construct the GHS structure, fol-
lowed by the spin-coating process at 5000 rpm for 30s to remove the
organic solvent. All the control and TFBAI-treated films were annealed
at 65°C for 10s and then at 100°C for 20 min to promote the growth
of perovskite crystal. For the preparation of TFBA,Snl, film, precursor
solution composed of 0.6M Snl,, 1.2m TFBAI, and 0.06 M SnF; in
DMSO was spin-coated onto the substrate at 1000 rpm for 10s and at
4000 rpm for 30's, and annealed at 100 °C for 10 min. Then, 40 nm fuller-
ene Cgo, 8 nm BCP, and 70 nm Ag electrode were sequentially evaporated
on the perovskite layer under vacuum level of 107 Pa. The active area of
the device was defined as 0.09 cm? with a black metal mask.

Film Characterization: The morphology of the films and devices were
observed by the SEM images, measured on the Hitachi SU8000 field-
emission SEM. The XRD was measured by SmartLab 9 kW X-ray diffrac-
tometer using Cu Ka radiation (1 =1.54050 A). The UV-vis spectra were
measured by a Shimadzu UV-vis 3600 spectrophotometer. The XPS spec-
tra were carried out by PHI Quantera SXM (ULVAC-PHI) with X-ray source
of Al Ka (mono). The steady-state PL and TRPL were measured by a
Hamamatsu C12132 fluorescence lifetime spectrometer with an excitation
wavelength of 450 nm. UV photoelectron emission spectra were measured
by Riken-Keiki AC-3 instrument. The TPV curves were measured by a plat-
form for all-in-one characterization of solar cells and organic light emitting
diodes (PAIOS) of FLUXim Company at open circuit condition; the pulse
length of a white light is 1 ms, background light of 0.09 Sun (9 mW cm 2
was applied. ToF-SIMS measurements were performed using the focused
ion beam ToF-SIMS spectrometer (GAIA3 GMU Model 2016, Czech).
A 30keV Bi* ion beam was used as the primary ion beam to peel the
samples with an analysis area of 10 x 10 um®. The SCLC plots and dark
J-V curves were measured by a multifunctional electrochemical analysis
instrument (Zahner, Germany) using a linear voltage sweep mode with
a constant step voltage of 20 mV.

Device Characterization: The J-V curves were measured by a solar
simulator with standard air mass AM 1.5 sunlight (100 mW cm 2,
WXS-1555-10, Wacom Denso) under forward scan (—0.1 to 0.7V) or
reverse scan (0.7 to —0.1V) by a fixed step voltage of 10 mV and delay
time of 50ms.®l The reference cell used for the spectral correction
was calibrated by the measurement team at Research Center for
Photovoltaics in the National Institute of Advanced Industrial Science
and Technology (AIST), Japan. Monochromatic IPCE spectra were mea-
sured by a monochromatic incident light of 1 x 10'® photons cm™2 in
director current mode (CEP-2000BX, Bunko—Keiki). The light intensity
of the solar simulator was calibrated by a standard silicon solar cell.
The operation stability of control and TFBAI treated cells was tested on
a solar-cell light-resistance test system (Model BIR-50, Bunko—Keiki) with
a Class AAA solar simulator. All the cells were first encapsulated according
to our previous reports for operation stability test.[*’!
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