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Abstract

All-perovskite tandem solar cells have garnered considerable attention because
of their potential to outperform single-junction cells. However, charge recom-
bination losses within narrow-bandgap (NBG) perovskite subcells hamper the
advancement of this technology. Herein, we introduce a lithium salt, lithium
bis(trifluoromethanesulfonyl)imide (LiTFSI), for modifying NBG perovskites.
Interestingly, LiTFSI bifunctionally passivates the surface and bulk of NBG by
dissociating into Li* and TFSI~ ions. We found that TFSI™ passivates halide
vacancies on the perovskite surface, reducing nonradiative recombination,
while Li* acts as an interstitial n-type dopant, mitigating the defects of NBG
perovskites and potentially suppressing halide migration. Furthermore, the
underlying mechanism of LiTFSI passivation was investigated through the
density functional theory calculations. Accordingly, LiTFSI facilitates charge
extraction and extends the charge carrier lifetime, resulting in an NBG device
with power conversion efficiency (PCE) of 22.04% (certified PCE of 21.42%)
and an exceptional fill factor of 81.92%. This enables the fabrication of all-
perovskite tandem solar cells with PCEs of 27.47% and 26.27% for aperture
areas of 0.0935 and 1.02 cm?, respectively.

KEYWORDS

all-perovskite tandem solar cells, defect passivation, LiTFSI salt, narrow-bandgap
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1 | INTRODUCTION

All-perovskite tandem solar cells are constructed using a
combination of mixed-Sn/Pb narrow-bandgap (NBG;
~1.2 eV) perovskite subcells and mixed I/Br wide-
bandgap (WBG; ~1.8 eV) perovskite subcells."> These
tandems have garnered significant attention recently due
to their potential to achieve power conversion efficiencies
(PCEs) exceeding 40%, stemming from their extended
absorption spectra and reduced thermal losses.® Conse-
quently, their PCE has rapidly improved over the past
few years, with a certified PCE of 29.1% surpassing that
of single-junction solar cells.”® Beyond their high effi-
ciency, owing to their versatility, including flexibility and
suitability for application in space, all-perovskite tandem
solar cells are considered the next generation of photovol-
taics (PVs).>°

Advancements in NBG perovskite solar cells (PSCs)
have been pivotal in driving progress in all-perovskite
tandem technology.>'"'* For instance, Zhao et al
achieved a PCE of 21.0% in all-perovskite tandems by
enhancing NBG perovskite quality through chlorine
incorporation.' Lin et al. significantly improved the PCE
to 24.8% by introducing metallic Sn into the precursor
solution to suppress Sn*" oxidation.” Furthermore, Lin
et al. enhanced NBG perovskite subcells with a 3D/3D
bilayer, resulting in a PCE exceeding 28.0%.” Numerous
strategies have been explored to optimize NBG perov-
skites further, including controlling lattice strain and
defects at grain boundaries in the NBG film bulk,'**°
and mitigating iodine vacancies and compositional inho-
mogeneity at the NBG surface."’”'® Among these strate-
gies, perovskite/perovskite heterojunctions, particularly
2D/3D perovskite structures, have gained recognition
because of their effectiveness in passivating surface
defects and inhibiting oxidation.?*** In particular, bulky
organic cations bound with iodine, such as phenethy-
lammonium, butylammonium, and 4-amidinopyridine as
well as possibly ethylenediammonium, and propane-1,-
3-diammonium are excellent agents for 2D perovskite
upper layer.18’20’21’25

Despite the advantages of 2D perovskite layers, persis-
tent surface charge carrier losses remain challenging to
overcome and cannot be easily addressed by introducing
additional 2D layers. This difficulty arises from the low
out-of-plane conductivity and uneven potential distribu-
tion in 2D perovskite layers.” Moreover, the usage of
halide-based materials for further surface treatment is
hindered by the low activation energy of halide migra-
tion, leading to changes in stoichiometry and material
properties.*®*’

From this perspective, lithium bis(trifluoromethanesulfonyl)
imide (LiTFSI) is anticipated to be beneficial for NBG

perovskite passivation. The LiTFSI is expected to effec-
tively address positively and negatively charged defects
without introducing detrimental effects such as increased
series resistance. Li" ions, owing to their small size
(70 pm), can compensate for cation defects at the surface
and grain boundaries without forming a resistive 2D
perovskite layer. Simultaneously, TFSI™ ions can efficiently
compensate surface I~ vacancies—common defects in perov-
skite materials. In addition, LiTFSI is anticipated to prevent
the surface oxidation of NBG perovskites by interacting with
Pb-terminated and methylammonium (MA™)-terminated
planes through strong coordination with unbound A-site
(MA™, formamidinium; FA™, and Cs") and B-site (Pb*" and
Sn*") cations. While LiTFSI has been widely used as a dop-
ant for 2,2,7,7-Tetrakis[N,N-di(4-methoxyphenyl)amino]-
9,9'-spirobifluorene (Spiro-OMeTAD), a hole transporting
material in n-i-p structured PSCs, its potential as a defect
passivant for NBG perovskites remains unexplored.**°

Herein, we used LiTFSI to alleviate surface charge
carrier losses and improve the environmental stability of
an NBG perovskite. Remarkably, LiTFSI exhibited a
bifunctional impact on both the surface and bulk of NBG
perovskite, with TFSI™ and Li" ions distributed at the
surface and the entire NBG perovskite, respectively. This
facilitated charge extraction at the NBG perovskite sur-
face and extended the charge carrier lifetime, allowing to
achieve an impressive PCE of 22.04% (certified PCE of
21.42%) in a single-junction NBG PSC, with a remarkable
fill factor (FF) of 81.92% and an open-circuit voltage
(Voc) of 0.832V. The improved FF and Voc of NBG
subcell subsequently resulted in high PCEs of all-
perovskite tandem solar cells, exhibiting PCEs of 27.47%
and 26.27% for aperture areas of 0.0935 and 1.02 cm?,
respectively. Furthermore, these tandem structures
maintained over 80% of the initial PCE after 240 h of con-
tinuous operation.

2 | RESULTS AND DISCUSSION

2.1 | LiTFSI for single-junction
NBG PSCs

To evaluate the effectiveness of LiTFSI, we constructed
NBG PSCs with a p-i-n architecture of glass/fluorine-
doped tin oxide (FTO)/poly(3,4-ethylenedioxythiophene)
polystyrene sulfonate (PEDOT:PSS)/NBG perovskite/Cgo/
bathocuproine (BCP)/Cu. Figure 1A compares the PV
parameters of control and LiTFSI-treated devices.
Detailed statistical values are presented in Table 1. Evi-
dently, the introduction of LiTFSI increases FF and
Voc while having minimal effect on short-circuit cur-
rent density (Jsc). This trend is consistently reflected in
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FIGURE 1 Effect of LITFSI on single-junction NBG PSCs. (A) Statistical box plots for PV parameters of control and LiTFSI-treated NBG

PSCs (Voc, Jsc, FF, and PCE). (B, C) J-V curves (B) and EQE spectra with integrated Jsc (C) of the best-performing devices. (D) Long-term
PCE-tracking results for encapsulated NBG devices. Devices were maintained under continuous 1 sun illumination in ambient air at a

relative humidity of 30%-50%. Forced cooling of the devices was not performed during storage and measurement, and environmental
temperature was maintained at ~22°C. The initial PCEs of control and LiTFSI-treated single-junction NBG PSCs were 19.85%
(Voc = 0.828 V, FF = 75.22%, and Jsc = 31.87 mA cm™2) and 21.79% (Voc = 0.846 V, FF = 80.88%, and Jsc = 31.84 mA cm2),

respectively.

current density-voltage (J-V) curves of the best-
performing devices (Figure 1B). The best-performing
LiTFSI-treated solar cell exhibits a higher PCE
(22.04%) than the control device (20.86%), as well as
higher FF (81.92% vs. 80.45%) and Vpc (0.832
vs. 0.804 V). The steady-state PCEs of the control and

LiTFSI-treated devices are 20.4% and 21.5%, respec-
tively (Figure S1). The certified PCE of the LiTFSI-
treated device is 21.42%, which is in good agreement
with the in-lab value (Figure S2). The Jsc value calcu-
lated from external quantum efficiency (EQE) is con-
sistent with the value obtained through the J-V
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TABLE 1 PV parameters of single-junction control and
LiTFSI-treated NBG PSCs.

Jsc

A cm ?) Voe (V) FF (%) PCE (%)

Control

Average 31.90 +£0.43 0.803 +£0.015 79.02 +1.30 20.23 +£0.45
Best 32.25 0.804 80.45 20.86
LiTFSI

Average 31.88 +£0.34 0.838 +0.010 80.25+ 1.09 21.43 + 0.31
Best 32.34 0.832 81.92 22.04

measurements (Figure 1C). LiTFSI treatment did not
change the film thickness and bandgap (Figures S3
and S4).

Subsequently, we monitored the stability of the
devices, as shown in Figure 1D. The encapsulated devices
were exposed to ambient air under continuous 1 sun illu-
mination without additional cooling at ~22°C. Both con-
trol and LiTFSI-treated devices exhibited distinct two
PCE loss regimes: a fast initial PCE loss (burn-in) regime
and a relatively slow PCE loss regime. Notably, this burn-
in stage in NBG PSCs has been documented in previous
studies."**" Furthermore, it is known to be a temporary
and reversible loss, typically recoverable if the devices are
stored in dark conditions for a certain period.**** While
the exact cause of the initial burn-in remains unclear, we
attribute it to the characteristics of NBG subcells, as
evidenced by the absence of a similar burn-in stage in the
MPP tracking results of tandem devices (this will be
discussed later), where the NBG perovskite absorbs only
half of its potential absorption spectrum (Figure 4F). The
LiTFSI-based device exhibits considerably higher stabil-
ity, retaining ~78% of its initial PCE after 140 h, whereas
the control device loses ~45% of its initial PCE within
the same period. Given that the relatively slow PCE
reduction regime is attributed to irreversible losses such
as chemical reactions and defects,>*3* we attribute the
improved stability of LiTFSI-treated devices to the sup-
pression of defects and inhibition of oxidation, topics
which will be elaborated on in subsequent sections.

2.2 | Charge carrier dynamics and PCE
loss mechanism

To gain insights into the enhancement of PV perfor-
mance with LiTFSI, we analyzed the charge carrier
dynamics. We used steady-state photoluminescence
(PL) to investigate charge recombination in NBG films
deposited on glass substrates (Figure 2A). The PL peaks

for the NBG films are observed at 1010 nm, indicating
that LiTFSI did not considerably affect the bandgap, as
shown earlier (Figure S4). However, PL intensity mark-
edly increases with the incorporation of LiTFSI,
suggesting a reduction in nonradiative recombination. The
suppression of nonradiative recombination was further
confirmed using glass/PEDOT:PSS/NBG perovskite/Cgg in
time-resolved PL (TRPL) measurements (Figure 2B). The
TRPL decay fitted using a triexponential model (Table S1)
revealed that effective lifetime (z.s) in LiTFSI-treated NBG
(112.1 ns) is more than two times longer than that in the
control sample (54.2 ns). Confocal fluorescence lifetime
images further highlight a clear difference in the lifetime
and its homogeneity over the entire measured area
(20 x 20 pm?; Figure 2C). Furthermore, we calculated the
differential lifetimes based on TRPL results to better
understand charge carrier recombination at the interface
(Figure 2D). The higher plateau for the LiTFSI-treated
NBG than for the control NBG indicates that LiTFSI effec-
tively reduces recombination at the interface.*>~°

To quantitatively assess the effect of LiTFSI on NBG
defect passivation, trap density was determined from the
space charge-limited current by characterizing dark
current-voltage (I-V) curves (Figures 2E and S5). The
devices with LiTFSI exhibit considerably lower electron
and hole trap densities than the control devices. These
improvements were attributed to the ionic nature of
LiTFSI, which can effectively passivate positive and nega-
tive defects. In addition, we assessed the built-in potential
(V) difference by performing Mott-Schottky analyses
(Figure 2F). The NBG device with LiTFSI shows a V4, of
0.778 V, whereas the device without LiTFSI exhibits Vy;
of 0.740 V. The high V; of the device with LiTFSI implies
energetic alignment changes and suggests that reduced
surface trap density and improved interfacial charge
transport contribute to enhanced PV performance."'

To further elucidate the mechanism behind PCE losses,
we extracted the ideality factor (n;q) from the slope of light
intensity—dependent Vo measurements (Figure S6). The
niq value reflects the extent of V¢ loss primarily caused by
trap-induced nonradiative recombination.’”* The n;y
value of the LiTFSI sample is 1.17, whereas that of the
control is 1.25, suggesting a reduction in trap-induced
recombination under open-circuit conditions. Next, we
reconstructed the pseudo-J-V (pJ-V) curves to understand
the increase in FF caused by LiTFSI (Figure 2G, see the fol-
lowing explanation in Figure S6). pJ-V curves limited only
by nonradiative recombination in the devices were
obtained using light intensity-dependent Vpc.*”** When
comparing the pFF with the Shockley-Queisser limit, the
incorporation of LiTFSI reduced nonradiative (2.42% abso-
lute) and charge transport (3.78% absolute) losses
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FIGURE 2 Analyses of charge carrier dynamics and PCE loss mechanism. (A) Steady-state PL spectra of NBG films with and without
LiTFSI. The configuration of the films used for steady-state PL measurements is glass/NBG perovskite. (B) TRPL spectra of the NBG films
containing FTO/PEDOT:PSS/NBG perovskite/Cgo. (C) Confocal fluorescence lifetime images of control and LiTFSI-treated NBG films.

(D) Computed differential lifetimes of the NBG films. The differential lifetimes were obtained considering the derivatives of exponential fits
shown in Figure 2B. (E) Electron and hole trap densities of control and LiTFSI-treated NBG devices were obtained from the characterization
of dark I-V curves (Figure S5). (F) Mott-Schottky curves of control and LiTFSI-treated PSCs. (G) pJ-V curves of the control and LiTFSI-
treated NBG PSCs reconstructed from the intensity-dependent Vo measurements (Figure S6). (H) Schematic of FF loss mechanism under
each condition. The specific values are presented in Figure 2G and Table S2.

compared with the control, which exhibits nonradiative =~ 2.3 | Characterization of LiTFSI-treated
loss of 3.20% absolute and charge transport loss of 447%  NBG perovskite film

absolute (Figure 2H). This indicates that LiTFSI not only

suppressed nonradiative recombination but also promoted  To further elucidate the effects of LiTFSI on NBG perov-
charge transport, probably through defect passivation skites, we investigated the thin-film properties of the
within the bulk and at the surface. These improvements LiTFSI-treated perovskite. Time-of-flight secondary ion
contribute to enhanced FF in LiTFSI-treated devices. More- mass spectrometry (ToF-SIMS) was used to determine
over, the empirically obtained FF values agree well with the distribution of LiTFSI in the perovskite, as shown in
those obtained from the pJ-V curves, thereby confirming  Figures 3A and S7. As expected, TFSI™ ions are predomi-
the reduction in FF loss (Table S2). nantly observed at the film surface because of their larger
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FIGURE 3

Characterization of NBG perovskite films and an overview of LiTFSI treatment strategy. (A) 3D maps showing the

distributions of Li* and TFSI~ ions within LiTFSI-treated NBG perovskite film. (B) XPS spectra of Sn 3ds,, and 3ds,, core levels for the
control and LiTFSI-treated NBG films. Films were exposed to ambient air at a relative humidity of 30%-50% for 12 h. (C) Spectra of the NBG
films with and without LiTFSI. (D) Schematic of energetic levels derived from the UPS spectra. (E) DFT calculation results investigating the

reaction mechanism of LiTFSI treatment.

size (899 pm) compared with I (220 pm) and high acti-
vation energy of ion migration.** At the same time, Li*
ions are distributed throughout the NBG perovskite film
because small Li* ions (70 pm) can diffuse relatively eas-
ily into the perovskite bulk. The diffusion of Li* ions into
the bulk perovskite and the associated benefits of Li*
incorporation, including the introduction of n-type dop-
ing, suppression of halide migration, passivation of grain
boundaries and bulk defects, and improved charge carrier

dynamics, have been previously reported.***” By con-
trast, no significant signal of TFSI™ and Li" is detected
for the control NBG perovskite film.

We also performed x-ray photoelectron spectroscopy
(XPS) to investigate the changes in the chemical state of
the perovskite film after incorporating LiTFSI. The inter-
action between LIiTFSI and the perovskite film is
discerned through a shift in the binding energy of metal
cation and halide, as depicted in Figure S8. The shift in
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peak positions for Sn** and Pb*" toward low binding
energies was attributed to the decrease in iodine vacan-
cies owing to TFSI™. Simultaneously, the shift in the peak
of I toward low binding energy may be associated with
the binding of I~ with Li" ions that fill A-site vacancies
or occupy interstitial sites. The introduction of LiTFSI
considerably retards the oxidation of Sn?*, as illustrated
in Figure 3B. Following a 12-h exposure of the NBG films
to ambient air, the control NBG film exhibits a peak of
oxidized Sn*', whereas two distinct peaks of Sn*" and
Sn*" are observed for the LiTFSI-treated NBG film. We
attribute the retardation of NBG perovskite oxidation pri-
marily to the accumulation of TFSI™ ions on the perov-
skite surface, as illustrated in Tof-SIMS (Figure 3A).
These TFSI™ ions form a protective layer, believed to hin-
der oxygen from interacting with the perovskite surface
and potentially raising the ionization potential.*® There-
fore, the improvement of the device stability caused by
treatment with LiTFSI shown above was attributed to the
increase in the resistance of the surface to oxidation
owing to LiTFSI coverage. In addition, the decrease in I~
vacancies, which likely play a crucial role in degradation
by facilitating iodide ion migration to reactive surfaces
and favoring the generation of I,/I;~ species, is responsi-
ble for the improvement of the environmental stability of
NBG perovskite.*

Some early studies have raised concerns about the
impact of LiTFSI on device stability because it is known
that LiTFSI absorbs moisture due to the hydrophilic
nature of Li* ions,”®>* and Li* ions can migrate toward
the surface, accelerating the infiltration of moisture and
oxygen.***">* For these reasons, LiTFSI potentially exac-
erbate device stability when the it is used as a p-dopant
for the hole transporting layers (Spiro-OMeTAD) in n-i-
p-type PSCs because hole transporting layer in an n-i-
p-type device is typically exposed directly to air. However,
in our study, a very thin LiTFSI layer is sandwiched
between the perovskite and the upper multiple electron
transporting layers. Therefore, the LiTFSI layer is
protected from direct contact with air. Moreover, our
devices were encapsulated using epoxy and cover glass,
further shielding the samples from external factors. Addi-
tionally, our fabrication process involved processing
LiTFSI in a high-purity Ar-filled glove box, where the
concentration of oxygen and moisture was maintained
below 0.1 ppm, thereby minimizing the likelihood of
LiTFSI reacting with environmental elements.

Ultraviolet photoemission spectroscopy (UPS) mea-
surements were performed to investigate the energy band
structure modulation in NBG perovskites (Figure 3C). A
schematic of energy levels derived from UPS spectra
reveals that the Fermi level (Ex) of the LiTFSI-treated
NBG film is situated 0.13 eV closer to the conduction

band minimum than that of the control film (Figure 3D).
The accumulation of TFSI™ ions is believed to act as elec-
tron donors by releasing free electrons to the conduction
band and inducing electron compensation for Sn**,
thereby shifting the Fermi level closer to the conduction
band. When the surface is more n-type character than
the bulk of the film, band bending can be induced at the
perovskite surface.'®™ This promotes the well-
constructed band alignment between the perovskite and
the electron-transporting layer."®

For a better understanding of the underlying mecha-
nism of LiTFSI influence on NBG perovskites, we have
performed density functional theory (DFT) calculation as
shown in Figure 3E. We investigated whether LiTFSI
molecules were dissociated into Li and TFSI molecules
and passivate the defective surface, especially iodine
vacancies. Considering the experimental finding that Li*
penetrates the bulk and TFSI™ stays on the surface,
Li" defects were placed at an interstitial site, and TFSI™
was located around the iodine vacancy in the calculation.
Since the iodine vacancy is a donor defect, we generated
an iodine vacancy defect in the 1+ charged state at the
surface by removing an iodine atom. As shown in
the optimized structure (Figure 3E), the oxygen atoms of
TFSI interact with the Sn atoms forming the vacancy. The
binding energy of LiTFSI (Ey(LiTFSI) + Eo(Vi") —
Eio(LiTFSI + Vi 1)) is as large as 0.936 eV. This large bind-
ing energy indicates that LiTFSI can be dissociated into Li
interstitial in the bulk perovskite and TFSI molecule pas-
sivating the iodine vacancy at the surface, which inhibits
further degradation. Li interstitial is expected to mitigate
the bulk defect density of NBG perovskites by inducing
n-type doping and to suppress the migration of iodine by
strongly interacting with perovskite lattice cage.**” Com-
prehensively, we could think that LiTFSI reduces
nonradiative charge recombination at the surface and in
the bulk, while slows down the oxidation of NBG perov-
skite, enhancing the PV properties and stability of
NBG PSCs.

2.4 | Performance of LiTFSI-treated all-
perovskite tandem devices

We then fabricated monolithic all-perovskite tandem
solar cells by combining control and LiTFSI-treated NBG
bottom subcells with WBG top subcells (Figure 4A). As
presented in Figure S9 and Table S3, our WBG PSC
exhibits the highest PCE of 18.76% with a V¢ of 1.256 V,
Jsc of 17.88 mA cm 2, and FF of 83.52%. As shown in
PCE histogram (Figure 4B), all-perovskite tandems with
LiTFSI exhibit a higher average PCE (26.87 + 0.40) than
those without LiTFSI (25.93 + 0.40). This enhancement
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FIGURE 4 PV performance of all-perovskite tandem solar cells. (A) Cross-sectional scanning electron microscopy image of all-
perovskite tandem solar cell. Scale bar: 1 pm. (B) Histogram for PCE of all-perovskite tandems with and without LiTFSI for NBG subcells.
(C) J-V curves of the best-performing all-perovskite tandems. (D) EQE and total absorptance (1 — R, where R is total reflectance) curves of
LiTFSI-treated all-perovskite tandem. (E) J-V curve of the best-performing large-area (1.02 cm?) all-perovskite tandem with the LiTFSI-
treated NBG subcell. The inset shows an image of the large-area device. Another inset shows the stabilized power output. (F) Continuous
MPP tracking of the encapsulated large-area tandems for 300 h under 1 sun illumination in ambient air at a relative humidity of 30%-50%.
No forced cooling system was used during storage and measurement, and the environmental temperature was maintained at ~22°C. The
initial PCEs of control and LiTFSI-treated tandems were 23.97% (Voc = 1.968 V, FF = 74.99%, and Jsc = 16.24 mA cm ™~ 2) and 25.14%
(Voc = 2.045 V, FF = 76.98%, and Jsc = 15.97 mA cm ™ 2), respectively.

was primarily attributed to the increase in Voc and FF Figure 4C presents the J-V curves and corresponding
resulting from the incorporation of LiTFSI, which is con- PV parameters of the best-performing tandem cells. The
sistent with the results observed for the single-junction = LiTFSI-treated all-perovskite tandem exhibits an out-
NBG devices (Figure S10 and Table S4). standing PCE of 27.47%, along with a V¢ of 2.071 V, FF
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of 81.23%, and Jgc of 16.34 mA cm 2. Furthermore, the
best-performing tandem with LiTFSI shows a high stabi-
lized PCE (27.16%) than that without LiTFSI (26.30%;
Figure S11). The improvement in PCE, particularly in FF
and Vg, for LiTFSI-treated tandems was attributed to
the reduction in defects in NBG subcells by LiTFSI. This
agrees with dark J-V curves of the tandem devices, indi-
cating a low saturation current in the LiTFSI-treated tan-
dems (Figure S12). The integrated Jsc values of WBG and
NBG subcells obtained from EQE spectra of LiTFSI-
treated tandems are 16.20 and 16.18 mA cm 2, respec-
tively, which is in good agreement with the Jsc values
determined through J-V measurements (Figure 4D).

To assess the upscaling potential of LiTFSI treatment
for tandem cells, we fabricated large-area devices using the
same process as that for small cells. A photograph of our
large-area device with an aperture area of 1.02 cm?® is
shown in the inset of Figure 4E. The best-performing large-
area tandem with LiTFSI exhibits a higher PCE of 26.27%
(Voc = 2.064 V, FF = 77.94%, and Jsc = 16.33 mA cm ™ ?)
with a stabilized PCE of 25.80% than control device
exhibiting PCE of 23.97% (Voc = 1.968 V, FF = 74.99%,
and Jgc = 16.24 mA cm %) (Figure S13). Histograms of PV
parameters for large-area tandems indicate that the intro-
duction of LiTFSI does not pose considerable issues for
upscaling up to 1.02 cm? (Figure S14). The lower Vo and
FF than those in small-area devices were attributed to
perovskite layer inhomogeneity resulting from upscaling.”
In addition, we conducted maximum power point
(MPP) tracking of encapsulated large-area all-perovskite
tandem solar cells, with and without LiTFSI, under
1 sun illumination in ambient air (Figure 4F). The
LiTFSI-treated tandem exhibits promising operational
stability and maintains 80% of its initial PCE after 240 h
of operation. This stability considerably surpasses the
tandem device without LiTFSI, which maintained 80%
of its initial PCE for ~40 h. We attributed this enhanced
stability to the suppression of defects at the surface and
in the bulk and to the protection of the NBG surface
from oxidation by LiTFSI. It is worth noting that initial
rapid PCE loss (burn-in) observed in single-junction
NBG devices does not appear in tandem devices. In a
single-junction NBG device, hot carriers, generated when
high-energy photons with energies significantly above the
NBG perovskite are absorbed, dissipate their excess energy
as heat.”® Localized heating caused by the relaxation of hot
carriers potentially accelerate degradation of NBG perov-
skite through non-radiative recombination, ionic migration,
and/or interface destruction in NBG perovskite layers.”” >
In contrast, the tandem configuration can mitigate this issue
because the WBG subcell absorbs high-energy photons from
the solar spectrum. This can reduce the photon flux
reaching the NBG subcell, thereby minimizing thermaliza-
tion losses and the associated localized heating effects.

WILEY-_L 22
3 | CONCLUSION

Herein, we demonstrated the effectiveness of LiTFSI in
enhancing the performance and stability of NBG subcells
and all-perovskite tandem solar cells. The LiTFSI
bifunctionally passivated the defects at the surface and in
the bulk, leading to reduced nonradiative recombination
and improved charge lifetime and extraction. In addition,
LiTFSI retarded the oxidation of NBG perovskites by
covering and strongly interacting with the perovskite sur-
face. Treatment with LiTFSI resulted in an improvement
in FF and Vo of single-junction NBG PSCs, resulting in
an impressive PCE of 22.04% (certified PCE of 21.42%).
This allowed us to achieve outstanding PCEs of 27.47%
(0.0935 cm?) and 26.27% (1.02 cm?) for all-perovskite
tandems. In addition to PCE, the continuous operation
stability of large-area all-perovskite tandems was consid-
erably improved, resulting in Tg, of 240 h under 1 sun
illumination in ambient air. Thus, the proposed
approach is promising for fabricating efficient and stable
all-perovskite tandem solar cells, thereby marking a
considerable step in the development of next-generation
PV technology.

4 | EXPERIMENTAL SECTION

4.1 | Materials

All the chemicals and solvents were used as received
without additional purification process. Dimethyl sulf-
oxide (DMSO, 99.8%), dimethylformamide (DMF,
99.8%), ethyl acetate (99.8%), isopropyl alcohol (IPA,
99.5%), chlorobenzene (CB, 99.8%), acetonitrile
(99.8%), 4-tertbutylpyridine (96%), ethylenediamine
(EDA, 99%), CsI (99.99%), SnF, (99%), Sn metal powder
(99%), lead(IT) thiocyanate (Pb(SCN),, 99.5%), Ethane-
1,2-diammonium iodide (EDAI,, 98%), and BCP (99%)
were purchased from Sigma-Aldrich. FAI (99.99%),
MAI (99.99%), MABr (99.99%), MACI (99.99%), and
cobalt (III) TFSI were purchased from Greatcell Solar.
[2-(9H-Carbazol-9-yl)ethyl|phosphonic acid (2PACz,
>98%), PbBr, (99.99%), and Pbl, powder (99.99%) were
purchased from Tokyo Chemical Industry Co (TCI,
Japan). Snl, beads (99.999%), PbI, beads (99.999%), and
LiTFSI (99%), SnO, colloidal solution (15% in H,O col-
loidal dispersion) were purchased from Thermo Fisher
Scientific. PEDOT:PSS (CLEVIOS P VP AI 4083) was
purchased from Heraeus, LLC. Cg, is purchased from
One-materials. 2,2,7,7-Tetrakis(N,N-di-p-methoxyphe-
nylamine)-9,9-spirobifluorene (Spiro-OMeTAD, 99.5%)
was purchased from Luminescence Technology Corpora-
tion. Tetrakis(dimethylamino) tin (IV) (99.9%) was pur-
chased from EGChem Co., Ltd. Graphene oxide was
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purchased from Graphene Supermarket. Cu and Au pellets
(3 mm Dia) were obtained from iTASCO.

4.2 | Perovskite precursor solution

NBG perovskite precursor: The NBG precursor
solution was prepared following the previous reports.®
The precursor solution of 2.2 M was prepared by mixing
FAI/MAI and Snl,/Pbl, in molar ratios of 0.7:0.3 and
0.5:0.5 in mixed solvents of DMF and DMSO in the vol-
ume ratio of 3:1. A nominal amount of CsI was added to
form (CsI)gg/(FAgsMAg3Pbg sSNg s13)003 composition.
SnF, (10 mol% relative to Snl,), Pb(SCN), (0.5 mol% rela-
tive to perovskite)) MACI (1.0 mol% relative to perov-
skite) and tin powder (5 mg mL ') was added to the
precursor solution and stirred at room temperature for
overnight. Before spin coating, the precursor solution
was filter through a 0.2 pm polytetrafluoroethylene
(PTFE) syringe filter.

WBG perovskite precursor: WBG perovskite solution
was prepared following the typical double cation process.
In brief, 1.15 M stock solution was prepared by mixing
Pbl,, PbBr,, FAI, and MABr in a mixture of DMF and
DMSO (4:1) to form a (FAgesMAg.4)Pb(IyeBro4)s perov-
skite composition. Exactly 10% of excessive Pbl, is added
to all the precursor solutions. The precursor solution was
thoroughly mixed overnight and filtered through 0.2 pm
PTFE syringe filter before spin coating.

4.3 | Solar cell fabrication

Single-junction NBG perovskite devices: The pre-
patterned FTO glass of 2.5 x 2.5 cm® was used as sub-
strate for the full device fabrication. The substrates were
sequentially cleaned by sonication with detergent
(Hellmanex solution), acetone, deionized water, and IPA,
each for 3 min. Next, the FTO glass substrates were dried
using nitrogen stream. Afterwards, the surface of FTO
was treated with an UV-ozone for 20 min. PEDOT:PSS
was spin-coated on UVO-treated FTO substrates at
5000 rpm for 30 s and annealed at 120°C for 30 min in
ambient air. Samples were transferred to argon-filled
glove box after cooling them down. A total of 100 pL of
NBG perovskite precursor solution was dropped on the
PEDOT:PSS coated substrates and spun at 4000 rpm for
40 s. Exactly 200 pL of ethyl acetate as anti-solvent was
dropped on the spinning substrate at 10 s before the end
of spin coating. The substrates were then annealed at
100°C for 10 min. EDAI, solution prepared by dissolving
0.5 mg EDAI, powder in 1 mL IPA was spin coated at
3000 rpm for 30s and then annealed at 100°C for

3 min.'® For the LiTFSI treatment, 0.1 mM LiTFSI solu-
tion dissolving LiTFSI powder in IPA was spin coated at
3000 rpm for 30 s and then annealed at 65°C for 3 min.
After cooling, the substrates were transferred to the evap-
oration chamber for 20 nm Cgy, 5 nm BCP, and 100 nm
Cu deposition. Finally, devices were encapsulated with
UV epoxy and cover glass for characterization.

Single-junction WBG perovskite devices: FTO glass
substrates were transferred to the glove box after UV-
ozone treatment. 2PACz solution (1 mM) prepared by
dissolving 2PACz powder in IPA was spin-coated onto
the FTO substrate at 3000 rpm for 30 s and then sub-
strates were subsequently annealed at 100°C for 10 min.
A total of 100 pL. of WBG perovskite solution was spin-
coated onto the glass/ITO/2PACz/ at 6000 rpm for 30 s.
Exactly 200 pL of CB was dripped onto the center of film
at 25 sec before the end of spin coating. As-coated perov-
skite films were then annealed on hotplate at 100°C for
20 min. After perovskite annealing, 100 pL of EDA solu-
tion (0.1 mM EDA in toluene) was spin-coated onto
perovskite at a speed of 3000 rpm for 30s and then
annealed on hotplate at 65°C for 5 min. After cooling,
the substrates were transferred to the evaporation cham-
ber for 20 nm Cgy, 5 nm BCP, and 100 nm Cu deposition.

All-perovskite tandem devices: After the deposition of
Ceo On the top of WBG perovskite layer, samples were
taken out and transferred to atomic layer deposition sys-
tem (CN1, Atomic-Classic). A total of 25 nm SnO, was
deposited using tetrakis(dimethylamino) tin (IV) precur-
sor and deionized water at 90°C. Afterward, graphene
oxide was deposited on the SnO, layer in ambient atmo-
sphere. After then, the processes were identical to the
single-junction NBG device. Large area devices with the
active area of 1.02 cm” were fabricated using the same
methods as small area devices. Only difference was that
the active area (metal contact area) and illuminated
aperture area.

4.4 | Solar cell characterization

Device characterizations were carried out under ambient
air conditions after encapsulating the devices. J-V char-
acteristics were measured using a source meter (Keithley
2450, Keithley), from forward bias to reverse bias, at a
scan rate of 100 mV s~ . a solar simulator (Oriel Solar 3A
Class, 94023A, Newport), which was calibrated to illumi-
nate AM 1.5G (100 mW cm ™ ?) using a standard Si refer-
ence cell (91150V, Newport), was utilized. The device
contact area, that is, the overlapped area between the bot-
tom and top electrode, was 0.16 cm? (1.2375 cm?) and the
illuminated active area of the device was 0.0935 cm?
(1.02 cm?) for small (large) area devices. The steady-state
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PCEs were measured using a potentiostat (PGSTAT204,
Autolab). Dark J-V curves and I-V traces were measured
using a source meter (Keithley 4200-SCS, Keithley).
Device configurations for space charge-limited current
analysis were glass/ITO/SnO,/PVSK/Cg/Cu and glass/
ITO/PEDOT:PSS/PVSK/Spiro-OMeTAD/Au for electron-
and hole-only devices, respectively. The electron- and
hole-only device preparation were prepared following
previous report.”’ EQE spectra of single-junction NBG
devices were measured using a tunable light source for
QE (TLS-300XU, Newport).

The EQE measurements for all-perovskite tandem
solar cells were conducted using a Newport-Oriel IQE200
equipped with a 100 W Xenon lamp. The measurements
were conducted in ambient air with a chopper set at a
frequency of 29.0 Hz. The bias illumination for the WBG
subcell was provided by an NIR LED illuminator with an
emission peak at 850 nm, while for the NBG subcell, a
blue LED illuminator with an emission peak at 460 nm
was used. MPP tracking was performed with a Keithley
2400 source meter. It was conducted in ambient air with
relative humidity of 30%-50%. No forced cooling system
was used during storage and measurement, and the envi-
ronmental temperature was maintained at ~22°C. One
Sun simulated by the LED solar simulator (LSH-7320,
Newport) was used as a light source. Mott-Schottky mea-
surement was performed using the potentiostat
(PGSTAT204, Autolab). Light-intensity dependent Ve
measurement was performed using the source meter
(Keithley 2450, Keithley) and the LED solar simulator
(LSH-7320, Newport). Light intensity was varied from 9.5
to 124.4 mW cm 2 Each intensity was confirmed using
the standard Si reference cell (91150V, Newport).

4.5 | Other characterizations

The surface morphology and cross-sectional images were
observed via a field-emission scanning electron micro-
scope (FE-SEM, JSM-6701F, JEOL). Absorption and
reflectance spectra of the perovskite thin films were
obtained via UV-vis-NIR spectroscopy (Cary 5000,
Agilent Technologies). Integrating sphere was used to
obtain the reflectance spectrum. ToF-SIMS measurement
was carried out using an M6 Hybrid SIMS (ION-TOF
GmbH, Miinster, Germany) installed at the KBSI Busan
Center. Samples were in negative and positive mode
using an argon sputter gun at 5 keV (2.5 nA) and a Bi*"
analysis gun at 0.6 pA. Steady-state PL spectra were mea-
sured by dividing and guiding emission photons through
an optical fiber to the external spectrometer (F-7000,
Hitachi). TRPL study was carried out using a confocal
microscope (MicroTime-200, Picoquant, Germany) with a

10x (air) objective. The lifetime measurements were
performed at the Korea Basic Science Institute (KBSI),
Daegu Center, Korea. A single-mode pulsed diode laser
(470 nm with a pulse width of ~30 ps and an average
power of ~1 pW operating in 500 kHz repetition rate)
was used as an excitation source. A dichroic mirror
(490 DCXR, AHF), a long-pass filter (HQ500lp, AHF), a
150 pm pinhole, a longpass filter (FELO800 nm,
Thorlabs), and a single photon avalanche diode (PDM
series, MPD) were used to collect emission from the sam-
ples. A time-correlated single-photon counting system
(PicoHarp-300, PicoQuant GmbH, Germany) was used to
count emission photons. PL lifetime images consisting of
200 x 200 pixels were recorded using the time-tagged
time-resolved (TTTR) data acquisition method. Exponen-
tial function fittings for the obtained PL decays were
performed using Symphotime-64 software (Ver. 2.2). The
surface chemical states of the PVSK films were analyzed
via x-ray photoelectron spectroscopy (XPS, Theta Probe
AR-XPS System, Thermo Fischer Scientific). The work
function and valence band maximum (VBM) of the PVSK
film were obtained using ultraviolet photoelectron spec-
troscopy (UPS, AXIS NoVA, Kratos) with a He-I line
lamp (21.2 eV).

4.6 | DFT calculation

We performed density functional theory calculation
using the projector augmented wave method,®® as
implemented in the Vienna Ab Initio Simulation Pack-
age.”® The exchange-correlation functional parame-
trized by Perdew, Burke, and Erzernhof was used.®* We
employed Grimme's D3 method with the Becke-
Johnson damping function for a better description of
the dispersion interaction.”> The plane waves were
expanded up to 400 eV, and the structures were opti-
mized until the residual forces became less than 0.03 eV
A~'. To simulate the molecule adsorption, we employed
a slab geometry in which the two layers are kept fixed
to maintain the bulk-like region. A supercell was gener-
ated by expanding the cells three times each along the
surface in parallel directions. The molecules were
adsorbed on the fully relaxed side.
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