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ABSTRACT: Perovskite solar cells (PSCs) in the pin structure
are limited by nonradiative recombination at the electron
transport layer (ETL) interface, which is exacerbated in narrow-
bandgap (~1.2 eV) Pb—Sn PSCs due to surface Sn oxidation
and detrimental p-doping. Photoluminescence quantum yield
studies herein indicated that ethane-1,2-diammonium (EDA)
passivation only partially alleviates perovskite/ETL energetic
losses. We pursued passivation of the defect-rich perovski-
te:ETL interface to reduce nonradiative losses; our target was
to combine chemical coordination of Sn sites with the
introduction of an interlayer, which we implemented by
introducing long-chain carboxylic acid ligands at the perovskite
surface. Treatment with oleic acid (OA) led to reduced

recombination at the perovskite/ETL interface and evidence of Sn

- MA*/FA*ICs* e: Snz"/Pb2+
o:I” =0 & Cso

@@@@

Interface
h*/} trap states
®

Shelsiilelelel

1204

>* coordination. This reduced the Vy deficit of Pb—Sn

PSCs to 0.34 V, resulting in a 0.89 V V¢ and PCE of 23.0% (22.4% stabilized). Incorporating the OA-treated Pb—Sn layer
into a monolithic all-perovskite tandem, we report a 27.3% PCE (26.4% certified) and a V¢ of 2.21 V.

eV) has resulted in their integration into tandem solar
cells with silicon, copper indium gallium selenide
(CIGS), and organic photovoltaics.' " Showing particular
promise as the small-gap subcell in tandems are narrow-
bandgap (NBG) ~1.2 eV perovskites fabricated by B-site
alloying of Pb and Sn.>~” All-perovskite tandems have recently
surpassed the record certified power conversion efficiency
(PCE) reported in single-junction perovskite solar cells
(PSCs).5710
PCE retains nevertheless the potential for further improve-
ment; in particular, the open-circuit voltage (Voc) lies
appreciably below its theoretical limit."'~'* Losses in device
Voc have been shown to stem from nonradiative recombina-
tion at the interfaces between perovskite and charge transport
layers; this is seen as a reduction in perovskite photo-
luminescence quantum yield (PLQY) after contact with charge
transport layers.'”'> It appears that recombination pathways
are introduced at the perovskite/transport-layer interface. Cg,
an electron transport layer (ETL) widely used in inverted (pin)
PSCs, is one of the worst offenders when it comes to the
introduction of these trap states. It has been reported that even
~1 nm of Cg, deposited onto the perovskite surface can result
in a reduction in PLQY by several orders of magnitude,

B andgap tuning in metal-halide perovskites (~1.2—3.0
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pointing to the nm-scale interface point of contact between the
perovskite and Cg, rather than in the bulk of either layer.'*
Strategies to mitigate this interfacial recombination have
included surface defect passivation, post-treatments with
divalent cations for the introduction of a surface dipole to
reduce minority carrier concentration (analogous to field-effect
passivation), and the introduction of an insulating interlayer to
physically separate the perovskite and Cgp. "> 7"

The phenomenon appears even more acute in NBG
perovskites: in mixed Pb—Sn PSCs, a larger conduction band
offset with Cg, results in difficulty introducing energetically
aligned interlayers between the perovskite and ETL.'”"
Additionally, Sn** at the ETL-facing top surface of the
perovskite oxidizes readily to Sn** in the presence of air and
moisture; this results in p-doping, increasing thereby the
concentration of minority carriers near the ETL interface.”* >
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Figure 1. Reduced recombination at the perovskite/ETL interface. (a) Schematic diagram of the perovskite/Cg, interface (left) and the
perovskite/Cy, interface with an interlayer of OA preventing direct contact and reducing minority carrier interface recombination (right).
(b) PLQY data from control (untreated), EDA, OA, and EDA+OA treated films on quartz and PEDOT:PSS (HTL) substrates, as well as full
device stacks (PEDOT:PSS/perovskite/Cg,). (c) Transient photoluminescence traces for control (untreated), EDA, OA, and EDA+OA
treated films on quartz substrates. (d) Transient photoluminescence traces for control (untreated), EDA, OA, and EDA+OA treated films on
quartz substrates with a layer of C4, deposited on top. The lifetimes for each trace were calculated and can be found in Supplementary Table
S1. All films were encapsulated to avoid environmentally induced degradation.

To address these challenges simultaneously, researchers
making high-performing Pb—Sn PSCs have relied on post-
treatment using diammonium ligands such as ethane-1,2-
diammonium diiodide (EDA?", hereafter referred to as EDA
for simplicity), the diammonium counterpart to ethylenedi-
amine, which induce n-type doping at the perovskite surface
and favorable conduction band-bending.'”**~*® This strategy
does significantly reduce V¢ losses in Pb—Sn PSCs (>34
mV),”® yet Vo deficits remain larger than those of
conventional ~1.5 eV Pb-based perovskites, which have
achieved Vo deficits approaching 0.30 V.”’

We posited that further efforts to provide a controlled
separation between ETL and NBG perovskite, a separation
strategy also providing chemical passivation of the perovskite
surface, could offer a route to further increases in Ve We
hypothesized that a polar carboxylic acid functional group
could coordinate Sn®**/Pb*>* on the perovskite surface
providing passivation,”*”** while a nonpolar carbon chain
could improve contact with the nonpolar Cy, and act as an
interlayer, avoiding the direct contact that has been shown to
introduce trap states and minority carrier interface recombi-
nation (Figure 13\).14’16’18

We began by screening various ligands to elucidate the
effects of various polar functional groups and nonpolar carbon
chain lengths on NBG device performance. In particular, we
tested 0.5, 1.5, and S mM surface treatment solutions of oleic
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acid (OA), dodecanoic acid (DA), 12-hydroxydodecanoic acid
(DAOH), N-dodecylammonium iodide (NDAI), and butyric
acid (BA) compared to control, untreated PbSn devices
(Figures S1 and S2). We observed a positive correlation
between the length and hydrophobicity of the carbon chain
and device performance. We also observe that treatment with
DA, the carboxylic acid counterpart to NDAI, results in higher
Voc and PCE than treatment with NDAIL OA, with both a
long nonpolar carbon chain and a carboxylic acid functional
group, provided the most significant performance enhance-
ment. Thus, we shifted our focus to OA, a long-chain
amphiphilic ligand commonly used as a surface agent to
stabilize quantum dots and nanoparticles.”’ ~** While treat-
ments with OA have been investigated previously in Pb-based
perovskite solar cells to a limited extent,>”>® it was unclear
whether their benefits extended to mixed PbSn perovskites
with distinct surface chemistry. To evaluate the effects of OA
treatment in comparison with state-of-the-art diammonium
passivation strategies, we used EDA-treated Pb—Sn perovskites
as our control samples for each of the following character-
izations.

First, we spin-coated 1.8 M CsyosFAy;MA,,sPbgSny I,
films atop quartz and quartz/hole transport layer (HTL)
substrates using PEDOT:PSS as the HTL and measured the
PLQY of each variation in addition to that of full device stacks
with a Cg4y (ETL) layer (HTL/perovskite/ETL). In this study,
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Figure 2. Surface coordination and n-doping effects of OA post-treatment. (a) XPS spectra of C s core levels for EDA and EDA+OA-treated
films. (b) XPS spectra of Sn 3d core levels for EDA and EDA+OA-treated films. (c) UPS spectra showing the low-KE cutoff of EDA and EDA
+OA-treated films. Fermi edge UPS data are shown in Figure S10. (d) Band alignment diagrams of untreated, EDA-treated, and EDA+OA-

treated films compared with Cg,.

our control films were not post-treated, whereas our target
films compared post-treatments with solutions of EDA, OA,
and a combination of EDA and OA (EDA+OA) (Figure 1b).
We found that each of the post-treatment variations resulted in
only slight improvements in PLQY of perovskite films on
quartz and HTL substrates. However, while the control
perovskite film exhibits a drop in PLQY of nearly 2 orders of
magnitude upon the addition of Cg, (full stack), each of the
post-treatments significantly reduces the magnitude of these
losses. Interestingly, we note that although treatment with OA
results in a PLQY similar to that of EDA for neat perovskite
films on quartz and PEDOT:PSS substrates, the OA treatment
is more effective at suppressing Cqp-induced interface losses.
Furthermore, we observe a synergistic interface passivation
effect between EDA and OA; the combination of EDA+OA
treatment results in the highest PLQY for full HTL/
perovskite/ETL material stacks.

To investigate further the effects of OA treatment on the
bulk and interfacial carrier dynamics, we carried out time-
resolved photoluminescence (TRPL) measurements of Pb—Sn
films and device stacks (Figure 1c,d and Figure S3). In the case
of bare perovskite films on quartz, OA treatment did not have a
significant additional impact on carrier lifetimes, with EDA and
EDA+OA-treated films exhibiting weighted average lifetimes
(r) of 8 and 11 us, respectively (Supplementary Table S,
Supplementary Note 1). However, upon addition of a C¢, film
on the perovskite layer, OA-treated perovskite/Cg, stacks
exhibited significantly longer carrier lifetimes when illuminated
from the top surface (i.e., generating carriers closer to the Cq
interface), due to a longer 7, which is indicative of reduced
nonradiative recombination.”” When we illuminated from the
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bottom (quartz) surface and thus sought to generate carriers
further from the Cg, interface, both the EDA and EDA+QOA-
treated perovskite/ETL stacks exhibited longer carrier lifetimes
more comparable to that of the bare perovskite films on quartz
(Figure S3a).

Seeking to investigate the effects of OA on the crystallo-
graphic structure of the Pb—Sn perovskite and determine
whether a 2D perovskite phase is formed during surface
treatment, we carried out grazing incidence wide-angle X-ray
scattering (GIWAXS) and transient reflection (TR) spectros-
copy (Figures S4 and SS5). While GIWAXS spectra show
evidence of Pbl, formation after EDA treatment, seen in the
shoulder of the (100) peak at ~1.0 A indicative of surface
degradation under ambient conditions,'” no peaks consistent
with a 2D perovskite phase after OA treatment were present at
the surface. Similarly, the TR spectra display only the
absorption from the 3D perovskite phase (~1000 nm) with
no additional bleach peaks in the 700—900 nm range as would
be expected for a 2D surface layer.”® X-ray diffraction (XRD)
patterns of untreated, EDA-treated, and EDA+OA-treated
PbSn films on ITO also showed no changes to the bulk
perovskite crystal structure (Figure S6). Scanning electron
microscopy (SEM) images further corroborated the lack of any
significant changes to surface morphology after post-treatment
with OA (Figure S7). The control film however contains some
deposits which can be attributed to SnF,,”* which appear to be
washed away after the perovskite films are post-treated with
OA solution.

We turned next to X-ray photoelectron spectroscopy (XPS)
of EDA and EDA+OA-treated perovskite films exposed to air
for 1 min, to look for evidence of OA on the perovskite surface
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Figure 3. Characterization of NBG perovskite solar cells. (a) J-V curves of control (EDA) and OA treated NBG devices (EDA+OA). (b)
EQE measurements of EDA and EDA+OA treated devices. (c) Photovoltaic parameters of 12 EDA and EDA+OA treated devices. (d)
Stabilized power output (SPO) of encapsulated EDA and EDA+OA treated devices stored in ambient air for 1100 h. (e) SPO of champion

EDA and EDA+OA devices. Device active area was 0.049 cm?.

as well as potential mitigation of Sn** oxidation. We found that
the C 1s peak was significantly more intense after OA
treatment, which we attribute to the long carbon chain of OA
(Figure 2a). The total C:Sn peak area ratio also increased by
50% after OA treatment (Figure S8). The Sn 3d;, and 3d;,
peaks exhibited a slight shift to a lower binding energy after
OA treatment (Figure 2b), which we attribute to coordination
of the carboxylic acid functional group with surface Sn** to
form a metal carboxylate complex, a phenomenon that has
been reported previously in high-efficiency Pb—Sn PSCs.”**
We also found that the Sn** content was reduced from 9.7%
for EDA-treated films to 7.3% for EDA+OA-treated films.

We also carried out Fourier-transform infrared (FTIR)
spectroscopy of untreated, EDA-treated, and EDA+OA-treated
perovskite thin films to determine bonding interactions
between the perovskite, EDA, and OA (Figure S9). We
observe peaks that can be attributed to the presence of OA on
the perovskite surface via excess CH, and C—O stretching
signal, which is only observed for OA-treated films (Figure
S9d,e). Furthermore, the C—O stretch peak appears to be
shifted to a lower wavenumber for the OA-treated perovskite
compared to the raw signal for OA. We attribute this shift to
the carboxylic acid coordinate bonding with Sn**/Pb*" on the
surface of the perovskite,28 which is in agreement with the shift
to a lower binding energy of the Sn 3d core levels after OA
surface treatment (Figure 2b).

To understand how post-treatment with OA affects the
perovskite/Cy, interface energetics we used ultraviolet photo-
electron spectroscopy (UPS), finding that OA induces a 0.25
eV Fermi level upshift compared to control EDA-treated films,
resulting in stronger surface n-type doping (Figure 2c,d, Figure
S10). This change in the surface potential not only mitigates
the detrimental surface oxidative p-doping associated with Sn-
based perovskites, but also results in a reduction of the
minority carrier concentration at the Cg, interface.'”*> This
accords with the reduced nonradiative recombination evident
in the PLQY and TRPL measurements of OA-treated films.

We then fabricated single-junction Pb—Sn PSCs to assess
whether the reduction in nonradiative recombination at the
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perovskite/ETL interface translates to improved device
performance, using a device structure of ITO/PEDOT:PSS/
1.8 M CsgsFAg;MA,5Pbg sSngsI; perovskite/Cyo/BCP/Ag.
Here we also compare control EDA-treated devices with OA-
treated devices (EDA+OA). We first compared several orders
of magnitude of concentrations for the OA post-treatment to
find the optimal concentration (Figures S11 and S12). After
optimizing the OA concentration, we employed the combined
EDA+OA post-treatment, achieving a V¢ of 0.89 V and PCE
of 23.0% (22.4% stabilized) (Figure 3a,e). We posit that the
combination of EDA and OA passivation works better than
either treatment individually due to their opposite charge and
thus affinity toward different surface sites on the perovskite.
While it has been suggested that an ammonium group from
EDA*" will interact broadly with acceptor-type defects,” prior
reports along with our FTIR and XPS results suggest that OA
selectively coordinates the B-site cations of the perovskite via
the carboxylic acid functional group.”®’® We therefore
attribute the synergistic effects of the combined EDA+OA
passivation to the complementary surface binding,

External quantum efficiency (EQE) measurements revealed
a slight improvement in J: relative to control devices (30.7
mA/cm? vs 30.0 mA/cm?), with most of the improvement
arising from the wavelength region of ~900—1000 nm (Figure
3b). We therefore conclude that the OA layer on the
perovskite surface is thin enough that carrier extraction is
not inhibited.

Photovoltaic parameters of NBG devices with and without
OA treatment are shown in Figure 3c, demonstrating a
consistent all-around performance improvement, especially
with regard to device V.. EDA and EDA+OA treated devices
exhibited a champion stabilized power output (SPO) of 20.0%
and 22.4%, respectively (Figure 3e). Encapsulated EDA and
EDA+OA treated devices retained 81% and 88% of their
respective initial efficiency after 1100 h storage in ambient air
(RT, ~ 50% relative humidity, Figure 3d).

We then sought to incorporate our high-Voc OA-treated
NBG active layer in monolithic all-perovskite tandem solar
cells in combination with a Csy,FAgsPb(Iy¢Brg4); of ~1.8 eV
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Figure 4. Monolithic all-perovskite tandem solar cells. (a) Schematic diagram of all-perovskite tandem device structure. (b) Cross-sectional
SEM image of tandem device. (c) J—V curves of champion WBG, NBG, and tandem devices. Device active area was 0.049 cm’. (d) EQE
measurements of WBG and NBG subcells within the tandem device. (e¢) Maximum power point (MPP) tracking of single-junction NBG
devices and all-perovskite tandems under continuous AM1.5G illumination. Devices were encapsulated, and MPP tracking was carried out
under ambient conditions without cooling (~45 °C, ~50% RH). Initial tandem PCE was 26.2%.

WBG perovskite (see details in Methods). The tandem device
structure was ITO/NiOx/Me-4PACz/WBG perovskite/Cy,/
ALD SnOx/Au (1 nm)/PEDOT:PSS/NBG perovskite/Cgo/
ALD SnOx/Ag (Figure 4a), with the SEM cross-sectional
image showing the ~1 um thick Pb—Sn perovskite layer
necessary for optimal current matching (Figure 4b).® Figure 4¢
shows forward and reverse J—V scans of champion WBG,
NBG, and tandem PSCs. We report a PCE of 27.3% with a
high V¢ of 2.21 V, along with a Jgc of 15.1 mA/cm? and an FF
of 81.7%. We sent a tandem cell to an accredited independent
photovoltaic calibration laboratory (Japan Electrical Safety and
Environment Technology Laboratories, JET). The device
delivered a certified stabilized PCE of 26.4% and a V¢ of
2.17 V (Figure S13).

From EQE measurements of each subcell, we obtained
integrated short-circuit current density (Jsc) values of 15.3 and
15.0 mA/cm? for the WBG and NBG subcells, respectively
(Figure 4d). The bandgaps of the WBG and NBG subcells
calculated from the EQE spectra were 1.79 and 1.24 eV,
respectively. We note that the efficiency of the tandems
remains limited by the Jqc, which is limited by that of the NBG
subcell and significantly lower than the highest reported values
of >16.5 mA/cm>.® Optical losses for wavelengths greater than
~650 nm are primarily attributable to parasitic absorption by
the interconnecting layer (SnOx/Au/PEDOT:PSS herein), as
well as the Jyc deficit of ~1.2 eV PbSn perovskites. These
losses are expected to be minimized by replacing SnOx/Au
with a more optically transparent layer such as indium zinc
oxide (IZO) and/or replacing PEDOT:PSS with a self-
assembled monolayer HTL. Additionally, given that the
oxidation of Sn-containing perovskite is particularly harmful
to device Jgc, further advances in device encapsulation and
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surface oxidation suppression are expected to result in reduced
optical losses.

The tandems retain 80% of their initial PCE after ~300 h of
continuous operation under AM1.5G illumination without
cooling, while the OA-treated single-junction NBG devices
retain 80% of their initial PCE after ~150 h (Figure 4e). We
attribute the improved stability of the tandems relative to the
single-junction NBG subcell to the reduced exposure of the
NBG subcell to near-UV light due to absorption by the top
WBG subcell. Encapsulated tandem devices stored in the dark
in ambient air for 300 h exhibited negligible losses in PCE
(Figure S15).

In summary, we offer a strategy for the mitigation of harmful
perovskite/ETL interfacial recombination by introducing long-
chain OA ligands between adjacent layers. The OA surface
treatment has the added benefits of Sn*" coordination along
with n-doping, resulting in significantly improved device Vi,
enabling high-efficiency all-perovskite tandems and demon-
strating an important step toward the application of all-
perovskite tandem solar cells.
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