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Compared with the n-i-p structure, inverted (p-i-n) perovskite solar cells (PSCs) promise increased
operating stability, but these photovoltaic cells often exhibit lower power conversion efficiencies (PCEs)
because of nonradiative recombination losses, particularly at the perovskite/Cgq interface. We
passivated surface defects and enabled reflection of minority carriers from the interface into the bulk
using two types of functional molecules. We used sulfur-modified methylthio molecules to passivate
surface defects and suppress recombination through strong coordination and hydrogen bonding, along
with diammonium molecules to repel minority carriers and reduce contact-induced interface
recombination achieved through field-effect passivation. This approach led to a fivefold longer carrier
lifetime and one-third the photoluminescence quantum yield loss and enabled a certified quasi-steady-
state PCE of 25.1% for inverted PSCs with stable operation at 65°C for >2000 hours in ambient air. We
also fabricated monolithic all-perovskite tandem solar cells with 28.1% PCE.

ertified power conversion efficiencies
(PCEs) > 25% have been widely reported
for perovskite solar cells (PSCs) in the
regular (n-i-p) structure (7-3). Although
inverted (p-i-n) PSCs have potential
advantages because of their stability, low-
temperature processing, and compatibility
with integration into tandem solar cells (4-8),
their reported PCEs rarely surpass 24% under
the stringent quasi-steady-state (QSS) protocol
(9-11). This efficiency gap is primarily attrib-
uted to higher recombination rates at the in-
terface between the perovskite and the charge
transport materials (12). The detrimental im-
pact of buried perovskite/hole transport layer
interface losses has been addressed through
the development of self-assembled monolayers
(13-15). However, the top interface between the
perovskite and the electron transport layer
(ETL), typically made from Cg and its deriva-
tives, suffers from interfacial recombination
that results from minority carriers in the vici-
nity of the interface as well as the effect of in-
completely passivated trap states (16).

Surface passivation can suppress interface
charge recombination and has been accom-
plished with organohalides (4, 17-19), Lewis
bases (20, 21), and dipolar compounds (22, 23).

'Department of Chemistry, Northwestern University, Evanston,
IL 60208, USA. ?Department of Electrical and Computer
Engineering, University of Toronto, Toronto, ON M5S 1A4,
Canada. *Department of Materials Science and Engineering,
Northwestern University, Evanston, IL 60208, USA.
“International Institute for Nanotechnology, Northwestern
University, Evanston, IL 60208, USA. SDepartment of Electrical
and Computer Engineering, Northwestern University, Evanston,
IL 60208, USA.

*Corresponding author. Email: bin.chen@northwestern.edu (B.C.);
m-kanatzidis@northwestern.edu (M.G.K.); ted.sargent@
northwestern.edu (EH.S.)

tThese authors contributed equally to this work.

Liu et al., Science 382, 810-815 (2023)

We noted that reliance on a single species of
molecule may fail to address simultaneously
both surface and interface recombination
processes (Fig. 1A) (24, 25). Specifically, the
existence of near-interface minority carriers
(holes in the perovskite layer) leads to direct
interface recombination with majority carriers
(electrons in the ETL), a process that can occur
even at nondefect sites (26). In addition, defects
at the perovskite surface induce surface re-
combination through trapping of carriers. The
most common defect, the halide vacancy, has a
low formation energy (27, 28).

Exploring class 1 and 2 molecule combinations

We sought to address complex interface carrier
recombination issues using a combination of
different molecules, each with distinct func-
tionalities. The first class of molecule we in-
corporated repelled hole carriers to reduce
interface recombination through field-effect
passivation (Fig. 1B). The second class of mol-
ecule interacted with defect sites to form
chemical bonds to reduce surface recombina-
tion through chemical passivation.
Diammonium ligands, in which one -NH;"
group anchors to the perovskite surface and
the other extends away from it, can induce a
surface dipole and n-type doping (29, 30)
and provide effective field-effect passivation
for both narrow bandgap (NBG) (~1.2 eV) and
wide bandgap (WBG) (~1.8 V) PSCs (26). We
explored the passivation effect of different
diammonium ligands on normal bandgap
(~1.5 eV) PSC devices. The device architecture
consisted of fluorine-doped tin oxide (FTO)/
NiO,/[4-(3,6-dimethyl-9H-carbazol-9-yl)butyl]
phosphonic acid (Me-4PACz)/perovskite/
passivation layer/Cgo/bathocuproine (BCP)/
Ag (fig. S1). Optical constants of materials
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(PDAI,), with high binding energy with the
perovskite surface (fig. S3), enabled a device
performance improvement compared with the
control devices (without passivation), from
PCEs of ~22.8% to ~23.9% with active areas of
0.05 cm? (Fig. 1, C and D). Thus, diammonium
ligands work well in normal bandgap PSCs,
and the PCE improvement could be explained
by field-effect passivation that repels minority
carriers (26).

We then sought a second molecule to add a
chemical passivation function. We first examined
n-butylammonium iodide (BAI), which is widely
used as a chemical passivating agent (31, 32),
in combination with PDAI,. Its addition in-
creased PCE to ~24.3% compared with PDAI,
alone. Extending the chain length to amyl-
amine hydroiodide (AAI) further improved the
average efficiency to ~24.5%, thus providing a
baseline roughly at parity with efficient pre-
viously reported inverted PSCs (12, 17).

We then tuned the electrical dipole moment
by incorporating sulfur as a donor atom in the
alkyl chain by synthesizing methylthio-based
ammonium ligands, namely 2-(methylthio)
ethylamine hydroiodide (2MTEAI) and 3-
(methylthio)propylamine hydroiodide (3MTPAI).
The use of both diammonium and methylthio
molecules led to improved PCE across several
combinations, namely EDAI,/2MTEAI, PDAI,/
2MTEAL EDAI,/3MTPAI, and PDAIL,/3MTPAI,
in comparison to both the control device and
single-molecule passivated devices. The highest
average PCE (>25.5%) was achieved with
PDAI,/3MTPAI (Fig. 1D). We thus focused on
the PDAI,/3MTPAI combination for further
investigation.

PDAI,/3MTPAI characteristics

We used density function theory (DFT) to com-
pare 3SMTPA" versus AA* by modeling ligand
orientations of SMTPA and AA on the perov-
skite surface (fig. S4). The binding energy differ-
ence (AEqean) between the parallel (Egean-parane)
and vertical configurations (Eqean-vertical) Was
used as a measure of ligand orientation. A
larger AE.can value of —0.22 eV for SMTPA
indicated a stronger preference for the parallel
orientation compared with —0.13 eV for AA
(Fig. 2A). This difference corresponded to greater
occupation on the vacancy defect position.
Electrostatic potentials in the ligands (Fig. 2B)
showed that SMTPA, when compared with AA,
had a lower minimum electrostatic potential
(min) because of its electron-rich center sur-
rounding the S atom that facilitated binding
with the positively charged iodide vacancy.
The higher maximum electrostatic potential
(@max) at the -NH;" side also added increased
binding strength between the ligand and the
surface cation vacancy site of the perovskite.
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Fig. 1. Passivation at the perovskite/ETL interface. (A and B) Schematic of the perovskite surface without passivation (A) and with both chemical and field-effect
passivation (B). (C) Chemical structures of the diammonium and ammonium ligands investigated in this study. (D) PCEs of control versus passivated PSCs using

different passivation ligands.

The passivation effect of the ligands was
further evaluated by considering the presence
of iodide vacancies, which are the predominant
defects on the perovskite surface (fig. S5) (33).
We assessed the binding energy difference
(AE,gatve) between that of the defective surface
(Eviparane) and the clean surface (Egean-paraliel)-
AE aive Of AA with the perovskite remains
nearly unchanged, regardless of the presence
or absence of iodide vacancy. In contrast,
AE gative = —0.38 €V was obtained for SMTPA,
indicating a favorable interaction with the
defective sites. SMTPA induced a notable charge
redistribution that accumulated charges at
iodide vacancy, assigned to S-Pb coordination
bonding (Fig. 2C).

Charge transfer between 3MTPA and for-
mamidinium (FA) was also observed (Fig. 2D),
accompanied by a shorter distance of 2.72 A
between the sulfur atom in 3MTPA and the
hydrogen atom in FA that indicated the for-
mation of a hydrogen bond. In contrast, the
distance between the carbon atom at the cor-
responding site in AA and the hydrogen atom
in FA was 3.33 A. Thus, the formation energy
of the FA vacancy increased from -0.79 eV
to —0.71 eV (fig. S6). Proton nuclear magnetic
resonance (*H NMR) spectra showed that the
amino proton peak of FAI at 6 = 8.82 parts per
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million (ppm) exhibited increased broadening
and shifted to a lower field after mixing with
3MTPAI compared with AAI (Fig. 2E). These
changes again indicated stronger hydrogen
bonding interactions between 3MTPA and
FA than between AA and FA (34). Computa-
tion work suggested that the methylthio group
provided stronger binding—viewed in some
studies as a proxy for stronger passivation—
compared with ligands that relied on ammo-
nium functional groups alone.

We assessed diammonium-methylthio dual
passivation (DMDP) using x-ray photoelectron
spectroscopy (XPS). The Pb 4f peaks of the
passivated perovskite film shifted toward a
lower binding energy of 0.23 eV compared with
the control film (Fig. 2F), which we attributed
to an increased electron density at Pb** (35).
Time-of-flight secondary ion mass spectrome-
try (ToF-SIMS) was used to analyze the surface
ligand distribution. Comparing signal ratios of
PDA:3MTPA and PDA:AA under identical con-
ditions on perovskite films with PDAIL,/3MTPAI
and PDAI,/AAI bimolecular passivation, we
found that the signal ratio of 1:2.7 for PDA:
3MTPA was lower than the ratio of 1:1.1 for
PDA:AA (Fig. 2G). This suggests that SMTPA
has a stronger binding affinity to the perov-
skite surface and a better passivation effect
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on defects, consistent with its higher binding
energy (fig. S7).

Figure 2H illustrates the centimeter-scale
photoluminescence (PL) intensity distribution
of a perovskite film with Gaussian-distributed
passivators on the surface (fig. S8) (36). The
region surrounding the PDAI,/3MTPAI center
exhibited higher PL emission than the corres-
ponding region for PDAI,/AAI; and the con-
tour region with the lowest PL intensity was
skewed toward the PDAI,/AAI center.

Scanning electron microscopy (SEM) images
revealed dense polygonal grains with sizes of
~500 nm for the control perovskite film; the
morphologies were unchanged after DMDP
passivation (fig. S9). Grazing-incidence wide-
angle x-ray scattering (GIWAXS) did not reveal
any peaks at low scattering vectors q in the
DMDP-based film, which indicated that no low-
dimensional perovskite formed (Fig. 3A). We
ascribed the peak at ~0.84 A in the control
sample to the presence of 5-FAPbI; formed in
the ambient humid air during the measure-
ment. The suppression of 6-FAPDbI; in the
DMDP-based film indicates improved am-
bient stability. The unchanged surface dimen-
sionality was further corroborated by transient
absorption (TA) spectra where the passi-
vated film displayed a single bleach spectral

2 of 6

£202 ‘9T JOqUIBAON UO A1SIBAIUN URISSMULON e B10°80Us 195" MMM//:SA1IY WOJ) papeo lumod



RESEARCH | RESEARCH ARTICLE

A 00 B D
< <
> o
2-0.4 S
§ )
£.08{
()]
£ -
E '1 2 7 I:] Eclean-venical 5
m :‘ Eclean-parallel
_ El EVLparal!el
SMTPAI AA lodine Vacancy
E F H 1
FAI/3MTPAI —e—Ctrl Pb 4f 3MTPA*: PDA*
oo —e— DMDP

— -~ ’g

35

k) FAUAAI /H\ ;; £

2 2 8

3 3 N

L 5]

5 —~i- =

- AA*: PDA*

FAI
Ink 2
100 95 90 85 8.0 145 142 139 136 0 2 4 6 8 10 14 16 18 20
J (ppm) Binding Energy (eV) Signal Ratio PL Intensity (counts x 10°)

Fig. 2. The process of passivation through the methylthio group on
perovskite surfaces. (A) Binding energies of ammonium ligands with a
clean or defective perovskite surface with the typical iodide vacancy.

(B) Electrostatic potential (¢) of 3MTPA and AA ligands (@may. blue
color; @min, red color). (C) Calculated charge density difference (blue,
depletion; yellow, accumulation) of anchoring ammonium ligands onto the
perovskite surface with | vacancies. The red open circles indicate the
positions of | vacancies. The atoms in the structures are differentiated by
different colors: S is represented by grass green, C by brown, Pb by gray,

and | by purple. (D) Calculated charge density difference showing the
hydrogen bond formation between 3MTPA and FA. (E) The proton NMR
spectra of FAI, FAl with AAI, and FAI with 3MTPAI. (F) High-resolution

Pb 4f XPS peaks of the perovskite films. (G) SIMS mapping of signal ratios
of 3MTPA:PDA and AA:PDA for perovskite samples with PDAI,/3MTPAI

(1:2 molar ratio) and PDAI,/AAl (1:2 molar ratio) bimolecular passivation.
(H) PL intensity distribution of the 1 cm by 1 cm perovskite film postsynthetic
treated by spray coating with ink 1 of PDAl,/3MTPAI and ink 2

of PDAI,/AAI solution centered around the diagonal corners.

feature from the three-dimensional perovskite
(fig. S10).

To examine the chemical passivation effect
of the DMDP strategy on film optoelectronic
properties, we conducted time-resolved photo-
luminescence (TRPL) measurements (Fig. 3B
and table S1). Control perovskite films showed
a sharp decrease in emission characteristic
of high levels of nonradiative carrier recom-
bination on the bare perovskite surface. Treat-
ment with PDAI, showed little improvement
in lifetime, reflecting its limited suppression of
defect-induced surface recombination. In con-
trast, the perovskite film treated with SMTPAI
displayed a sustained plateau in the decay curve,
reflecting increased carrier lifetime. This might
be due to a combined effect of reduced non-
radiative traps and enhanced photon recycling
(37). The reemission of photons from the WBG
subcell might serve to augment photon ab-
sorption of the adjacent NBG subcell when
it is integrated in the tandem configuration.

We used ultraviolet photoelectron spectros-
copy (UPS) to characterize band edge energies

Liu et al., Science 382, 810-815 (2023)

(Fig. 3C and fig. S11). PDAI, treatment reduced
the energy level difference between the con-
duction band minimum (Ecgyr) and the Fermi
level (Er) of the perovskite surface to 0.10 eV,
compared with 0.20 and 0.17 eV for the control
and 3MTPAI treatments, respectively. The stron-
ger n-type doping effect of PDAI, was attributed
to the additional -NH;" group extending away
from the perovskite matrix that induced a sur-
face dipole that repelled the minority carrier at
the interface (26, 38). This treatment enabled
field-effect passivation and reduced interface re-
combination (fig. S12). We expect this passi-
vation effect to be retained upon incorporation
of 3BMTPAI because n-type doping was also
observed.

Photovoltaic performance

PDALI, did not enhance the PL quantum yield
(PLQY) (Fig. 3D) of the perovskite film before
Ceo deposition, and there was little PLQY loss
after coating with Cg, consistent with its field-
effect passivation role. Increased PDAI, concen-
tration led to a decrease in both PLQY and PCE,
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which we attributed to increased surface re-
combination. For SMTPAI, in the absence of
Cs0, PLQY increased as 3MTPAI processing
solution concentration increased from 3 mM
to 15 mM. On contact with Cg, noticeable PLQY
and PCE losses were seen, and these losses
became more pronounced at higher concentra-
tions, indicating increased interface recombina-
tion. The DMDP strategy improved PLQY of
the perovskite/Cg, samples and increased the
PCE to >26% even at 12 mM concentration of
3MTPAI In sum, SMTPAI and PDAI, could
increase passivation and decrease carrier re-
combination without interfering with one ano-
ther (Fig. 3E).

The photovoltaic parameters of devices
with different treatments at the optimized
concentration are summarized in fig. S13. The
DMDP-based devices showed an improved
PCE from 22.8 + 0.4 to 25.5 + 0.3% compared
with the control device, accompanied by en-
hancements in open-circuit voltage (Voc)
from 1.12 + 0.01 to 1.16 + 0.01 V and fill fac-
tor (FF) from 78.5 + 1.3 to 83.8 + 1.3%. The
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the perovskite films after Cgo deposition, and PCEs of devices. For DMDP, the
concentration of 3MTPAI was varied, while the PDAI, concentration was
optimized and maintained at 6 mM. (E) Schematic diagram showing the
inhibition of interface recombination by PDAI, and the suppression of defect-
induced recombination by 3MTPAI.

diode characteristics of the devices in the ab-
sence of light showed that the devices in
which we used the DMDP strategy presented
an average dark saturation current (J,) re-
duction by two orders of magnitude compared
with the control devices, demonstrating
effective inhibition of carrier recombina-
tion (fig. S14) (39). Figure 4A shows the
current density-voltage (J-V) curves for the
champion DMDP device, which exhibited a
PCE of 26.4%, with a short-circuit current
(Jsc) of 26.2 mA em™2, Ve of 117 V, and FF
of 85.8%.

We focused on QSS measurement in certi-
fication. Here, the highest performance based
on maximum power point tracking (MPPT) was
a PCE of 25.5% for 100 s (fig. S15). A National
Renewable Energy Laboratory (NREL) certifi-
cation that used the asymptotic maximum power
scan protocol (Fig. 4B and fig. S16) reported
a QSS PCE of 25.1% for an illuminated area of

Liu et al., Science 382, 810-815 (2023)

0.05 cm? along with a fast-scan PCE of 25.9%,
compared with other reported certified QSS
PCEs that did not exceed 25% (Fig. 4C and
table S2) (9, 10, 40, 41). We also fabricated
1.5 cm? devices using the DMDP treatment
that delivered a PCE of 24.0% (fig. S17),
consistent with increased film homogeneity
and reduced localized nonradiative recombi-
nation (fig. S18).

Longevity studies

In our studies of the thermal stability of encap-
sulated devices, we found that after 1600 hours
of thermal aging at 85°C in nitrogen (ISOS-D-2
protocol, where ISOS is the International Sum-
mit on Organic PV Stability), the DMDP-based
devices retained 95% of initial PCE, surpassing
the retention of 84% for the control device (Fig.
4D and fig. S19). We investigated the operating
stability under MPPT under 1 sun of an en-
capsulated device operating in ambient air. After
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2000 hours of continuous operation under 1 sun
illumination at 65°C (ISOS-L-3 protocol), the
DMDP-based device maintained 96% of original
PCE, whereas the control device was reduced
to 70% of initial PCE (Fig. 4E and fig. S20). A
comparison with other PSCs tested using the
ISOS-L-3 protocol is provided in table S3.

Discussion

To investigate the applicability of the DMDP
strategy on other perovskite compositions, we
fabricated PSCs with both WBG and NBG
perovskite materials. Notably, the average PCE
was improved by 14 and 13% when the DMDP
strategy was used for NBG and WBG PSCs,
respectively (Fig. 4F). We applied the DMDP
strategy to monolithic all-perovskite tandem
solar cells with the structure of FTO/NiO,/
Me-4PACz/WBG perovskite/Cgo/SnO,/Au/
poly(3,4-ethylenedioxythiophene) polystyrene
sulfonate (PEDOT:PSS)/NBG perovskite/Cgo/
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SnO,/Ag (Fig. 4G). The J-V characteristics of
the champion tandem device (Fig. 4H) with an
illuminated area of 0.05 cm? exhibited a PCE
0f 28.1% with a Voc of 214V, Jsc 0f 15.6 mA cm 2,
and FF of 84.0%, and a stabilized PCE of 27.1%
under MPPT. A well-matched current response
is seen in the external quantum efficiency (EQE)
spectra (fig. S21).

Realizing both chemical and field-effect pas-
sivation by the combined use of methylthio and
diammonium molecules has mitigated complex
carrier recombination issues at the perovskite/
ETL interface. We consider the multimolecule
passivation approach, along with diverse func-
tionalities, as a promising direction for exploring
next-generation passivation strategies to achieve
improved performance and stability in perov-
skite optoelectronics.
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Editor’'s summary

Although inverted perovskite solar cells minimize losses at hole-transport layers, recombination-induced losses occur
at top electron-transport layers. Liu et al. used two different passivation molecules to tackle this problem. A sulfur-
modified methylthio molecule provided chemical passivation, and a diammonium molecule repelled minority charge
carriers and reduced contact-induced recombination. These cells had a certified quasi—steady-state power conversion
efficiency and operated stably at 65°C for more than 2000 hours in ambient air. —Phil Szuromi
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