
SOLAR CELLS

Amidination of ligands for chemical and field-effect
passivation stabilizes perovskite solar cells
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Surface passivation has driven the rapid increase in the power conversion efficiency (PCE) of
perovskite solar cells (PSCs). However, state-of-the-art surface passivation techniques rely on
ammonium ligands that suffer deprotonation under light and thermal stress. We developed
a library of amidinium ligands, of interest for their resonance effect–enhanced N–H bonds that may
resist deprotonation, to increase the thermal stability of passivation layers on perovskite surfaces. This
strategy resulted in a >10-fold reduction in the ligand deprotonation equilibrium constant and a twofold
increase in the maintenance of photoluminescence quantum yield after aging at 85°C under illumination
in air. Implementing this approach, we achieved a certified quasi–steady-state PCE of 26.3% for
inverted PSCs; and we report retention of ≥90% PCE after 1100 hours of continuous 1-sun maximum
power point operation at 85°C.

P
erovskite solar cells (PSCs) have rapidly
developed in the past 2 years, achieving
certified stabilized power conversion ef-
ficiencies (PCEs) of >26% (1). A key factor
driving this advancement is the imple-

mentation of surface passivation techniques,
including the use of low-dimensional perov-
skites, aromatic amines, and ammonium ligands
(2–6).

State-of-the-art PSCs use organic ammonium
ligands to address surface defects and reduce
nonradiative recombination at the perovskite–
charge transport layer interface, enabled by the
ammonium functional groups’ strong electro-
static interactions with charged surface defects,
as well as their tunable chemical properties
(1, 7–9). While distinct classes of ammonium
ligands enable chemical and field-effect pas-

sivation (6), ammonium ligands also tend to
deprotonate into volatile amines and halo-
gens, especially under light and thermal stress
(10–13). The amines can react with perovskite
through a transimination reaction (2, 14, 15).
Ammonium deprotonation leads to the loss
of passivation efficacy and creates vacancy
defects at the perovskite film surface over the
course of extended device operation (14). As a
result, these highest-efficiency (≥25%) PSCs
exhibit limited operating stability, with a T80
(the duration for the device efficiency to decay
to 80% of the initial value) of ~500 hours at
maximum power point (MPP) tracking under
85°C in a 50% relative humidity (RH) envi-
ronment, also known as ISOS-L-3-85°C protocol
(ISOS: International Summit on Organic Photo-
voltaic Stability) (1, 16).
During the development of methods to im-

prove perovskite stability, it was found that
amidinium [−C(NH2)2

+] cations offer greater
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Fig. 1. Stability of amidinium ligands. (A) Molecular structures of ligands used in this study. (B) The N–H dissociation energies (ED) of ammonium ligands and their
corresponding amidinium ligands obtained by DFT calculations and acid dissociation constant (pKa) values measured by titration of a 0.05 N ligand solution with 0.05 N
NaOH. (C) PCE comparison of PSCs using different ligand passivation. Twelve devices were evaluated at each condition, and data are presented as mean ± standard deviation.

Yang et al., Science 386, 898–902 (2024) 22 November 2024 1 of 5

D
ow

nloaded from
 https://w

w
w

.science.org at N
orthw

estern U
niversity on N

ovem
ber 21, 2024

mailto:bin.chen@northwestern.edu
mailto:m-kanatzidis@northwestern.edu
mailto:ted.sargent@northwestern.edu
mailto:ted.sargent@northwestern.edu
http://crossmark.crossref.org/dialog/?doi=10.1126%2Fscience.adr2091&domain=pdf&date_stamp=2024-11-21


structural and thermal stability than do am-
monium cations. The ammonium group adopts
a tetrahedral geometry with three hydrogen
atoms and analkyl or aryl group; that is, it forms
three hydrogen bonds with halide ions. In
contrast, the amidinium group has a planar
structure and can form four hydrogen bonds
with halides, the result of its higher number of
hydrogen atoms. The amidinium cations benefit
from resonance stabilization, where the positive
charge is delocalized along the N−C−N backbone
acrossmultiple atoms, reducing overall energy
andmaking thesemore stable than the localized
positive charge on ammonium cations (17, 18).
Substituting methylammonium (MA) with
formamidinium (FA) in the perovskite bulk in-
creases the formation energy of hydrogen vacan-
cies and impedes the deprotonation of ligands,
thereby enhancing the stability of perovskite
materials (19–23). Amidinium ligands such as
phenylamidinium and 2-amidinopyridine have
been shown to provide passivation (24, 25).
Thus, the stability of amidinium-based pas-

sivators remains a topic warranting study. It

is important—in order to maximize the open-
circuit voltage (VOC)—to provide not only chem-
ical passivation but also field-effect passivation,
yet field-effect passivators based on amidinium
compounds have yet to be investigated in depth.
We hypothesized that changing the head

group from ammonium to amidinium in both
chemical and field-effect passivators could ad-
dress deprotonation-induced instability of each
class ofmolecules at elevated temperatures, thus
potentially improving the operating stability of
PSCs and doing so without sacrificing efficiency.

Stability of amidinium ligands

We used density functional theory (DFT) to ex-
amine the effect of amidination on ammonium
ligand deprotonation ability (Fig. 1, A and B,
and fig. S1). For commonly used field-effect
and chemical passivators, such as propane-1,3-
diammonium iodide (PDAI2), butylammonium
iodide (BAI), 3-(methylthio)propylammonium io-
dide (3MTPAI), and 4-fluorobenzylammonium
iodide (4FBAI) (6, 26–29), incorporation of
amidinium as head groups resulted in new pas-

sivators, namely propanediimidamide hydro-
iodide (PDII2), butanimidamide hydroiodide
(BII), 3-(methylthio)propanimidamide hydro-
iodide (3MTPII), and 4-fluorobenzimidamide
hydroiodide (4FBII), for which the N–H bond
dissociation energies (ED) increased by 13, 18,
29, and 23%, respectively. We also experimen-
tally assessed the ligand deprotonation ca-
pacity using the titration method, seeking to
determine the acid dissociation constant (pKa).
As shown in Fig. 1B, amidinium cations exhib-
ited pKa values at least 10% higher than those
of their ammonium counterparts, correspond-
ing to a >90% decrease in the deprotonation
equilibrium constant (Ka), indicating suppres-
sion of the deprotonation process. Among these,
PDII2 and 4FBII exhibited superior surface pas-
sivation effects in PSCs with the architecture of
fluorine-doped tin oxide (FTO)/self-assembled
monolayers (SAMs)/perovskite/passivation layer/
C60/SnOx/Cu (Fig. 1C).
We analyzed ligand deprotonation by heating

the ligand powders under airflow and using a
combined system of mass spectrometry (MS)

Fig. 2. Stability of amidinium passivation layers. (A) N 1s XPS depth profile of fresh and aged perovskite films treated with PDAI2 and PDII2, and F 1s depth
profile of fresh and aged perovskite films treated with 4FBAI and 4FBII. The white color represents the highest intensity, while the red and blue represent the
lowest intensity. (B) ToF-SIMS of C3H12N2

2+, C7H9FN
+, C3H10N4

2+, and C7H8FN2
+ for fresh and aged perovskite films treated with PDAI2, PDII2, 4FBAI, and 4FBII,

respectively. a.u., arbitrary units.
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coupled with thermogravimetric analysis (TGA)
to detect volatile deprotonation products. Evap-
oration of I2, which we attributed to the oxida-
tion reaction of generated hydrogen iodide (HI)
under high temperature (30), was observed for
ammonium ligands (PDAI2 and 4FBAI; fig. S2)
but not for their corresponding amidinium li-
gands, PDII2 and 4FBII. Amidination of head
groups suppressed ligand deprotonation at
elevated temperatures.

Stability of amidinium passivation layers

We deposited ligands on the perovskite surface
by dynamically spin-coating isopropanol solu-
tions onto perovskite films. Scanning electron
microscopy (SEM) images showed a loss of sur-
face terracing after ligand deposition, a feature
of isopropanol-washed films (fig. S3). X-ray dif-
fraction (XRD) showed an absence of observable
low-dimensional perovskite after ligand treat-
ment (fig. S4).
To evaluate the stability of the ligand passi-

vation layers, we exposed the treated perovskite
films to accelerated conditions of 85°C, 1-sun-
equivalent light illumination, and 50% RH in
air for 2 hours. X-ray photoelectron spectros-
copy (XPS) depth profiling showed that the
characteristic N 1s peak of PDAI2 at 401.7 eV
disappeared after aging (Fig. 2A), whereas the
other N 1s peak at 400.2 eV, which overlaps
with that of the perovskite, showed decreased
surface-to-bulk counts in the aged film. Sim-
ilarly, the disappearance of the characteristic

peak of F 1s at 689.0 eVwas observed for 4FBAI-
treatedperovskite filmafter aging. These changes
indicated a loss of ammonium ligands on the
perovskite surface, accelerated in the presence
of moisture. In contrast, films treated with the
amidinium ligandsPDII2 and4FBII showed little
change in their characteristic elemental peaks,
consistent with the view that the use of amid-
inium ligands led tomore-stable passivationof the
top surface of perovskite films. This we connect
to their higher resistance to deprotonation,
evidenced by their higher pKa values (Fig. 1B).
Time-of-flight secondary ion mass spectrom-

etry (ToF-SIMS) further confirmed the ammo-
nium ligand loss on the perovskite surface
during aging. As shown in Fig. 2B and fig. S5,
we observed 99 and 85% losses in the initial
signal of C3H12N2

2+ and C7H9FN
+ on the film

surfaces for PDAI2- and 4FBAI-treated perov-
skite films, respectively. No cation migration
was observed, so we attributed these signal
losses to the deprotonation behavior of the
ammonium ligands. Perovskite films treated
with PDII2 and 4FBII maintained 93 and 80%
of their initial signal of C3H10N4

2+ and C7H8FN2
+,

respectively, which is attributed to their higher
deprotonation resistance.

Amidinium bimolecule passivation

Bimolecularpassivation, inwhich twomolecules
provide field-effect and chemical passivation,
respectively, such as the PDAI2/3MTPAI com-
bination, can repel hole carriers and interact

with defect sites to form chemical bonds, there-
by reducing complex carrier recombination at
the perovskite–electron transport layer (ETL)
interface (6). Instead of ammonium bimolec-
ular passivation (ABP), we attempted to devel-
op amidinium bimolecular passivation (ADBP)
to achieve both comprehensive passivation and
improved stability of the passivation layers.
We used ultraviolet photoelectron spectros-

copy (UPS) to study the effect of these amidinium
ligands and the ADBP strategy on the band-
edge energies of perovskite. The energy level
difference between the conduction bandmini-
mum and the Fermi level was used to assess
the electron density in the conduction band
(n) near the perovskite surface (Fig. 3A and
figs. S6 and S7) (31). The electron density in-
creased to 8 × 1014 cm−3 after PDII2 treatment
comparedwith 5 × 1010 cm−3 and 8 × 1012 cm−3

for control (without treatment) and 4FBII treat-
ment, respectively, which is indicative of field-
effect passivation by PDII. We attributed the
improved n-type doping effect of PDII2 to its
additional amidinium group, which induced a
surface dipole that repelled minority carriers
at the interface, similar to the effects observed
with ethane-1,2-diammonium iodide (EDAI2)
and PDAI2 (32, 33). When the ADBP strategy
was implemented with the PDII2/4FBII (5.2 ×
1014 cm−3) combination, n-type doping was also
observed, comparable to the ABPmethodwith
the PDAI2/3MTPAI combination (1.7 × 1014 cm−3).
Time-resolved photoluminescence (TRPL)

measurements were used to evaluate the chem-
ical passivation effect (Fig. 3B). Among the
amidinium ligands, 4FBII treatment enabled
the longest carrier lifetime (2.6 ms), compared
with 1.6 ms for PDII2. We attributed suppression
of defect-induced nonradiative carrier recom-
bination on the perovskite surface to chemical
interactions between the ligands and the pe-
rovskite surface, as seen in XPS (fig. S8). The
PDII2/4FBII treatment also showed a notably
increased carrier lifetime of 2.4 ms, compared
with 1.0 ms of the control film; thus, the chem-
ical passivation effect offered by 4FBII is re-
tained in the case of the ADBP strategy.
To probe the overall surface and interface

recombination and access the durability of dif-
ferent bimolecular passivation strategies, we
measured thephotoluminescencequantumyield
(PLQY) of partial and full perovskite–ETL device
stacks before and after accelerated aging. After
bimolecular treatments with PDAI2/3MTPAI
and PDII2/4FBII (Fig. 3C), the perovskite films
exhibited a more than threefold increase in
PLQY and retained >70% of their initial PLQY
after C60 deposition, indicating the combined
field-effect and chemical passivation. However,
the PDAI2/3MTPAI-treated film retained <40%
PLQY regardless of the C60 coverage after 2 hours
of aging under 85°C, 1-sun-equivalent light il-
lumination, and 50% RH in air (Fig. 3D and fig.
S9). In contrast, ADBP-based films treated with

Fig. 3. Passivation effect of amidinium ligands. (A) The electron density in the conduction band (n)
near the surface of perovskite films with different treatments. (B) TRPL spectra of perovskite films
with different treatments. (C) PLQY of the control, PDAI2/3MTPAI-based, and PDII2/4FBII-based
perovskite films with and without C60 deposition. (D) PLQY of the control, PDAI2/3MTPAI-based, and
PDII2/4FBII-based perovskite films without C60 before and after aging under 85°C, 1-sun-equivalent light
illumination, and 50% RH in air.
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PDII2/4FBII showed enhanced PLQY retention,
maintaining ~70% of their initial value after
aging, which we attributed to the suppressed
deportation of the amidinium ligands.

Inverted PSCs

Using the ADBP strategy, we fabricated inverted
PSCs (Fig. 4A). Device statistics (Fig. 4B) indi-
cated a substantial enhancement in average
PCE for the devices passivated with PDII2/
4FBII, achieving 25.9%, compared with 23.7%
for the control devices, primarily from increased
VOC and fill factor (FF). Devices treated with
PDAI2/3MTPAI showed a comparable average
PCE of 25.4%. Device performance based on
single amidinium passivation is also summa-
rized in fig. S10.
The best-performing PDII2/4FBII-based de-

vice, with an active area of 0.05 cm2, achieved a
PCE of 26.7%, a short-circuit current density
(JSC) of 26.5mA cm−2, aVOC of 1.18 V, and an FF
of 85.5% (Fig. 4C), along with a steady-state
PCE of 26.5% (Fig. 4D). The large device, with
an active area of 1.04 cm2, achieved a PCE of
25% (fig. S11). The external quantum efficiency
(EQE) spectrum indicated a bandgap of 1.53 eV
for the device (fig. S12). We sent devices to an
independent photovoltaic calibration laboratory
[National Photovoltaic Industry Measurement

and Testing Center (NPVM)] for certification
and achieved a certified stabilized PCE of 26.3%
(fig. S13).
We sought to understandhow theADBP strat-

egy affected the operating stability of PSCs.
Accelerated lifetime testing was conducted
on encapsulated devices under the ISOS-L-3
protocol, which involved light-soaking at 85°C
and 50%RH, alongwithMPP tracking (fig. S14).
The PDII2/4FBII-based PSC achieved a T90 (the
duration for the device efficiency to decay to
90%of the initial value) of 1130 hours, whereas
the PDAI2/3MTPAI-based PSC lost 35% of its
initial efficiency over the same period (Fig. 4E).
These results represent the best combination
of PCE and operating stability under elevated
temperature conditions (table S1) (1, 6, 34).

Discussion

Changing the anchoring group of the passi-
vation ligands from ammonium to amidinium
impedes the ligand deprotonation and extends
the stability of the passivation layer at elevated
temperatures while maintaining the passivation
efficacy.We consider the amidination of ligands,
combinedwith expanded functionalities, a prom-
ising direction for developing next-generation
passivation strategies to enhance the durabil-
ity of efficient perovskite optoelectronics.
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