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bond with organic components of

perovskites
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alleviated ion migration

The generation of metallic Pb

under the stress of light and heat

is inhibited

The efficient PSC retained 98.6%

of the initial efficiency after

1,000 h of operation
The loss of volatile organic components from perovskites triggers a series of

undesirable results, including ion migration, increased defects, and organic

vapors, deteriorating the efficiency and stability of perovskite solar cells (PSCs).

Here, we introduced bis-diazirine molecules to covalently bond with the organic

cations in perovskites, which effectively inhibited the loss of organic components

from perovskites during annealing and operation. The resulting optimized PSCs

achieved a high certified efficiency of over 24% with long operational stability of

over 1,000 h.
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Covalent bonding strategy to enable
non-volatile organic cation perovskite
for highly stable and efficient solar cells

Kai Liu,1 Saqib Rafique,1 Stefania F. Musolino,2 Zenghua Cai,3 Fengcai Liu,1 Xiaoguo Li,1

Yongbo Yuan,4 Qinye Bao,5 Yingguo Yang,6 Jiao Chu,7 Xinxin Peng,4 Cengao Nie,4 Wei Yuan,8,9

Sidi Zhang,9 Jiao Wang,1 Yiyi Pan,1 Haijuan Zhang,1 Xia Cai,1 Zejiao Shi,1 Chongyuan Li,1

Haoliang Wang,1 Liangliang Deng,1 Tianxiang Hu,1 Yaxin Wang,1 Yanyan Wang,1 Shiyou Chen,10

Lei Shi,7 Paola Ayala,11 Jeremy E. Wulff,2,* Anran Yu,1,* and Yiqiang Zhan1,8,12,*
CONTEXT & SCALE

Inorganic-organic hybrid

perovskite solar cells (PSCs) have

attracted great attention due to

their excellent optoelectronic

properties. However, the volatile

organic components in

perovskites tend to migrate or

even escape from the perovskite

layer under the stimuli of heat and

illumination, causing numerous

vacancies, severe non-radiative

recombination, and ion migration

in PSCs. Moreover, organic vapors

generated from the perovskite
SUMMARY

The loss of organic components from perovskites has inevitably trig-
gered a series of undesirable results, including ion migration,
increased defects, and organic vapors, which severely limit the per-
formance of perovskite solar cells (PSCs) and impede their progress
toward commercial applications. To circumvent this issue, we report
a novel covalent bonding strategy by employing bis-diazirine (BD)
molecules to covalently bond organic cations of perovskites. Exper-
imental and ab initio simulation results confirmed the efficacy of BD
molecules to strongly immobilize the organic cations and eventually
enhance the thermal, illumination, and electrical bias resistance
properties of perovskites. Consequently, highly efficient (24.36%
efficiency, certified 24.02%) and ultra-stable PSCs were realized,
which retained 98.6% of their initial efficiency even after 1,000 h
of operational tests.
layer can accumulate underneath

the gold (Au) electrode, which

triggers internal stress to form

cracks on the Au surface and

simultaneously decays the

performance of PSCs. Here, we

proposed a novel strategy to

achieve efficient and stable PSCs

through introducing bis-diazirine

molecules to immobilize the

organic cations by covalent

bonds. The resulting PSCs

exhibited a high certified

efficiency of over 24% with long

operational stability of over

1,000 h. We believe that this

strategy also possesses great

potential in other perovskite-

based optoelectronic devices.
INTRODUCTION

Recent years have witnessed remarkable progress in inorganic-organic hybrid

perovskite solar cells (PSCs) with power conversion efficiency (PCE) evolving from

3.8% in 2009 to over 25% in 2022 by one-step1–4 or two-step sequential spin-coating

methods.5 However, given the volatile and migratory nature of organic components

in perovskites, the perovskite is prone to degradation under the multiple stimuli of

heat, light, and electric fields.6–9 Thus, realizing the strongly immobilizing organic

cations of perovskites for longer operational lifetimes of PCSs remains the key

challenge.

Generally, the organic species, especially methylamine ions (MA+), can easily escape

from the grain boundaries of the active layer under working conditions or thermal

pressures,10,11 leading to a series of serious and undesirable consequences. Previ-

ous studies11,12 have shown that under stimuli of heat, trace organic vapors such

asMA and formamidine (FA) generated from the perovskite layer can accumulate un-

derneath the gold (Au) electrode, which triggers internal stress to form cracks on the

Au surface and simultaneously decays the photovoltaic performance of PSCs. Fan

et al.11 demonstrated that under stimuli of heat and light, the loss of volatile MA+

could result in the local decomposition of perovskites associated with the release

of I2 vapor. Subsequently, the loss of MA, FA, and I leads to numerous organic cation
Joule 7, 1–18, May 17, 2023 ª 2023 Elsevier Inc. 1
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and halide ion vacancies at the surface of the perovskite.13,14 Hui et al.15 demon-

strated that the presence of organic cation vacancies facilitates the migration of io-

dide ions due to the reduced steric hindrance. In addition, Chen et al.16 recently

observed that I� can diffuse into organic cation vacancies originated from the initial

loss of organic cations. Similarly, Yang et al.17 demonstrated that mobile I anions

tend to fill the vacancies of organic cations as I anti-site substitutions, inducing the

deep-level traps in perovskite. More importantly, these studies indicate that iodide

migration or diffusion into organic cation vacancies inevitably triggers more iodide

vacancies. Unfortunately, these generated vacancies induced by the loss of organic

components ultimately affect the photovoltaic performance and stability of PSCs.

Moreover, vacancies can also provide the channels for accelerating the ionic migra-

tion.18 In addition, iodide vacancies can easily induce the unsaturated Pb that has

been reported as the main factor leading to the generation of metallic lead.19–24

Last, but not least, the sustained loss of organic species results in non-stoichiometry

of perovskites and reconstruction of crystals.9 Ion migration,6,18,25,26 metallic

Pb,27,28 and organic vapors11,12 not only limit the efficiency of PSCs but also induce

the degradation of perovskite, thus, severely impacting the long-term operational

and thermal stabilities of PSCs. To suppress the loss of organic cations and confine

the ionmigration at the grain boundaries of perovskites for enhancing the lifespan of

devices, several effective approaches including hydrogen bonding9,29 and conven-

tional crosslinking strategies30,31 have been proposed. Nevertheless, these ap-

proaches are not capable of confining the loss of organic components in the perov-

skite. For instance, the hydrogen bonding between these molecules and organic

cations is generally too weak to shelter the perovskite material when it is exposed

to a hostile environment.32 Similarly, the conventional crosslinking strategy lacks

direct and strong bonding with organic cations. Hence, a dense crosslinked polymer

network is required to prevent the escape of organic cations to the air, which inev-

itably impedes the transport of carriers.31 Thus, it is essential to propose a compre-

hensive approach capable of strongly bonding organic components of perovskites

to reduce the performance losses.

Herein, this work reports a novel covalent bonding strategy by employing bis-dia-

zirine (BD) molecules covalently bonded with organic cations to prevent the loss of

organic components of perovskites. In this strategy, the BD molecules decompose

into carbenes under mild conditions, enabling them to undergo covalent bonding

with organic cations at the grain boundaries.33 The results showed that the cova-

lent bonding strategy facilitates the ions’ immobilization, inhibits the escape of

organic components, and eliminates the metallic Pb. Hence, it reveals enhanced

thermal, illumination-resisting, and electrical bias-resisting properties of perov-

skites. Moreover, the hysteresis of devices was greatly reduced by the covalent

bonding strategy. The resultant PSCs fabricated by covalent bonding strategy

and abbreviated CB-PSCs hereafter achieved an impressive efficiency of 24.36%

(band gap 1.53 eV, certified 24.02%) and 23.95% (band gap 1.57 eV), with a

remarkably high open circuit voltage of over 1.2 V and excellent operational and

thermal stabilities. The CB-PSCs without encapsulation maintained nearly 98.6%

of the initial efficiency after continuous operations under 1 sun illumination for

1,000 h at 36�C G 3�C and retained 97.6% of the initial efficiency under constant

heat at 60�C for almost 590 h, respectively. In comparison, the control device ex-

hibited a 35% loss in the initial PCE only after 200 h. Moreover, it also showed poor

thermal stability and reduced to 73% of the initial values after 590 h under constant

heat at 60�C. Hence, the improved efficiency and stability of CB-PSCs are attrib-

uted to the successful immobilization of organic components by covalent bonding

strategies.
2 Joule 7, 1–18, May 17, 2023

mailto:wulff@uvic.ca
mailto:aryu@fudan.edu.cn
mailto:yqzhan@fudan.edu.cn
https://doi.org/10.1016/j.joule.2023.03.019


Figure 1. The covalent bonding strategy to realize ultra-stable perovskites

(A) The chemical structure of 3,30-((perfluoropropane-2,2-diyl) bis(4,1-phenylene)) bis(3-(trifluoromethyl)-3H-diazirine) (BD molecule); expected

insertion products between BD molecules and the organic component of perovskites under mild conditions.

(B) Schematic illustrations of the covalent bonding strategy.

(C) Schematic illustration of the perovskite film deposited by the two-step sequential spin-coating method.

(D) bis-N–H insertion product using isopropylamine as a model compound for MA+. Excerpt of the 1H-NMR spectrum showing the coupling pattern for

the proton in the newly formed bond and proton-coupled and proton-decoupled 19F-NMR spectra of the a-CF3 group.
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RESULTS AND DISCUSSION

Covalent bonding strategy

The chemical formula of the BD molecule is shown in Figure 1A. It has been pre-

viously demonstrated that this small molecule can crosslink any aliphatic organic

molecules containing C–H bonds (or O–H or N–H bonds) through the use of

high temperatures or UV light to activate the diazirine groups.33 Considering the

potent crosslinking properties of BD molecules, it is envisioned that by incorpo-

rating BD molecules into perovskite, they are likely to bind with organic compo-

nents by forming covalent bonds, as shown in Figure 1B. Because organic cations

are fixed in the perovskite crystal at a certain distance, the lattice matching be-

tween the binding sites of BD molecules and organic cations should be investi-

gated first. Figure S1 depicts that the distance of binding sites of BD molecules

(9.20 Å) is matching well with the lattice size of FA perovskite (9.01 Å). Moreover,
Joule 7, 1–18, May 17, 2023 3
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as depicted in Figure 1C, high-temperature annealing can provide the energy to

activate the covalent bonding process. These results are prerequisites for our co-

valent bonding strategy. Predicted insertion products can form via C–H or, more

likely, N–H insertion (Figure 1A). We first employed high-angle annular dark-field

(HAADF) and energy dispersive spectroscopy (EDS) to investigate the distribution

of BD molecules in perovskites. Figure S2A is a HAADF image of the perovskite,

and Figures S2B and S2C are the EDS images of Pb and F. From scanning trans-

mission electron microscopy energy dispersive X-ray spectroscopy (STEM-EDS)

mapping of Pb and F, we inferred that these two elements exhibit similar distribu-

tions, which also indicates that BD molecules are evenly distributed on the perov-

skite grains.

To explore the covalent bond formation between BD molecule and MA+, we carried

out separate experiments in solution using isopropylamine as a practical alkyl amine

model for MA. Experiments were conducted using solutions of either BD molecule

(Figures S3–S9; Notes S1 and S2) or mono-diazirine (MD molecules) analog (trifluor-

omethyl phenyl diazirine; Figures S10–S13; Note S3) in isopropylamine and MA+

(Figure S14; Note S4). We observed from the analysis of crude 19F nuclear magnetic

resonance (NMR) spectra the efficient formation of N–H and possible C–H insertion

products (Figure S9). Isolation and characterization of bis-N–H andmono-N–H prod-

ucts confirmed the efficiency of covalent bond formation between the twomolecules

(see supplemental information for complete spectral details). In particular, as shown

in Figure 1D, the newly formed C–H bond can be observed in the 1H-NMR spectrum

at 4.25 parts per million (ppm), with the presence of a quartet-coupling pattern indi-

cating the presence of a hydrogen coupling with the a-CF3 group (3JH-F = 7.5 Hz).

This is further confirmed in the 1H-coupled 19F-NMR spectrum with the appearance

of a doublet at�73.9 ppm (3JH-F = 7.5 Hz) corresponding to the CF3 group adjacent

to the insertion site and in the 1H-decoupled 19F (19F(1H))-NMR spectrum with the

appearance of the same peak as a singlet. Similar experiments were performed on

the solid MA+ substrate, as shown in Figure S14, a peak of �74 ppm which could

be the possible N–H insertion product. Previous publications have demonstrated

that MD molecule insertion results are comparable with those from the BD mole-

cules.34,35 In addition, the MD molecule is an excellent model substrate to help

with NMR studies. Therefore, we further used themodel substrate to be able to iden-

tify insertion products of formamidium iodide (FAI) during the curing step, avoiding

the competing oligomerization reaction happening with the BD substrates.

Figures S15 and S16 and Note S5 illustrate the NMR spectra resulting from the reac-

tion of the MD with FAI, revealing signals characteristic of insertion products.36

Furthermore, Fourier transform infrared spectroscopy (FTIR) was employed to prove

the existence of the covalent bonds in perovskites. The FTIR results in Figures S17

and S18 and Note S6 also indicate that the BD molecules covalently bonded with

perovskites.

The unique role of the covalent bonding strategy in perovskites was further eluci-

dated using first-principles calculations. After subsequent atomic relaxation, the

BD molecules were found to stably sustain on the surface of FAPbI3 (Figure 2A).

Since BD molecules can connect with both C and N atoms in FA, two insertion types

were included in our study (see supplemental information for complete spectral de-

tails, Figures S19 and S20, and Note S7). As we can see in Figure 2B, both C–H inser-

tion and N–H insertion types can stably exist. In addition, the related total energy

(ES) of the C insertion type is �5.00 eV/atom, which is similar to �4.99 eV/atom of

the N–H insertion. This further demonstrated that both insertion types can stably

exist in perovskites, and they are also consistent with FTIR and NMR results.
4 Joule 7, 1–18, May 17, 2023



Figure 2. Theoretical simulation of FA perovskites with BD molecules

(A) The process of constructing the stable surface structure of FAPbI3 with BD molecules.

(B) The final surface structures and the related total energy (ES) of FAPbI3 with BD molecules adsorbed with C and N on FA groups, respectively.
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X-ray photoelectron spectroscopy (XPS) analysis was conducted to elucidate the

possible hydrogen bond interactions of fluorine atoms with the organic cations37,38

and to investigate the effect and contribution of fluorine. Since the formation of

hydrogen bonds can significantly affect the binding energy of elements, as shown

in Figure S21, the XPS spectrum of the N 1s orbital peak showed a negligible devi-

ation after introducing the BD molecules, which indicates that there is no interaction

between fluorine groups and perovskites.37 In addition, after incorporating BD mol-

ecules, the XPS spectra of the C 1s orbital peak showed a significant deviation. This is

probably due to the interaction between BD molecules and organic cations or the

influence of the C element introduced by BD molecules.

All these results confirm the formation of a covalent linkage between BD molecules

and organic components of perovskites. Obviously, the CB-perovskite films exhibit

strong covalent bonding having a greater binding energy compared with the

hydrogen bond. Hence, it enables strongly immobilized organic components.
Joule 7, 1–18, May 17, 2023 5



Figure 3. Photovoltaic performance and stability of devices

(A) The cross-sectional SEM image.

(B) Forward scan and reverse scan efficiencies of the champion control device and CB-PSCs (1.3 M FA-based PSC, band gap 1.57 eV).

(C) Hysteresis index of control ad CB-PSCs. HI = (PCE(reverse) � PCE(forward))/PCE(reverse).

(D) Stable power out (SPO) of the control device and CB-PSC (1.3 M FA-based PSC, band gap 1.57 eV).

(E) Forward scan and reverse scan efficiencies of thicker CB-PSC (1.5 M FA-based PSC, band gap 1.53 eV).

(F) Stable power out (SPO) of thicker CB-PSC (1.5 M FA-based PSC, band gap 1.53 eV).

(G) Operational stability of 1.3 M FA-based PSCs under 1,000 h of continuous illumination at 1 sun and under an N2 atmosphere using white LEDs and

MPPT (the initial average efficiencies of control devices and CB-PSCs are 21.51% and 22.45%, respectively).

(H) Operational stability of multiple devices (1.3 M FA-based PSCs) (the initial average efficiencies of control devices and CB-PSCs are 21.02% and

22.67%, respectively).

(I) Stability of devices at 60�C in the N2 glove box (the initial average efficiencies of control devices and CB-PSCs are 17.93% and 19.31%, respectively).
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Photovoltaic performance and stability

An ITO/SnO2/perovskite (1.3 M FA-based)/ phenethylammonium iodide (PEAI)

/spiro-OMeTAD/Au device configuration has been employed (Figure 3A). The con-

centration of the incorporated BD molecules has been carefully optimized, and the

corresponding photovoltaic performance of the CB-PSCs compared with control

PSCs has been presented in Figures 3B, S22, and S23, respectively. Owing to the co-

valent bonding strategy, the efficiency of CB-PSC (1% BDmolecules) is enhanced to

23.95% with a Voc of 1.202 V, FF of 81.83%, and Jsc of 24.34 mA/cm2. In addition, the

external quantum efficiency (EQE) plots shown in Figure S24 illustrate that inte-

grated Jsc obtained from EQE matches well with that extracted from J-V curves (de-

viations are 3.70% and 3.73% for the control device and CB-PSC, respectively). The

corresponding PV parameters (Figure 3B) are summarized in Table S1. The
6 Joule 7, 1–18, May 17, 2023
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enhanced Voc and FF are probably ascribed to fewer defects (i.e., organic cations

and halide ions vacancies) due to the covalent bonding strategy. In addition, CB-

PSC was held at a bias of 1.04 V for nearly 200 s, leading to a higher and more stable

power output (SPO) compared with the control device (Figure 3D). The more stable

SPO at the maximum point in the timescale of seconds is mainly due to the reduced

ion migration in perovskites.39 To demonstrate the universality of the covalent

bonding strategy, we then employed BD molecules in thicker perovskite absorbers

on 1.5 M FA-based perovskite (1.53 eV) precursor solution. As a result, a champion

PCE of 24.36% (Figure 3E) with a stable SPO of 23.9% (Figure 3F) was achieved with

negligible hysteresis. Moreover, the EQE plot of 1.5 M CB-PSCs was shown in

Figures S25 and S26 and Note S8, which is also consistent well with J-V curves (de-

viation is 3.16%). To verify the efficiency of target devices, one of the champion de-

vices was validated by an independent solar cell-accredited laboratory (SIMIT,

Shanghai, China) for certification, in which a PCE of 24.02% was measured, as shown

in Figure S27.

In addition, as depicted in Figures 3B, 3C, and S23, the covalent bonding strategy

enabled less hysteresis compared with the control devices. Usually, ion migration

is considered the main factor to trigger the large hysteresis in PSCs.40 As mentioned

above, the initial loss of organic species at grain boundaries and interfaces not only

reduces steric hindrance for the migration of halide ions15 but also induces more

halide ions and organic cation vacancies in perovskite.11,13,16,17 These vacancies

also contribute to ion migration.9,18 Thus, the decreased hysteresis in CB-PSCs is

probably attributed to the successful confinement of organic ions by the covalent

bonding strategy. Furthermore, this is also in agreement with the more SPO of

CB-PSCs (Figure 3D).

Given the fact that ion migration not only causes the hysteresis effect in devices

but also plays a critical role in the long-term stability of PSCs,25,26 we therefore

evaluated the effect of covalent bonding strategy on the operational stability of

PSCs. Moreover, international organization for standardization (ISOS) testing pro-

tocols (ISOS-L-1) for PSCs have been followed.41 Devices were tested under 1 sun

continuous illumination for over 1,000 h in an inert atmosphere. The results (CB-

PSC with 1% BD molecules) have shown remarkable operational stability by retain-

ing 98.6% of the initial efficiency even after 1,000 h maximum power point tracking

(MPPT) and continuous illumination as shown in Figure 3G, whereas, the control

devices decayed to 65% of their initial PCE only after 200 h of the aging test, which

is similar to other reports.12,37 Notably, the control devices exhibited a rapid burn-

in loss during the initial period, although this phenomenon was not observed in

CB-PSCs. In general, the burn-in loss that occurs in PSCs is probably due to the

migration of A-site cations and halide ions.39,42 Moreover, to avoid any systematic

error, the operational stability of multiple PSCs has been studied for shorter dura-

tions (100 h). Figure 3H demonstrated that a similar trend has been followed for

multiple devices, and the CB-PSCs showed significantly better stability compared

with control devices where the initial burn-in losses have been observed. Similarly,

after employing the covalent bonding strategy, the operational stability of 1.5 M

FA-based PSC has been greatly enhanced (Figure S28). Hence, CB-PSCs proved

to be highly stable and efficient compared with their control counterparts. More-

over, the stability and efficiency of our device have outperformed almost all the

previously reported works that have used conventional strategies that we have

mentioned above (Table S2) and other excellent works published in highly presti-

gious journals in the recent 2 years (Table S3). Moreover, to improve the integrity

and effectiveness of this work and allow for a better extension of the crosslinking
Joule 7, 1–18, May 17, 2023 7
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strategy in PSCs, we also investigated the influence of MD on the performance of

PSCs. The relevant results are shown in Figures S29 and S30, which illustrate that

MD molecules can effectively enhance the performance of PSCs compared with

the control devices; however, BD molecules outperformed the MD.

Owing to the fact that the loss of organic components can also be easily triggered by

heat and lead to the degradation of perovskites,9 a thermal stability test (60�C in N2

glove box) was conducted to investigate the efficacy of the covalent bonding strat-

egy in PSCs during the thermal stress (Figure 3I). The CB-PSCs demonstrated excel-

lent thermal stability and maintained 97.6% of the initial PCE, whereas the control

devices retained only 73% of the initial PCE after �590 h. Similarly, CB-PSCs also

exhibited better thermal stability than control devices at 85�C (Figure S31), which

further verified the effect of the covalent bonding strategy. In addition, the covalent

bonding strategy proved to be equally effective even if the annealing time window

has been extended, which is highly desired for large-scale productions such as blade

coating. The results for extended annealing time have been presented in Figure S32

and Note S9.

Mechanisms of enhanced photovoltaic performance and stability due to

covalent bonding strategy

To further elucidate the enhanced photovoltaic performance and stability caused by

the CB-PSCs, the influence of covalent bonding strategy onmorphology and crystal-

lization of perovskite films has been studied using X-ray diffraction (XRD), scanning

electron microscope (SEM), and grazing incidence wide-angle X-ray scattering

(GIWAXS). The XRD spectrum of the control film is consistent with a previously

reported work where the perovskite films were fabricated by the sequential

spin-coating method.43–46 The XRD spectrum of the CB-perovskite film (Figure 4A)

showed stronger (001) crystal planes of perovskites. The result clearly indicates

the enhanced crystallinity of perovskites caused by the inclusion of BD molecules.

The enhanced crystallinity of the CB-perovskite film leads to fewer defects of films,

which contribute to the higher FF and Voc of CB-PSCs.
44,47 In addition, the CB-perov-

skite film exhibited a weaker diffracted intensity of lead iodide (PbI2) than the control

film, which is attributed to the effective inhibition of the organic component loss dur-

ing the annealing process by our strategy.48 To further confirm the critical role of the

covalent bonding strategy in suppressing the loss of organic components, we car-

ried out XRD measurements on films that were subjected to an extended annealing

time of 35 min (over-heated film). The results in Figure 4A illustrated that the control

film showed a lower intensity of perovskites along with an enhanced intensity of PbI2.

In addition, the CB-perovskite film exhibited better crystallinity of perovskites with

slightly increased intensities of PbI2 after extended heating. These results further

demonstrated the effective immobilization of organic components by the covalent

bonding strategy. In general, high temperatures provide the energy for crystal

growth; however, it also induces the loss of organic components. Thus, there is a

trade-off between suppressing the loss of organic components and enhancing the

crystallinity of perovskites during annealing. Hence, the better crystallinity of CB-pe-

rovskites is probably due to the good prevention of organic component loss during

over-heated (35 min, contrary to 15 min) times. This is consistent with the broadened

annealing time window depicted in Figure S32. In addition, a low-intensity peak

emerged in the CB-perovskite film at 13.2�. Its brief description is presented in Fig-

ure S33 and Note S10. Moreover, after incorporating BD molecules, the peak of the

perovskite shifts to a smaller angle (Figure S34), which indicates that there is a slight

stress in perovskites, which is due to the strong interaction between BD molecules

and perovskites. This also indicates the successful reaction between BD molecules
8 Joule 7, 1–18, May 17, 2023



Figure 4. Characterization of perovskite films and devices

(A) XRD peak intensities of PbI2 and perovskite under different annealing times. ‘‘Over-heated’’: continuous annealing for 20 min at 150�C of pre-

annealed perovskite (15 min at 150�C).
(B) SCLC curves of control devices and CB-perovskite electron-only devices.

(C) Voc versus light intensity for the control devices and CB-PSCs.

(D) Mott-Schottky plot comparison of the control devices and CB-PSCs.

(E) EQE of EL of the devices while operating as LEDs. Inset: EL image of the devices under voltage bias.

(F) The ion Ea of perovskite films.
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and perovskites. Furthermore, a comprehensive discussion about thermogravimet-

ric analysis (Figure S35), SEM (Figures S36A and S36B), GIWAXS (Figures S36C and

S36D), and AFM (Figures S36E and S36F) findings has been presented in Note S11,

which are in good agreement with XRD results.

To clarify the underlying physical mechanisms of the covalent bonding strategy in

enhancing the photovoltaic performance of CB-PSCs, we first investigated the

trap density (Nt) of devices by using the space charge-limited current (SCLC)

method. The electron-only device with structures of ITO/SnO2/perovskite/[6,6]-

phenyl-C61-butyric acid methyl ester (PCBM)/Au was fabricated, and the results

are shown in Figure 4B. Trap-filled voltage (VTFL) is related to trap density, according

to the following equation:

VTFL =
qNtL

2

2εε0
(Equation 1)

where ε is the dielectric constant of the perovskite, ε0 is the vacuum permittivity, q is

the elementary charge, and L is the thickness of the perovskite film. According to the

curve of capacitance versus frequency (Figure S37), the dielectric constant can be

calculated.49 By employing the covalent bonding strategy, the VTFL and Nt of the de-

vices reduced from 0.94 V and 1.17 3 1016 cm3 to 0.74 V and 8.01 3 1015 cm3,

respectively. In addition, the Voc of the devices under different light intensities

were recorded (Figure 4C). We found that the control device showed a slope of
Joule 7, 1–18, May 17, 2023 9
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1.94 kBT/q, whereas CB-PSCs exhibited amuch smaller slope of 1.52 kBT/q, where kB
is the Boltzmann constant and T is temperature. Generally, the slope of deviation

from unity kBT/q usually reflects trap-assisted non-radiative recombination in

PSCs,43 and the smaller slope of CB-PSCs indicates that there are fewer defects in

perovskites. Furthermore, Mott-Schottky analyses of PSCs were conducted under

a frequency of 10 kHz with bias voltages ranging from 0 to 1.3 V (Figure 4D). It is de-

picted that the built-in potential (Vbi) increased from 0.99 V for control devices to

1.05 V for CB-PSCs, which is consistent with the increased Voc of CB-PSCs extracted

from J-V curves. There is an accepted scientific principle that an efficient solar cell

has to be an efficient light emitting diode (LED). Since CB-PSCs exhibit ultrahigh

Voc over 1.2 V, we therefore tested the solar cell device as an LED in the dark and

under a voltage bias to estimate the recombination in devices (Figure 4E). We found

that CB-PSCs showed an EL efficiency close to 11% under an injection current of

24.13 mA cm�2, whereas the control device showed an EL efficiency of 6% under

almost the same injection current. We then calculated the Voc loss for the non-radi-

ative recombination (DVoc) according to the value of EQEEL.
50 DVoc of CB-PSCs is

only 57 mV, which is one of the lowest reported DVoc in PSCs to the best of our

knowledge.43,51

Previous studies13,14,16,17 have demonstrated that the loss of organic components from

perovskite during the annealing period inevitably induces numerous vacancies (organic

cation vacancies and halide vacancies). These defects not only accelerate the ionmigra-

tion but also induce serious non-radiative recombination in PSCs.13,18 Thus, the sup-

pressed non-radiative recombination and lower trap density may be ascribed to the

fact that the covalent bonding strategy effectively inhibits the loss of organic compo-

nents. Thewell-suppressed non-radiative recombination by the covalent bonding strat-

egy contributes to the ultrahigh efficiency and stability of CB-PSCs.

It is important to mention that the reduced hysteresis index (HI) and enhanced

operational stability are partially related to ion migration induced by electric

bias.18,25,26,40 Moreover, numerous vacancies induced by the loss of MA+, FA+,

and I� can significantly accelerate ion migration by decreasing the energy barrier

of migration.18 In this context, Hui et al.15 demonstrated that the presence of organic

cation vacancies facilitates themigration of iodide ions due to the reduced steric hin-

drance. Therefore, to further verify the effect of the covalent bonding strategy on the

immobilization of the organic cations, temperature-dependent electric conductiv-

ities were applied to measure the ion migration activation energy (ion Ea) of the

perovskite films. The ion Ea plots depicted in Figures 4F and S38 demonstrated

that the ion migration activation energy of perovskite films monotonously increased

from 0.55 to 0.71 eV with the increased concentration of incorporated BDmolecules.

The increased ion Ea of the CB-perovskite film can be ascribed to the immobilization

of organic components originating from the formation of covalent bonds with BD

molecules, resulting in low-level densities of organic cation vacancies and iodide va-

cancies.13,14,16 Moreover, the increased ion Ea of CB-perovskites is also consistent

with the alleviated burn-in loss of CB-PSCs at the initial stage39 and reduced hyster-

esis of CB-PSCs,18 shown in Figures 3B, 3C, 3G, and 3H.

To further clarify the effect of the covalent bonding strategy on the stability of the

devices, XPS and SEM were conducted to investigate the perovskite films before

and after the aging period. As depicted in Figures 5B, 5D, 5F, 5H, and S39, the sig-

nificant signals of F elements were detected only in CB-perovskite films, resulting

from the introduction of BDmolecules. In addition, after storing for 12 days with light

illumination, for the Pb 4f XPS spectra of films (Figures 5A, 5C, 5E, and 5G), we
10 Joule 7, 1–18, May 17, 2023



Figure 5. XPS spectra of perovskite films before and after the aging period

(A–D) XPS spectra of control films before and after the aging period: (A) and (C) deconvoluted XPS spectra for Pb 4f before and after the aging period;

(B) and (D) deconvoluted XPS spectra for F 1s before and after the aging period.

(E–H) XPS spectra of CB-perovskite films before and after the aging period: (E) and (G) deconvoluted XPS spectra for Pb 4f before and after the aging

period; (F) and (H) deconvoluted XPS spectra for F 1s before and after the aging period.
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found that the control film showed clear signals of metallic Pb (Pb0) peaks around

141.6 and 136.7 eV,22 whereas the peak of metallic Pb disappeared in covalently

bonded perovskite films with BD molecules. Importantly, metallic Pb as a primary

deep defect state can deteriorate the performance and long-term stability of

PSCs.14,28,52 Some studies demonstrated that metallic Pb originates from the degra-

dation of excessive PbI2.
27,52 However, since the fabrication method of our PSCs is

two-step sequential spin-coating method (Figure 1C), the perovskite film fabricated

by this method usually contains some excessive PbI2 at the surface.43 As shown in

Figures 4A and S36, even the CB-perovskite films still exhibited some excessive

PbI2 at the surface, but negligible metallic Pb appeared in CB-perovskite films and

CB-PSCs exhibited excellent operational stability. This implies that in our work,

metallic Pb may not be derived from excessive PbI2. In addition, intensive research

also have shown that halide and cation vacancies can easily induce the generation of

unsaturated Pb that is considered the main factor for the generation of metallic Pb

(Pb0) under stimuli of light or heat.14,19–21,23,24,53 The halide and cation vacancies

can be triggered by the loss of organic components,11,13,14,16,17,24 which contribute

to ion migration by decreasing the Ea.
15,18 This is also in agreement with the

increased Ea by the covalent bonding strategy (Figure 4F). Therefore, these results

clearly demonstrate that the well-inhibited loss of organic components by the cova-

lent bonding strategy contributes to less halide and cation vacancies, resulting in

negligible metallic Pb in CB-perovskite films. Thus, the negligible metallic Pb in

CB-perovskite films facilitates in suppressing the non-radiative recombination and

ultimately elevating the photovoltaic performance of CB-PSCs and increasing the

lifespan of devices.

In addition, it is reported that during the aging period, trace organic vapors such as

MA, FA generated from the perovskite layer can accumulate underneath the gold

(Au) electrode that ultimately trigger internal stress to form cracks on the Au
Joule 7, 1–18, May 17, 2023 11



Figure 6. SEM images of PSCs before and after the aging period

(A–D) SEM (top view) of the devices’ gold electrode.

(A) SEM of the fresh control device.

(B) SEM of the control device after aging.

(C) SEM of the fresh CB-PSC.

(D) SEM of the CB-PSC after aging (aging devices were put on a hot plate at 60�C for 414 h).

(E and F) Cross-sectional SEM images of the devices after aging. (E) Cross-sectional SEM image of the control device after aging; (F) cross-sectional SEM

image of the CB-PSC after aging. (Devices were tracked at MPP for 1,120 h.).
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surface.12 Furthermore, Fan et al.11 demonstrated that the loss of organic mole-

cules during the aging period plays a critical role in inducing the release of I2 vapor.

The demeritorious I2 vapors result in the further degradation of perovskites and

induce the generation of more I2 and metallic Pb leading to accelerated decompo-

sition. Therefore, the morphology of the gold electrode of the devices before

and after thermal aging has been investigated, and the results are shown in

Figures 6A–6D. The SEM images of the control device clearly show the ruptured

surface of the gold electrode after 414 h of aging at 60�C (Figure 6B, dashed cir-

cles). Interestingly, the CB-PSCs did not show significant deterioration or cracking

on the surface of the gold electrode (Figure 6D), and it is similar to that of the fresh

device (Figure 6C), which is attributed to the development of covalent linkage with

BD molecules. In addition, XPS analysis has been employed to further prove the ef-

ficacy of our strategy to protect perovskites under stimuli of heat, as shown in

Figures S40–S42. These aged films were placed on the 85�C hotplate for 48 h

in a nitrogen glovebox. After aging, compared with the CB-perovskite, the C 1s

and N 1s intensities of the control films decreased obviously, which demonstrated

that BD molecules effectively immobilized organic cations during the aging period.

Moreover, the XPS analysis of the Pb element illustrated that after aging, a clear

signal of metallic Pb appeared in the control film, however, it was not observed

in aged CB-perovskite. This is also consistent with Figure 5, as mentioned above,

which is attributed to the loss of organic components. Thus, CB-PSCs exhibit excel-

lent thermal stability (Figure 3I). Moreover, the excellent operational stability of

CB-PSCs can also be confirmed by cross-sectional SEM images of devices after

1,120 h MPPT. As depicted in Figure 6E, after MPPT, the control device showed

irreversible morphological degradation features with obvious voids (indicated by

dashed circles) and fracture crystals. More importantly, it seems that some channels
12 Joule 7, 1–18, May 17, 2023
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(indicated by blue arrows) appeared around these voids, which may stem from the

escape of organic components. In contrast, after 1,120 h MPPT, CB-PSC exhibited

compact and homogeneous crystal grains without any visible voids (Figure 6F).

These results further confirm that the degradation of perovskite could be effectively

alleviated through the covalent bonding strategy.
Conclusions

In summary, a novel covalent bonding strategy incorporating BD molecules to bind

organic cations of perovskite has been proposed to achieve highly efficient and ul-

tra-stable PSCs. The resulting device yielded PCEs of 23.95% (1.57 eV) and 24.36%

(1.53 eV), showing less hysteresis and excellent long-term operational stability while

retaining 98.6% of the initial efficiency after 1,000 h MPPT and continuous illumina-

tion. By contrast, the control devices decayed to 65% of the initial PCE only after

200 h of the aging test. The CB-PSCs also demonstrated tremendous thermal stabil-

ity while retaining 97.6% of the initial efficiency even at 60�C after �590 h. The effi-

cacy of this covalent bonding strategy has been further elucidated by several char-

acterization methods along with density functional theory (DFT) simulation, and it

has been deduced that it can simultaneously enable multiple outstanding function-

alities of perovskite films including reduced defects, inhibition of ion migration,

negligible metallic Pb, and eliminated trace organic vapors under stimuli of heat

and light, contributing to the improved photovoltaic performance and stability of

devices. This work suggests a novel and effective strategy to confine the loss of

organic components from perovskites to realize highly efficient and ultra-stable

PSCs. Moreover, this strategy possesses great potential in other perovskite-based

optoelectronic devices.
EXPERIMENTAL PROCEDURES

Resource availability

Lead contact

Further information and requests for resources should be directed to and will be ful-

filled by the lead contact, Yiqiang Zhan (yqzhan@fudan.edu.cn).

Materials Availability

This study did not generate new unique reagents.

Data and code availability

This study did not generate any datasets.
Materials

Dimethylformamide (DMF), dimethyl sulfoxide (DMSO), chlorobenzene, isopropyl

alcohol (IPA), lithium bis (trifluoromethanesulfonyl)imide salt (Li-TFSI), and 4-tert-

butylpyridine (tBP) were purchased from Sigma-Aldrich. SnO2 colloid precursor

(tin (iv) oxide, 15% in H2O colloidal dispersion) was purchased from Alfa Aesar.

DMF 2, 20, 7, 70 Tetrakis (N, N-di-p-methoxyphenylamino)-9, 90-spirobifluorene
(spiro-OMeTAD), PTAA (Mn 6,000–15,000) and Tris(2-(1H-pyrazol-1-yl)-4-tert-butyl-

pyridine) cobalt (III)Tris(bis(trifluoromethylsulfonyl)imide) salt (Co (III) TFSI), PEAI

were purchased from Xi’an Polymer Light Technology Corp. PbI2 was purchased

from TCI. Tetrakis(pentafluorophenyl)borate (TPFB) (R98.0%) was obtained from

TCI Inc. FAI, methylammonium bromide (MABr), methylammonium chloride

(MACl) were purchased from Advanced Election Technology Co., Ltd. The 3,30-((per-
fluoropropane-2,2-diyl) bis(4,1-phenylene)) bis(3-(trifluoromethyl)-3H-diazirine) (BD

molecule) was provided by XlynX Materials.
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Device fabrication

The indium tin oxide (ITO) substrates were sequentially washed with ethyl alcohol,

acetone, DI water followed by N2 blow dry. The SnO2 spin-coating solution was pre-

pared by dissolving 2.67% of SnO2 nanoparticles into the DI water under constant stir-

ring for 5 min at room temperature. Then SnO2 aqueous solution was spin coated at

3,000 rpm for 30 s and then annealed in vacuum at 80�C for 30 min. It was then treated

with UV Ozone for 15 min. The perovskite precursor was prepared from 1.3 M PbI2 in

DMF:DMSO = 9:1 solution and mixed organic salts (FAI:MABr:MACl = 60 mg:6 mg)

in 1 mL IPA, respectively. The 1.5 M thicker FA-based perovskite was prepared from

1.5 M PbI2 in DMF:DMSO = 9:1 solution and mixed organic salts (FAI:MAI:MACl =

90 mg:6.4 mg:9 mg) in 1 mL IPA, respectively. Further, 6 mg PEAI was dissolved in

1 mL IPA and stirred at room temperature for 5 h. The BDmolecules was first dissolved

in DMF and then added into the PbI2 solution with an optimizedmolar ratio. A two-step

spin-coating method was adopted to deposit perovskite layer. Filtration is required

before using the PbI2 precursor. The PbI2 precursors with different molar ratios of BD

molecules were spin coated at 1,500 rpm for 30 s onto the SnO2 and then annealed

at 70�C for 1 min. The PbI2 films were then allowed to cool down. Further, the organic

salts solution was spin coated onto PbI2 at 2,200 rpm for 3 s, 1,300 rpm for 15 s and

then 1,700 rpm for 12 s, followed by thermal annealing at 150�C for 15 min in ambient

atmospheric conditions (33%–38% humidity). The value of humidity is important for the

performanceof fabricatedPSCs. Theannealing temperature is enough to assist BDmol-

ecules to reactwithperovskite. Then,PEAI solutionwas spin coatedat 4,500 rpm for 30 s

ontoperovskite topassivate the interfacedefects.Afterward, thehole transporting layer

(HTL) was coated on perovskite film at 3,000 rpm for 30 s. The HTL solution consists of

72.3 mg of spiro-OMeTAD, 29 mL of tBP, 18 mL of Co (III) TFSI solution (300mgmL�1 in

acetonitrile), 25 mL of Li-TFSI solution (520mgmL�1 in acetonitrile), and 1 mL of chloro-

benzene. Spiro-OMeTAD was replaced by ploy[bis(4-phenyl)(2,4,6-triMethyphenyl)

aMine] (PTAA) for thermal stability. PTAA solution (15 mg/mL; in CB with 5% TPFB)

was spun onto the perovskite film at 3,000 rpm for 30 s. The HTL solution preparation

and deposition were performed inside a nitrogen glovebox. Finally, the Au back elec-

trode (85 nm) was deposited by thermal evaporation.

Material characterization

The XRD measurements were carried out using X-ray diffractometer (D8 Advance)

with a monochromatic Cu-Ka (l = 1.5405 Å) X-ray source. SEM images of perovskite

films were taken by Hitachi S-4800 and ZEISS SIGMA HD. FTIR spectra were re-

corded by IR spectrometer instrument (BRUKER, VERTEX 70). NMR spectra were

recorded at ambient temperature using a Bruker AVANCE 300 (300.27 MHz for
1H, 282.54 MHz for 19F). Chemical shifts were reported in ppm and were calibrated

to the central peak of residual NMR solvent (central peak of chloroform-d: 1H NMR

d = 7.26 ppm). Data are reported as follows: chemical shift (multiplicity [s, singlet; d,

doublet; t, triplet; q, quartet; sept, septet; m, multiplet; br, broad singlet], coupling

constant in Hz, integration). BD molecule was dissolved in 15 mM solution of isopro-

pylamine (model compound for MA+) in a heavy wall pressure vessel and the mole-

cule was activated at 110�C for 30min. After evaporation of residual isopropylamine,

the crude material was purified by silica gel chromatography. The final product

spectra were compared with previously reported spectroscopic data. Thermogravi-

metric analysis (TGA) measurements were performed using a Pyris 1 thermal analysis

system, heating at a rate of 5�C min from 300 to 550 K under a constant N2 gas flow.

Synchrotron-based GIWAXS measurements were performed at the BL14B1 beam-

line of the Shanghai Synchrotron Radiation Facility (SSRF) using X-rays with a wave-

length of 1.2398 Å. Two-dimensional (2D) GIWAXS patterns were acquired by a Pla-

tas2M detector mounted vertically at a distance of �251 mm from the sample with a
14 Joule 7, 1–18, May 17, 2023
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grazing incidence angle of 0.4�. XPS data were measured in an ultrahigh vacuum sur-

face analysis system equipped with SCIENTA R3000 spectrometer with a base pres-

sure of 10�10 mbar and with monochromatic Al Ka 1,486.6 eV source. All of aged

samples were stored for 12 days with light illumination in N2 glovebox, then XPS

was employed to explore the elemental changes on the surface of perovskite. All

the thermal aged perovskite film were put on 85� hotplate for 48 h. All spectra

ware calibrated by referring to Fermi level edge and Au 4f7/2 position of the Ar+

ion sputter-cleaned Au film.

Devices characterization

The J-V curves of the PSCsweremeasured using a Keithley 2602B source in theN2 filled

glove box at room temperature under AM 1.5 G condition at an intensity of

100 mW/cm2, calibrated by a standard Si solar cell (PVM937, Newport) (Data S1.). The

standard Si is calibrated every month. A 450-watt xenon lamp (Oriel solar simulator,

94023A) was used as a light source. The active area of PSCs is 0.105 cm2 defined by

the cross of patterned Au and ITO electrode, and further calibrated by themicroscope.

The aperture area is 0.0865 cm2. The J-V curves were obtained both at forward scan

(from �0.2 to 1.22 V, step 0.02 V) and reverse scan (from 1.22 to �0.2 V, step 0.02 V)

withoutanypre-conditioningbefore the test. EQEdatawereacquiredbyanEQEsystem

(Enli Tech, Taiwan) using 100 Hz chopped monochromatic light (300–900 nm). Thermal

stability test was performed under N2 glove box. Samples were annealed at 60�C and

85�C using hotplate. Similar to previously reported works,5,43 to exclude the influence

of spiro-OMeTAD, we replaced it with PTAA. Operational stability was tested using

white LED at 100 mW/cm2 without UV filter. Samples were under illumination in an N2

environment at 36�C G 3�C without any encapsulation. Maximum power point (MPP)

dynamic tracking test adopts disturbance observation tracking. We first set the MPPT

test duration t, and then set the number of IV scans in the test (for example, if the test

duration is 1,000 h and the number of IV scans are 40 times, IV scans will be performed

every 25 h in the test). For each IV scan, Vmax1 of the current scan was captured as the

disturbancebase, and25 step scanswereperformedatplus/minus50mV.Vmax2within

the recording interval was captured andmultipliedby the current at that time toobtain a

MPP, andaMPPwas recordedaccording to theMPPTscanning interval. In thisway,Vmax

has been updated after each scan and the next perturbation scan is performed in the vi-

cinity of Vmax. For the device operating as an LED, the device was mounted in an inte-

grating sphereand thepoweroutputwasmeasured for calculationof theEQE (Enlitech).

Mott-Schottky curves with capacitance-voltage measurements were performed by a

ZAHNER PP211 electrochemical workstation at 10 kHz with bias voltages ranging

from 1.3 to 0 V and an AC voltage of 20 mV was used to test the corresponding capac-

itance at shifty bias voltage. The built-in potential (Vbi) in the perovskite layers can be

estimated by following depletion approximation equation (Mott-Schottky).52 Activation

energy measurement of ion migration was carried out by measuring the temperature-

dependent electric conductivity of Au/perovskite/Au structure under an electric field

of 0.35 Vmm�1. The activation energy Ea can be extracted by fitting the raw data points

to the Arrhenius equation.54

DFT computational details

All the first-principles calculations were performed based on DFT as implemented by

the Vienna Ab-initio Simulation Package (VASP) code.55 The Perdew-Burke-

Ernzerhof (PBE)55 exchange correlation functional form of the generalized gradient

approximation (GGA) was used with a 400 eV cutoff energy for the plane wave basis.

All the surface structures in this study were constructed based on 23 23 3 supercell

(156 atoms) of the relaxed 12-atom primitive cell of FAPbI3 and the surface is (001).

All the relaxation and self-consistent calculations of surface structures were carried
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out by using a 3 3 3 3 1 Monkhorst-Pack k-point mesh.56 The atomic layers of the

formula unit at the bottom were fixed when the relaxation of surface structures

was performed. The convergence criteria of the surface structure relaxation is 0.05

eV/Å. In order to remove the interaction between the mirror images of slab models

along [001] direction, a vacuum layer lager than 15 Å was used to isolate the slab

models.
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