
 

Cage Molecules Stabilize Lead-halide Perovskite Thin Films 

 
Shijing Sun1*†, Ming Liu2*‡, Janak Thapa1, Noor Titan Putri Hartono1§, Yicheng Zhao3,3a, Donglin He2, 

Sarah Wieghold4, Matthew Chua1, Yue Wu2, Vladimir Bulović1, Sanliang Ling5, Christoph J. Brabec3,3a, 

Andrew I. Cooper2*, Tonio Buonassisi1*   

 
1Massachusetts Institute of Technology, Cambridge, MA USA 02139 

2Materials Innovation Factory, University of Liverpool, Liverpool UK L7 3NY 

3Helmholtz Institute Erlangen-Nürnberg for Renewable Energy, Erlangen, Germany 91058 

3aInstitute of Materials for Electronics and Energy Technology (i-MEET), FAU, Erlangen, Germany 91058 

4Argonne National Laboratory, Lemont, IL USA 60439 

5Advanced Materials Research Group, Faculty of Engineering, University of Nottingham, Nottingham NG7 2RD, U.K. 

 

ABSTRACT: The environmental stability of hybrid organic-inorganic perovskite (HOIP) materials needs to increase, to enable their 
widespread adoption in thin-film solar and optoelectronic devices. Molecular additives emerged recently as an effective strategy to 

regulate HOIP crystal growth and to passivate defects. However, to date the choice of additives is largely limited to a dozen or so 

materials under the design philosophy that high crystallinity is a prerequisite for stable HOIP thin films. In this study, we incorporate 
porous organic cages (POCs) as functional additives into perovskite thin films for the first time and investigate the HOIP-POC 

interaction via a combined experimental and computational approach. POCs are significantly larger than small molecule additives 

explored for HOIP synthesis to date but much smaller than polymeric sealants. Partially amorphized composites of MAPbI3 

(methylammonium lead iodide, HOIP) and RCC3 (an amine POC) form a network-like surface topography and lead to an increase in 
the optical bandgap from 1.60 eV to 1.63 eV. Further in situ optical imaging suggests that RCC3 can delay the MAPbI3 film 

degradation onset up to 50 × under heat and humidity stresses, showing premises in reliability improvement for HOIP-based solar-

cell and light-emitting applications. Furthermore, there is evidence of molecular interactions between RCC3 and MAPbI3, as 
fingerprinted by the suppressed N-H stretching mode in MA+ from Fourier transform infrared spectroscopy (FTIR) and by density 

functional theory (DFT) simulations, which suggest strong hydrogen bonding between MA+ and RCC3. Given the diversity of POCs 

and HOIPs, our work opens a new avenue to stabilize HOIPs via tailored molecular interactions with functional organic materia ls. 

Despite the outstanding optoelectronic properties of HOIPs, 

prototypical halide perovskites, such as methylammonium lead iodide 

(MAPbI3, MA = CH3NH3), suffer from their poor environmental 

stability.1 The rapid degradation of the photoactive MAPbI3 phase in 

the presence of heat, light, oxygen, or moisture is attributed to both 

chemical and structural instability, arising from the volatility of organic 

components, defect-induced ion migration within the inorganic 

frameworks, and phase transitions.2 At a microscopic level, there has 

been intensive research in additive engineering to modify the 

crystallization kinetics of lead-halide perovskites, yielding high-quality 

polycrystalline thin films.3,4 While the benefits of additives were first 

demonstrated through improved solar-cell efficiency,5,6 new additives 

are increasingly sought to engineer device reliability.7 For example, 

small molecules such as 5-aminovaleric acid (molecular weight, MW, 

of 117.15 g/mol) and adipic acid (MW of 146.14 g/mol) proved 

effective in improving solar cells and light-emitting diodes (LEDs) 

operational stability via interface passivation.4,8 

While a wide range of additives has been considered recently to 

modify perovskite stability, including salts, small molecules, polymers, 

and nanoparticles, molecular additives are particularly attractive 

because of their compatibility with the low-cost solution process.9–11 

State-of-the-art molecular additives typically improve perovskite thin-

film stability through two strategies. The first strategy is indirect 

influence, whereby modification of the nucleation and growth kinetics 

give rise to polycrystalline perovskites containing larger grains, fewer 

grain boundary defects, and higher crystallinity.10,12 Such defect 

management blocks the pathways for water and oxygen molecules to 

migrate into the perovskite structure, enabling MAPbI3 films to be 

more resistant to environmental stresses. The second strategy is direct 

influence: recent advances in molecular engineering have introduced 

functional additives that remain chemically active in perovskite films 

after synthesis, either by becoming part of the perovskite crystal 

structure or by precipitating at the grain boundaries.13 Small amine 

cations such as butylammonium (BA) and phenethylammonium (PEA) 
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are readily incorporated into the perovskite lattice, forming more 

temperature- and moisture-stable two-dimensional (2D) perovskites.14 

Large polymeric additives such as poly(ethyl 2-cyanoacrylate), on the 

other hand, improve the perovskite film stability by sealing the grain 

boundaries and passivating the surface with their hydrophobic 

functional groups.9  

In the abovementioned state-of-the-art approaches, HOIP stability is 

enhanced by engineering the crystalline domains of perovskite films. 

This is motivated by the understanding that a single perovskite crystal 

with no defects would be stable.15,16 Common additive incorporations, 

therefore, are based on the rationale that perovskite environmental 

stability requires improved crystallinity and defect passivation in 

polycrystalline films.17 In this study, we report a third approach by 

introducing a new type of molecular additive, porous organic cages 

(POCs), that promotes disorder instead of ordered grain growth yet still 

enables significant moisture and thermal stability improvement for 

MAPbI3 thin films. We report a mechanistic study of unique POC-

HOIP molecular interactions through hydrogen bonding and 

demonstrate a resultant reliability enhancement at the device level. Our 

combined experimental and computational studies on perovskite phase 

stabilization by POCs open a new pathway to structurally engineer the 

previously under-explored amorphous domains of functional HOIP 

thin films. 

POCs are an emerging subclass of molecular materials that comprise 

discrete cage molecules. Unlike their extended framework material 

counterparts, such as metal-organic frameworks (MOFs) and covalent 

organic frameworks (COFs), most POCs are solution processable. 

They have been explored for applications in gas storage, organic 

molecule separation, and as catalyst supports.18–20 POCs show distinct 

features that are different from the existing molecular additives 

employed in the HOIP field: typical POC molecules are large (MW > 

1000 g/mol), bulky (> 5 Å in all three dimensions), and POC crystals 

are generally microporous (surface area > 300 m2 g−1).21 They can also 

contain multiple functional groups in a single molecule. In this study, 

we focus on RCC3, an amine POC that contains 12 symmetrically 

placed amine groups within its molecular cavity. We selected RCC3 to 

investigate the effect of cage molecules on HOIP in this study for three 

reasons. Firstly, RCC3, and its parental imine cage CC3, are the most 

representative and well-studied porous organic cages (POCs) in the 

field.22 The results on RCC3 will guide us to select other amine cages, 

optimize the structure of cages, and synthesize new cages in the future 

for the same application. Secondly, HOIP degradation due to 

interactions between the volatile MA+ and water and oxygen is a 

significant challenge in commercializing MA-based HOIP materials 

for clean energy applications. In this study, we design experiments to 

test the functionality of cage molecules to interact with MA+. We 

therefore picked RCC3 which has a suitable cavity to accommodate 

MA+. Thirdly, RCC3 is readily soluble in most organic solvents, 

including common solvents used to fabricate lead-halide perovskites, 

such as dimethylformamide and dimethyl sulfoxide (Table S1). It has 

also been proven scalable in synthesis in our previous study, which 

could be very crucial for commercialization in the future.21 Figure 1a 

demonstrates the synthetic workflow for incorporating RCC3 powder 

into the perovskite precursor solution, followed by a one-step spin-

coating process and annealing to facilitate MAPbI3 grain 

crystallization.  

The addition of RCC3 was found to increase the perovskite phase 

stability significantly. Figures 1b-c indicate that after seven days under 

ambient conditions (October, MA, USA), the reference MAPbI3 films 

underwent severe degradation, leading to the emergence of the 

inorganic decomposition product, PbI2. In contrast, no PbI2 was 

observed in RCC3-MAPbI3 (37  3 mM of RCC3; referred to in this 

study as 37 mM; the standard deviation accounts for solubility variation 

upon storage). The crystalline MAPbI3 phase in this composite 

remained intact at the end of the 7-day testing. Interestingly, the powder 

X-ray diffraction patterns of POC-HOIP composites exhibit distinctive 

features that are different from the two known perovskite stabilization 

mechanisms via compositional engineering: 1) there is an absence of 

new crystalline phases, which excludes the formation of more stable 

2D Ruddlesden–Popper perovskites, a mechanism that often results 

from the addition of smaller amines;23 and 2) instead of promoting 

ordered grain growth as expected for common molecular additives and 

polymer scaffolds, Comparing the crystallinity of MAPbI3 in Figure 

1b and RCC3-MAPbI3 in Figure 1c, RCC3 is found to reduce 

crystallinity.   

 

Figure 1(a) Solution synthesis workflow for POC-HOIP thin films. 

Grazing-incidence X-ray diffraction (GIXRD) patterns are shown for 

(b) as-synthesized and after-7-days MAPbI3 and (c) as-synthesized and 

after-7-days RCC3-MAPbI3 (37  3 mM RCC3 in precursor solution). 

RCC3-MAPbI3 films were examined with GIXRD incident angles of 

(d) 0.08°, (e) 0.2°, and (f) 1° to probe the crystal structure of films at 

various penetration depths.  

To better understand the precipitation of RCC3 within MAPbI3 

films, we compared the crystal structures of MAPbI3 films with varying 

RCC3 concentrations (5, 20, 100, and 270 mM). The results show that 

the MAPbI3 film becomes partially amorphous with increased RCC3 

loadings. Grazing-incidence X-ray diffraction (GIXRD) with an 

incident angle of 0.08° was used to probe the MAPbI3 structure at the 

film surface. Figure 1d shows that the intensity of the MAPbI3 

reflection at 14.5° gradually decreases with increasing RCC3 

concentration. To further explore the distribution of amorphous 

perovskites underneath the film surface, we compared the crystal 

structure at different depths by varying the incident angle of the 

GIXRD measurements from 0.08° to 1°. The results show that POC-

HOIP composites do not sit only at the surface of perovskite films but 

distribute inside the bulk film, unlike in previous reports where 

stabilization could be achieved by depositing an amorphous capping 

layer atop the perovskites.24 Furthermore, while a small amount of PbI2 

was present in MAPbI3, because that over-stoichiometric PbI2 addition 

was used in our standard synthesis protocol,25 PbI2 was not visible in 

as-synthesized RCC3-MAPbI3. The crystallization of excess PbI2 was 

likely suppressed by the interactions between RCC3, PbI2, and 

DMF/DMSO solvents prior to perovskite growth. The as-synthesized 

films with 100 mM or less RCC3 remain black like the pristine 

MAPbI3. In contrast, films made with 270 mM RCC3 were dark 

yellow, indicating significant suppression in perovskite crystallization 

with excess RCC3. 
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Figure 2 (a) Crystal structures of MAPbI3 and RCC3. Carbon and 

nitrogen atoms are shown in grey and blue, respectively. Hydrogen 

atoms in RCC3 are omitted for clarity, except in the secondary amine 

group of RCC3. Atomic force microscopy (AFM) images are presented 

for (b) MAPbI3 and (c) RCC3-MAPbI3 (37  3 mM RCC3 in precursor 

solution). RMS units are in nm. (d) Absorption edges of RCC3-

MAPbI3 films measured by UV-visible spectroscopy and (e) optical 

bandgaps of RCC3-MAPbI3 estimated by the Tauc method (estimated 

standard deviation of 2%) as a function of POC concentration in the 

precursor solution.26 (f)-(h) In situ optical imaging of perovskite thin-

film degradation under ambient conditions (October, MA, USA), 85% 

relative humidity (RH) at ambient temperature, and 85% RH at 85 °C, 

respectively (all with 0.15 Sun illumination for imaging). For each 

composition, two as-synthesized films of (1 × 0.5) in2 were degraded 

side-by-side for repeatability purposes. RCC3 – 37 mM - MAPbI3 was 

used for all the in situ film degradation tests.  

To date, few studies investigated perovskite amorphization via 

additive engineering. Garnett et al.27 reported the synthesis of partially 

amorphized MAPbI3 film by adding methylammonium acetate (MW of 

91 g/mol), where first-principle calculations suggested that the small 

acetate ions interact with perovskite at an atomic scale and partially 

replace iodide in the perovskite lattice. On the other hand, organic 

polymers, e.g., polyethylene glycol (PEG, MW ~20k g/mol), are 

reported to modify microscale film morphology and enhance 

crystallinity through templated grain growth.28–30  POCs crystalize in 

the form of discrete molecules and exhibit a molecular weight of ~ 1k 

g/mol,31 are therefore expected to favor interaction mechanisms with 

HOIPs, that are different from the much larger polymer additives or the 

much smaller organic molecules. Figure 2a compares the relative sizes, 

shapes, and crystal structures of RCC3 and MAPbI3. An individual 

porous RCC3 molecule exhibits an inner cavity diameter of 7.5 Å and 

an outer diameter of 20.1 Å, whereas cubic MAPbI3 show a lattice 

parameter (I – I distance) of 6.2 Å, around one-third the size of an 

RCC3 molecule. In Figures 2b-c, atomic force microscopy (AFM) was 

employed to probe the surface topography of the perovskite and POC-

HOIP films, respectively. A network-type microstructure was visible 

at the surface of the otherwise homogeneous polycrystalline thin films 

upon RCC3 addition (Figure S1), leading to an increase in film 

roughness from a root mean square (RMS) value of 9.2 nm in MAPbI3 

film to 17.1 nm in RCC3-MAPbI3 (37 mM). Surface contact potential 

measurements using Kelvin probe force microscopy (KPFM) further 

show that the RCC3 leads to surface potential changes, suggesting a 

slight modification of the work function at the interface depending on 

the RCC3 concentration (Figure S2). From UV-visible spectroscopy 

measurements, we observed a blue shift of the absorption edge in the 

partially amorphous films, which led to an increased bandgap from 

1.60 eV (0 mM) to 1.63 eV (37 mM) (see Figure 2d-e). The POC-

induced bandgap increases might be led by octahedral tilting within the 

perovskite framework32 following an increasing degree of 

amorphization. 

To quantify the influence of RCC3 on perovskites’ environmental 

stability, we performed comparative aging experiments using in situ 

optical imaging to monitor the degradation behavior of MAPbI3 and 

RCC3-MAPbI3 (37 mM) synthesized using the same batch of 

perovskite precursors. Figures 2f-h indicate that RCC3-MAPbI3 can 

stabilize the dark-colored photoactive phase under ambient, humid, and 

hot-humid conditions. These results suggest that RCC3 hinders the 

moisture-induced and heat-induced degradation of polycrystalline 

MAPbI3 films, both of which are significant obstacles to 

commercializing MA-containing perovskites for clean energy 

applications.33 The dark-colored reference MAPbI3 film rapidly 

decomposes under elevated humidity to yellow PbI2, followed by a 

more transparent hydrated lead iodide complex, consistent with our 

previous studies and literature reports.34,35 Zooming into the first 2000 

minutes of the aging tests, we quantify the degradation onsets of 

reference MAPbI3 through the optical changes recorded by red, green, 

and blue (RGB) channels (Figure S3 and Table S2). In best-performing 

films of RCC3-MAPbI3, a consistent dark color was maintained for 

over 8000 minutes under elevated temperature (85°C) and humidity 

(85% RH) conditions, indicating a 50× delay of degradation onset 

relative to MAPbI3 controls (160 minutes), using an RGB camera 

(Table S1). However, we should note that this result did vary during 

our verification experiments under high humidity, making it 

challenging to quantify the optimal concentrations of RCC3 to stabilize 

perovskite films (Figure S4). The stabilization effect was observed to 

drop with increased RCC3 storage time in a glovebox, perhaps due to 

POCs capturing gas molecules or adventitious water over time.22 While 

the stability performances of individual samples were consistent within 

a batch, as seen in Figure 2f-h, there were batch-to-batch variations in 

the reference MAPbI3 degradation onsets over months, likely due to the 

changing MAPbI3 solution synthesis baselines (Figure S4). Efforts to 

reproduce and expand upon these results should pay extra attention to 

process control, both for the HOIP film and POC additive. 

Nevertheless, under the in situ testing conditions applied in this study, 

the POC additive method shows the potential to overperform state-of-

the-art composition engineering method forming MA, formamidinium 

(FA) and caesium mixed-cation perovskites (17 × stability 

improvement relative to MAPbI3)34 and the capping method using 

phenyltriethylammonium (PTEA) iodide forming 2D/3D 

heterostructured perovskites 4 - 6 × stability improvement relative to 

MAPbI3) as reported in our previous studies.36,37 Additional stability 

tests for a list of small molecular additives and other POCs, including 

RCC1, RCC1-HBr, and RCC1-HBr at solar cell-relevant low 

concentrations are shown in Figure S5–7. We believe that the 

enormous structural, chemical and geometrical diversity of the POC 

family provides a rich platform for designing and optimizing additives 

to stabilize perovskite thin films in the future. Moreover, these 

molecules occupy an interesting regime in molecular size, being 

significantly larger than small molecule additives but much smaller 

than polymeric sealants.  

 

 

Figure 3 (a) Attenuated total reflection-Fourier transform infrared 

spectroscopy (ATR-FTIR) measurements for as-synthesized MAPbI3 

films and MAPbI3 stored for seven days in ambient conditions 

(October, MA, USA). (b) ATR-FTIR spectra for as-synthesized RCC3 

powder, as-synthesized RCC3-MAPbI3 (37  3 mM RCC3 in precursor 

solution) and RCC3-MAPbI3 stored for seven days in ambient 

conditions same as 3 (a). As references, key features of an as-

synthesized MAPbI3 thin film and RCC3 powder are highlighted in 

grey and green. (c) DFT optimized structure of nonporous RCC3 on 

MAPbI3 (001) surface, with initial structure taken from the AIMD 

trajectory. Red dotted lines indicate hydrogen bonds. Hydrogen atoms 

in RCC3 (except those bonded to N) are omitted for clarity. (d)-(e) DFT 

optimized structures of MAPbI3/RCC3 interface with two different 

configurations: (d) config-1, benzene facet of RCC3 on MAPbI3 and 

(e) config-2, hollow facet on MAPbI3. (f) MA+ in RCC3 with 

intermolecular proton transfer. Red dotted lines indicate hydrogen 

bonds. Hydrogen atoms in RCC3 (except those bonded to N) are 

omitted for clarity. Colour code: H - white, C - light grey, N - blue, O 

- red, Pb - dark grey, I - brown. 

 

To better understand the origin of structural stabilization in MAPbI3-

RCC3, we examined the molecular interactions between the POC and 

the HOIP via combined experimental and computational approaches. 

Attenuated total reflection-Fourier transform infrared (ATR-FTIR) 

spectroscopy revealed that without RCC3, no chemical bonds from the 

organics were detected at the surface of the thin-film MAPbI3 after 

being stored in ambient conditions for seven days (October 2020, MA, 
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USA). As shown in Figure 3a, the flat transmission curve across 1000 

cm-1
 to 4000 cm-1

 in the degraded MAPbI3 sample indicates a complete 

escape of the volatile MA+
 from the inorganic perovskite framework. 

In contrast, Figure 3b shows that signals of MA+ and organics in RCC3 

remain unchanged in the RCC3-MAPbI3 (37 mM) film after the 7-day 

testing, confirming a stabilized organic-inorganic network in the POC-

HOIP system in comparison to the bare polycrystalline perovskite 

films. From the FTIR measurements, the fingerprint region of RCC3 

(highlighted in green) and the MA ions (highlighted grey) are both 

observed in the as-synthesized RCC3-MAPbI3 (dark green), which is 

evidence that RCC3 precipitates and remains in the MAPbI3 films after 

synthesis. Figure S8 indicates that with as low as 5 mM of RCC3 

addition, RCC3 signals arising from the C-H stretching of cyclohexane 

groups (2950 cm-1 and 2850 cm-1) and C-C stretching of benzyl rings 

(1600 cm-1 and 1450 cm-1) were detected in RCC3-MAPbI3. 

Interestingly, despite preserving the N-H bend and C-N bend modes in 

MA+, the N-H stretch mode of MA+ within MAPbI3 was significantly 

suppressed and broadened in the presence of RCC3. This suggests that 

RCC3 is not only physically present in perovskite films but remains 

chemically active through hydrogen bonding with MA+. 

To investigate the nature of interactions between RCC3 and MAPbI3 

at the atomic scale, we performed ab initio molecular dynamics 

(AIMD) simulations at 400 K, considering an isolated porous RCC3 

cage molecule sitting on top of the MAPbI3 (001) surface (Video S1). 

The results show that RCC3 collapses to its amorphous and non-porous 

form after ten ps, consistent with the fact that RCC3 does not exhibit 

permanent porosity in the solid state. As seen in Figure 3c, as the cage 

molecule collapses, the cyclohexyl vertex groups of RCC3 move away 

from MAPbI3 slightly, which enables the -NH- moiety in RCC3 to 

move closer towards the MAPbI3 (001) surface. Such dynamics 

facilitate the formation of strong hydrogen bonds between MA+ from 

MAPbI3 and the -NH- moiety from RCC3 (see an enlarged 

demonstration in Figure 3c), which is consistent with the experimental 

observation from FTIR of RCC3-MAPbI3 with as low as 5 mM of 

RCC3 addition (Figure S8). We therefore propose a possible protective 

mechanism that RCC3 impedes the volatile MA+ from escaping the 

perovskite surface by forming hydrogen bonds; at the same time, the 

collapsed amorphous RCC3 network acts like a sticky cover on 

MAPbI3 and suppresses the motion of MA+. While there could be some 

interactions between I- anions and hydrogens in RCC3, MA+ forms a 

strong hydrogen bond with the -NH- moiety of RCC3 (where N is the 

H-bond acceptor, see an enlarged demonstration in Figure 3c). Due to 

the large size of RCC3, there is no direct competition between these 

two types of interactions, as I- and MA+ interact with different parts of 

the RCC3 molecule. In our discussions, we focus on the interactions 

between RCC3 and MA+, as it is known that MA+ dissolution is one of 

the dominant mechanisms leading to the degradation of MAPbI3 under 

high humidity.38,39 

Previous studies show that POCs can “open up” and transform into 

a porous form to accommodate guest molecules such as SO2 and 

H2O.21,40 To explore the possibility of MA+ migration into the porous 

RCC3, we calculated the energy at the interface of MAPbI3 and porous 

RCC3. Figures 3d and 3e demonstrate two possible porous RCC3 

configurations, where the MAPbI3(001) surface interfaces with the 

benzene and hollow facets of RCC3, respectively. Density functional 

theory calculations (DFT) show that these two configurations exhibit 

similar energies. The interaction is likely weak due to steric repulsion 

between MAPbI3 and cyclohexyl vertex groups in RCC3 (see Figure S9 

for two perovskite configurations considered). We then re-optimized 

the RCC3 structure with MA+ inside the RCC3 cavity. The results 

revealed that it is energetically favorable for MA+ to sit inside RCC3, 

owing to the formation of a strong hydrogen bond between MA+ and -

NH- moiety of RCC3. Further AIMD simulation at 400 K reveals that 

MA+ would be released from the cage molecule at the same time when 

RCC3 collapses to its non-porous form (Video S2). These first-

principles calculations suggest that MAPbI3 could be stabilized through 

MA+ forming hydrogen bonding from inside of the cage (see 

Supporting Information for computational methods). Since it is 

energetically favorable to form hydrogen bonds in both the scenarios 

when the MA+ is outside of the cage (RCC3 in a collapsed form) and 

when MA+ is inside of the cage (RCC3 in an open form, with MA+ 

trapped), the attachment MA+ onto the nearby cage molecules shows 

an effective protective mechanism against MA+ loss from the HOIP. 

The simulation results are consistent with the observed delayed 

macroscale thin-film degradation (Figure S10). 

 

 

Figure 4 (a) Device architecture of solar cells and LEDs fabricated in 

this study. Note: for solar cell reliability tests, PCBM was removed to 

improve the interfacial stability at the ETL/perovskite interface in 

ambient air. The locations shown for the cage molecules are for 

illustration purposes only and are not meant to indicate precise lattice 

locations. (b)-(c) Operation stability of solar devices based on MAPbI3 

and RCC3-5 mM-MAPbI3, respectively. (d)-(e) Illumination of light-

emitting devices based on MAPbI3 and RCC3-5 mM-MAPbI3 as a 

function of voltage sweeps.   

We further tested the potential of RCC3-MAPbI3 for optoelectronic 

applications employing the POC-HOIP composite for the first time as 

active layers in solar and light-emitting devices (Figure 4a). 

Photovoltaic performances (PV) measurements show that the 

materials-level stabilization led by RCC3 is transferrable to solar 

device reliability. To minimize degradation at the ETL/perovskite 

interface in ambient air, for the long-term solar cell aging test, the 

device structure is changed from SnO2-nanoparticle/PCBM/ 

Perovskite/PDCBT/Ta-WOx/Au (Figure 4a, Figure S12) to SnO2-

nanoparticle/Perovskite/PDCBT/Ta-WOx/Au. Figures 4b-c show that 

the RCC3-MAPbI3 (5 mM) solar cell shows negligible efficiency loss 

after 600 hours of aging at 80 °C in ambient air with 30–50% RH (16% 

of PCE efficiency). The stability improvement is mainly attributed to 

the protective effect of RCC3 in suppressing the interactions between 

perovskite and water/oxygen during the aging period, which is 

consistent with the film stability tests showing reduced MA+ diffusion. 

Figures 4d-e indicate that when driven from extended (>2h) rest in the 

dark, the RCC3-MAPbI3 (5 mM) LED exhibits lower burn-in than the 

control MAPbI3, as evidenced by the change in radiance with repeated 

sweeping. This may indicate that RCC3 induces a reduction in ionic 

motion in the emitter during electroluminescence operation.41 In 

addition to enhancing stability, RCC3 incorporation also leads to a 

higher external quantum efficiency (EQE) over the entire current 

density range of testing, attributed to an increased emission intensity 

(Figure S11). A higher concentration of RCC3 (37 mM) leads to a 

lower EQE than the 5 mM device, suggesting that with higher RCC3 

concentrations, the perovskite or the interfaces within the devices are 

likely to be excessively insulating which can negatively impact the 

LED stability of the device, either by requiring a large electric field for 

injection, joule heating at the interface, or current focusing.42,43 

Similarly, the PV parameter statistics (Table S3) show that RCC3 

improves VOC, especially at concentrations greater than 5 mM. Lower 

fill factors compromise this VOC improvement due to the insulating 

character of RCC3 which reduces the current (Figure S12). Therefore, 

we limit RCC3 to 5 mM to balance the trade-off between reliability 

enhancement and increased series resistance. These proof-of-concept 

tests using partially amorphous POC-perovskite composites show that 

while optoelectronic performances are negatively impacted by RCC3-

induced amorphization, a window of enhanced environmental stability 

appears at low RCC3 concentrations before the device performances 
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tank. Our results encourage further device optimization to break 

through the performance-stability trade-offs and inspire future studies 

on the open question regarding the potential of a fully amorphous 

perovskite device for energy conversion applications. 

 

CONCLUSIONS 

In this study, we incorporate POCs for the first time as functional 

additives to stabilize lead-halide HOIPs. Unlike smaller additives such 

as organic amines that increase the thin-film stability by modifying 

HOIP crystal structures, POC-HOIP composites, as exemplified by 

RCC3-MAPbI3, introduce no new crystal structures but a network-like 

microstructure and a blue-shift in the optical bandgap. On the other 

hand, unlike larger additives such as polymers that increase the thin-

film stability by sealing grain boundaries, as the concentration of RCC3 

increases, MAPbI3 grains evolve from polycrystalline to fully 

amorphous, where partially amorphized films significantly increase the 

humidity and heat resistance of MAPbI3. While the general trends were 

reproducible across several batches, we note that the precise 

degradation onset changes batch-to-batch, suggesting that this RCC3-

MAPI3 material combination is sensitive to the processing conditions. 

In the best case, RCC3 was able to extend the onset of perovskite 

degradation by 50×, overperforming the state-of-the-art molecular 

engineering and capping methods under the same aging conditions. The 

RCC3-induced stabilization can be explained by the unique physical 

properties of POCs: first, the flexible framework of cage molecules 

enables strong hydrogen bonding between the MA+ at the surface of 

MAPbI3 and the -NH- moiety on the RCC3 surface. Second, the porous 

nature of RCC3 enables MA+ to be trapped inside a cage via hydrogen 

bonding with the -NH- moiety of RCC3. We further demonstrate that 

the materials stabilization introduced by POCs can be translated to 

enhanced reliability in photovoltaic and light-emitting devices, guiding 

future materials and interface optimization. This work leverages the 

diverse chemistry of POCs and HOIPs and the combination of porous 

and dense materials in a single composite. We hope this will inspire 

further studies on molecular modifications of HOIPs for enhanced 

environmental stability, drawing on the burgeoning number of organic 

cages and macrocycles that are known. 

 

EXPERIMENTAL SECTION 

Thin film synthesis 

The perovskite solution is prepared by following the established 

protocol. Lead (II) iodide (PbI2) stock solution with 1.22 mol/liter 

nominal concentration is prepared by mixing lead (II) iodide (Sigma-

Aldrich) with 9:1 N,N-dimethylformamide (Sigma-Aldrich): dimethyl 

sulfoxide (Sigma-Aldrich) (DMF:DMSO). For 0.1 gram of 

methylammonium iodide (Greatcell Solar) (MAI), 510 μL of the lead 

(II) iodide solution is added, resulting in MAPbI3 solution with 1:1.09 

molar ratio for methylammonium iodide: lead (II) iodide. Cage 

molecule RCC3 in powder form is then mixed with the MAPbI3 

solution. To make 38 mmol/liter concentration of RCC3 in MAPbI3, 

0.016 gram of RCC3 powder is mixed with 371 μL of MAPbI3 solution. 

The solution can further be diluted to 20 and 5 mmol/liter. Similarly, 

RCC1 is mixed in a quantity of 0.011 g with 524 μL of MAPbI3 

perovskite solution forming a mixture of 0.025 M. The solution 

dissolves after significant vortexing. Then, the mixed solution is 

deposited on the cleaned glass slides (VWR), and spincoated in 2-step 

approach: 1000 rpm for 10 seconds and acceleration of 200 rpm/s, with 

a subsequent 6000 rpm for 30 seconds. Chlorobenzene (Sigma-

Aldrich) antisolvent in the quantity of 150 μL was dropped 5 seconds 

at the beginning of the second step of spincoating. The films are then 

annealed at 100 °C for 30 minutes. We shall note due to the solubility 

limit variance of different batches for synthesis performed on different 

days, actual amount of cage molecule incorporated contain ~10% of 

concentration variations.  

X-ray diffraction 

The crystal structure of thin films is characterized using X-ray 

diffraction (Rigaku SmartLab), with Cu-Kα sources, and medium 

resolution PB/PSA mode. To measure the surface, near-surface, and 

bulk parts of the thin-films, the incident angles (ω) are varied: 0.08°, 

0.2°, and 1°. 

UV-Visible spectroscopy 

The absorptance is calculated based on transmission and reflection 

results, which are measured using UV-Vis spectrophotometer 

(PerkinElmer Lambda 950) between 350-1000 nm. 

Fourier-transform infrared spectroscopy 

The Fourier-transform infrared spectroscopy (FTIR) for films are 

measured using Perkin-Elmer Spectrum 400 (Perkin-Elmer), in 

attenuated total reflection (ATR) configuration with ZnSe crystal. IR 

spectra for cage molecule powders were collected on a Bruker Tensor 

27 spectrometer. Samples were analyzed as KBr disks for 16 scans with 

a resolution of 4 cm-1. Spectra were recorded in transmission mode. 

Atomic force microscopy (AFM) / Kelvin probe force microscopy 

(KPFM)  

AFM and KPFM images were acquired using a Veeco MultiMode 8 

AFM (Bruker). Surface contact potential experiments were performed 

using amplitude modulated KPFM in lift mode with an applied AC 

voltage to the cantilever. The topography images were measured 

simultaneously to the KPFM images.  
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Figure 1(a) Solution synthesis workflow for POC-HOIP thin films. Grazing-incidence X-ray diffraction (GIXRD) patterns are shown for (b) 

as-synthesized and after-7-days MAPbI3 and (c) as-synthesized and after-7-days RCC3-MAPbI3 (37  3 mM RCC3 in precursor solution). 

RCC3-MAPbI3 films were examined with GIXRD incident angles of (d) 0.08°, (e) 0.2°, and (f) 1° to probe the crystal structure of films at 

various penetration depths.  
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Figure 2 (a) Crystal structures of MAPbI3 and RCC3. Carbon and nitrogen atoms are shown in grey and blue, respectively. Hydrogen atoms 

in RCC3 are omitted for clarity, except in the secondary amine group of RCC3. Atomic force microscopy (AFM) images are presented for 

(b) MAPbI3 and (c) RCC3-MAPbI3 (37  3 mM RCC3 in precursor solution). RMS units are in nm. (d) Absorption edges of RCC3-MAPbI3 

films measured by UV-visible spectroscopy and (e) optical bandgaps of RCC3-MAPbI3 estimated by the Tauc method (estimated standard 

deviation of 2%) as a function of POC concentration in precursor solution.26 (f)-(h) In situ optical imaging of perovskite thin-film degradation 

under ambient conditions (October, MA, USA), 85% relative humidity (RH) at ambient temperature, and 85% RH at 85 °C, respectively (all 

with 0.15 Sun illumination for imaging). For each composition, two as-synthesized films of (1 × 0.5) in2 were degraded side-by-side for 

repeatability purposes. RCC3 – 37 mM - MAPbI3 was used for all the in situ film degradation tests.  
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Figure 3 (a) Attenuated total reflection-Fourier transform infrared spectroscopy (ATR-FTIR) measurements for as-synthesized MAPbI3 films and 

MAPbI3 stored for seven days in ambient conditions (October, MA, USA). (b) ATR-FTIR spectra for as-synthesized RCC3 powder, as-synthesized 

RCC3-MAPbI3 (37  3 mM RCC3 in precursor solution) and RCC3-MAPbI3 stored for seven days in ambient conditions same as 3 (a). Key features 

of an as-synthesized MAPbI3 thin film and RCC3 powder are highlighted in grey and green, respectively as references. (c) DFT optimized structure 

of nonporous RCC3 on MAPbI3 (001) surface, with initial structure taken from the AIMD trajectory. Red dotted lines indicate hydrogen bonds. 

Hydrogen atoms in RCC3 (except those bonded to N) are omitted for clarity. (d)-(e) DFT optimized structures of MAPbI3/RCC3 interface with two 

different configurations: (d) config-1, benzene facet of RCC3 on MAPbI3 and (e) config-2, hollow facet on MAPbI3. (f) MA+ in RCC3 with 

intermolecular proton transfer. Red dotted lines indicate hydrogen bonds. Hydrogen atoms in RCC3 (except those bonded to N) are omitted for 

clarity. Colour code: H - white, C - light grey, N - blue, O - red, Pb - dark grey, I - brown. 
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Figure 4 (a) Device architecture of solar cells and LEDs fabricated in this study. The locations shown for the cage molecules are for 

illustration purposes only and are not meant to indicate precise lattice locations. (b)-(c) Operation stability of solar devices based on MAPbI3 

and RCC3-5 mM-MAPbI3, respectively. (d)-(e) Illumination of light-emitting devices based on MAPbI3 and RCC3-5 mM-MAPbI3 as a 

function of voltage sweeps.   
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