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Abstracts 

2D materials are promising components for defect passivation of metal halide perovskites. 

Unfortunately, commonly used polydisperse liquid-exfoliated 2D materials generally suffer from 

heterogeneous structures and properties while incorporated into perovskite films. We introduce 

monodisperse multifunctional 2D crystalline carbon nitride, poly(triazine imide) (PTI), as an 

effective defect passivation agent in perovskite films via typical solution processing. Incorporation 

of PTI into perovskite film can be readily attained by simple solution mixing of PTI dispersions 

with perovskite precursor solutions, resulting in the highly selective distribution of PTI localized 

at the defective crystal grain boundaries and layer interfaces in the functional perovskite layer. 

Several chemical, optical and electronic characterization, in conjunction with density-functional 

theory calculations, reveals multiple beneficial roles from PTI: passivation of undercoordinated 

organic cations at the surface of perovskite crystal, suppression of ion migration by blocking 

diffusion channels and prevention of hole quenching at perovskite/SnO2 interfaces. Consequently, 

noticeably improved power conversion efficiency is achieved in perovskite solar cells, 

accompanied with promoted stability under humid air and thermal stress. Our strategy highlights 

the potential of judiciously designed 2D materials as a simple-to-implement material for various 

optoelectronic devices, including solar cells, based on hybrid perovskites.  
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Introduction 

Metal halide perovskites have emerged as promising materials for solar cells,1-3 light-emitting 

diodes,4-6 transistors,7 and sensors.8 Noticeably, metal halide perovskite solar cells (PSCs) have 

achieved rapid, unprecedented advance in the power conversion efficiencies (PCEs) approaching 

25.5%.9 Unfortunately, typical solution processing of perovskite relying on the relatively weak and 

vulnerable inter-elemental binding yields a high density of crystal defects, such as 

undercoordinated ions or halide vacancy sites.10 These defects are predominantly formed at the 

periodic perovskite lattice termination (i.e. interfaces and grain boundaries), upon the evaporation 

of volatile components11 or atomistic reorganization at the crystalline surfaces.12 Such crystal 

defects in perovskite commonly yield electronic trap states that can induce non-radiative 

recombination, significantly reducing PCEs. Moreover, vacancy defects also offer leakage 

pathways for ion migration along the grain boundaries and thus deteriorate the reliability and long-

term stability of PSCs.13  

 

Undesirable defect states in perovskites can be passivated by introducing additives, to date, 

including salts,14 organic molecules,15 quantum dots,16 polymers17 and two-dimensional (2D) 

materials18 particularly targeting the interfaces and grain boundaries. These passivation agents can 
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form hydrogen or coordination bonding with adjacent perovskite crystals to passivate the 

undercoordinated sites that are prone to defect formation.19-21 In particular, 2D materials are ideal 

passivation agents to enhance the photophysical properties of perovskites, as the dense surface 

functionalities intrinsic to 2D materials facilitate the intimate binding with perovskite crystals, 

thereby stabilizing the defective interfaces and grain boundaries in perovskite films. Furthermore, 

inherent planar structure of 2D materials can effectively block or retard the out-diffusion of mobile 

species from perovskite crystals, to enhance environmental stability.22 To date, several different 

2D materials, including graphene oxide,23 transition metal dichalcogenides (MoS2, WS2)24, 25 

MXenes (Ti3C2Tx)26, 27 have been employed for efficient and durable PSCs.  

 

Highly crystalline 2D semiconductor, poly(triazine imide) (PTI) is composed of triazine moieties 

linked by imide bridges.28 In contrast to typical thermolytic carbon nitrides, consisting of partially 

cross-linked polymeric heptazine-based chains, PTI is synthesized under high pressure or in 

molten salts, leading to the formation of discrete 2D crystals held together by van der Waals 

forces.29 Significantly, monolayer level dissolution of PTI sheets is spontaneous in select polar 

aprotic solvents such as dimethyl sulfoxide (DMSO) and N,N-dimethylformamide (DMF) without 

sonication, while avoiding sonochemical damage to the planar crystalline structure.30, 31 This new 

class of synthetic 2D materials is appealing for catalytic and membrane applications taking 

advantage of its novel electronegative cavities, high chemical and thermal robustness, and unique 

dissolution characteristics.30, 32, 33 

 



 5 

In this work, we introduce PTI as an ideal defect passivation agent for metal halide perovskites, 

to effectively improve the device performance and environmental stability of PSCs. Unlike typical 

liquid-exfoliated 2D materials of non-uniform stacking numbers and lateral dimensions, which 

generically result in heterogeneous material structures and properties,34, 35 monodisperse PTI 

nanosheets demonstrate a well-defined spatial distribution selectively localized at the defective 

interfaces and grain boundaries, throughout the perovskite layer thickness. As such, PTI 

nanosheets with dense electronegative functionalities successfully passivate the defective 

perovskite crystalline structure and interfaces with the minimal disturbance of original high 

crystalline nature.  

 

Results and Discussion 

PTI bulk crystals were prepared by the condensation of dicyandiamide in a molten eutectic 

LiBr/KBr salt bath, forming the stacks of 2D PTI intercalated with LiBr, which was subsequently 

washed by Soxhlet extraction with water.36 The hexagonal 2D planar structure of PTI with a 

C6N9H3 stoichiometry consist of 1,3,5-triazine ring linked via three bridging N-H units (Figure 

S1).33 PTI nanosheets were exfoliated in a 4:1 (v/v) mixture of DMF and DMSO, taking advantage 

of the inherent good solubility (Figure 1a).30 The well-exfoliated morphology of PTI was 

confirmed by atomic force microscopy (AFM) and transmission electron microscopy (TEM) 

(Figure S2). Highly crystalline 2D PTI nanosheets are observed with narrow lateral (54.0 ± 14.1 

nm) and thickness (1.02 ± 0.33 nm, about 3 layers) distributions, dramatically more homogeneous 

than other typical liquid-exfoliated 2D materials of polydisperse size and shape.37-39 While the 

electronic band structure of 2D materials is strongly influenced by surface defects, lateral size and 

layer number,34, 35 our single-crystalline domain, monodisperse PTI offers highly uniform 
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electronic properties with a high reliability. The prepared PTI dispersions were directly mixed with 

perovskite precursor solutions without any solvent incompatibility or aggregation problem (Figure 

S3). Various precursor solutions with different composition of PTI were prepared, and the resultant 

perovskite films are denoted as PTI-x, indicating x μg of PTI in 1 ml perovskite precursor solution 

(a pristine perovskite film without PTI is denoted as reference).  

 

Figure 1b schematically illustrates the PTI-incorporated PSCs consisting of triple cation, double 

halide perovskite layer of Cs0.05(FA0.83MA0.17)0.95Pb(I0.83 Br0.17)3 (FA+ = formamidinium = 

CH(NH2)2
+; MA+ = methylammonium = CH3NH3

+) with the n-i-p planar structure of 

ITO/SnO2/perovskite:PTI/Spiro-OMeTAD/Au. Owing to the uniform nanoscale size, PTI is 

readily excluded from the bulk of perovskite crystal during the nucleation and growth, 

precipitating at the interfaces and grain boundaries of polycrystalline domains. Electronegative 

nitrogen atoms in the triazine ring and imide group of PTI can interact with the undercoordinated 

surface FA+ or MA+ on perovskite crystals by hydrogen bonding (vide infra).  

 

We conducted TEM analysis for the detection of PTI sheets within perovskite layers. PTI 

nanosheets with well-defined edges are apparent without interfering the crystalline perovskite 

lattices (Figure 1c and S4). Figure 1d shows a magnified TEM image from the red dashed region 

in Figure 1c as well as the corresponding fast Fourier transform (inset image). The hexagonal 

symmetry of PTI and interplanar spacings are evident, which match well with the (200) and (220) 

of PTI bulk crystal, verifying the successful incorporation of PTI without any physical/chemical 

damage.30, 33 We performed time-of-flight secondary ion mass spectrometry (ToF-SIMS) to further 
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identify the spatial distribution of PTI in the perovskite films. Argon gas cluster ion beam was 

used to minimize ion sputtering induced damage (Figure 1e). A signal at m/z = 90 from the PTI 

bulk powder is attributed to C4N3
- (Figure S5), which is detected at a higher intensity in PTI-60 

compared to PTI-30, but virtually absent for the PTI-free reference with a trace signal attributed 

to C/N-containing perovskite organic components (FA+, MA+). As such, the spatial distribution of 

PTI was traced by following the C4N3
- signal trend, alongside the signals assigned to perovskite 

(PbI-, I2
-) and tin oxide (SnO2

-) to monitor relative compositional change as a function of 

penetrating depth in the film thickness direction. The PTI is found to be gradually distributed 

throughout the entire film thickness, while predominantly accumulates at the buried 

perovskite/SnO2 interface.  

 

To monitor the influence of PTI on the charge transport properties, we performed vertical dark J-

V measurements on ITO/perovskite/Au devices (Figure 2a). In PTI-15 and PTI-30, there is a 

modest decrease in the vertical conductivity, while a significant drop is observed for PTI-60. This 

trend can be understood by the retarded inter-grain charge transport and/or increase in the contact 

resistance between the perovskite layer and substrate by the localized distribution of wide band 

gap PTI (~3.2 eV, Figure S6). However, perovskite crystalline structure, morphology, and band 

gap (~1.63 eV) are not noticeably modified by the presence of PTI, as shown in Figure 2b for X-

ray diffraction (XRD), Figure S7 for ultraviolet-visible (UV-vis), and Figure S8 for absorption 

spectroscopy and scanning electron microscopy (SEM).40 
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While the structure and morphology of perovskite layer remained unaltered with the addition of 

PTI, notably distinct the optical properties and charge carrier dynamics were observed depending 

on the PTI concentration. The steady-state photoluminescence (PL) intensity measured with a 633 

nm excitation laser became stronger with the increasing PTI composition (Figure 2c and S9), 

suggesting the effective passivation of non-radiative defects with PTI. Moreover, compared to the 

reference, full-width at half maximum (FWHM) of the PL peaks became narrower in the PTI-

incorporated films. This is principally due to the reduction of luminescence from the longer 

wavelength side (apparent blue-shift from 769 to 765 nm), also consistent with the reduction of 

defect states in the perovskite grain boundaries and interface.41 

 

Figure 2d presents time-resolved PL (TRPL) measurements with a 467 nm excitation laser 

incident from the glass substrate side as well as from the bare perovskite surface side. The TRPL 

curves were fitted with a single exponentials decay models to quantify the PL lifetime (Table S1).42 

The charge carrier recombination lifetime significantly increases with the addition of PTI in both 

surface-side and glass-side illumination, indicating the reduced non-radiative defect density.43 

Notably, the lifetime enhancement is more pronounced at the glass side where PTI is 

predominantly accumulated. Owing to the short penetration depth (~ 40 nm) of 467 nm laser into 

the perovskite film (~500 nm), TRPL spectrum is expected to be mostly influenced by shallow 

thickness from the surface receiving the excitation.44, 45 Therefore, the similar lifetimes from PTI-

30 and PTI-60 indicate that the interfacial passivation by PTI already saturates by the amount used 

in PTI-30 and the excessive PTI would degrade the device performance by interrupting charge 

transport (Figure 2a). Considering the ToF-SIMS depth profiles (Figure 1e) revealing that the PTI 

is highly concentrated at the buried interface along with a tailing towards the surface, the gradual 
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increase in the PL lifetimes from the bare surface illumination can be understood by the increasing 

quantity of PTI near the surface along with the increase of overall incorporation.  

 

Electronic structures of the perovskite films were examined by ultraviolet photoelectron 

spectroscopy (UPS) (Figure 2e). The work function (WF), determined from the secondary electron 

cut-off, reduces from 4.17 to 4.07 eV with the incorporation of PTI. The Fermi level (EF) for the 

reference and PTI-30 are located at 1.39 and 1.51 eV above the valence band maximum (VBM), 

respectively. The energy level diagrams of perovskite films derived from UPS and optical 

absorption measurements are shown in Figure 2f. The VBM and conduction band minimum 

(CBM) of PTI-30 are nearly identical to the reference film; however, PTI causes the shift of WF 

by 100 meV toward the vacuum level (Evac), while EF shifted by 120 meV towards the CBM. This 

indicates that the PTI-30 films become more n-type, which is likely due to the change of the surface 

termination in the presence of PTI.46-48 Considering the band structure of PTI (Figure S6 and S10), 

it serves as a hole blocking layer at the perovskite/SnO2 interfaces, as schematically illustrated in 

Figure S11.47, 49, 50 Point defects such as interstitial sites (Sni) and oxygen vacancies (VO) are 

known to be formed at the surface of SnO2 film during fabrication.1, 51 These defects may serve as 

electron trap sites and promote the detrimental interfacial recombination with holes from the 

perovskites. The wide band gap PTI with a large VBM energy offset suppresses such hole 

quenching at the interface of perovskite/SnO2.52 

 

For a detailed molecular level understanding of the passivation effect from PTI, intermolecular 

interactions between organic cations in the perovskite and PTI were explored with 1H nuclear 
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magnetic resonance (1H NMR) spectroscopy (Figure 3a). In a pristine FAI solution without PTI, 

two peaks were detected originating from the FA+: the ‘a’ peak at 8.82 ppm from the ammonium 

hydrogens of FA+, whereas ‘b’ peak at 7.85 ppm from the formic hydrogen of FA+.53 The ‘a’ peak 

became broadened in FAI dissolved in PTI dispersion and corresponding FWHM value increased 

to 0.065 from 0.037 for pure FAI. It clarifies that the FA+ ammonium hydrogen atoms are 

influenced by the presence of PTI. A similar behavior is also observed for the MA+ ammonium 

hydrogens (Figure S12). 

 

We further confirmed the ammonium cation-PTI interaction by using attenuated total reflectance-

Fourier transform infrared spectroscopy (ATR-FTIR) (Figure 3b). To improve the IR signal from 

PTI, samples were prepared from a low concertation perovskite precursor solution (0.01 M), i.e., 

a larger relative concentration of PTI. Two characteristic absorption bands are observed at 1710 

and 1616 cm-1 from PTI-free pristine perovskite films, which can be assigned to the vibration 

modes of C=N and the N-H bonds from organic cations, respectively.54 For the PTI-incorporated 

perovskite films, these peaks associated with C=N and N-H stretching vibrations are slightly red-

shifted (to 1706 and 1608 cm-1, respectively). Besides, two characteristics peaks of PTI from 

triazine (N=C-N, 1587 cm-1) and secondary imide bridges (C-NH-C, 1444 cm-1) are apparent in 

the PTI-incorporated perovskite film with the red-shift to 1573 and 1415 cm-1 respectively, 

compared to PTI bulk powder.28, 55
 The ATR-FTIR results, in conjunction with 1H NMR, suggest 

the formation of hydrogen bonding, N-H···N, between the H atoms in the ammonium group of 

FA+/MA+ and the N atoms in constituent triazine and imide group of PTI. This intermolecular 

hydrogen bonding broadens the 1H NMR peak by the conformational restriction of FA+/MA+ 



 11 

ions56 and weakens the intramolecular bonding in both organic cations and PTI, while decreasing 

the corresponding vibrational frequency.17, 44, 45 

 

For a detailed analysis on the interfacial modification caused by PTI, DFT calculations were 

conducted for a cubic (100) FAPbI3 slab (3×3×2) in the presence of a simplified PTI model 

consisting of a single nanopore, [C3N3(NH2)NH]6 (Figure 3c and d). We select FAI-terminated 

perovskite model as a typical thermodynamically stable surface state.57 Noteworthy that, the 

previously reported energy level alignments of FAI-terminated perovskite are similar to our 

perovskite films (Figure 2f).58 The most distinguishable change driven by PTI additive, is the 

reconstruction of surface outermost FA+ for the maximal intermolecular interaction between FA+ 

and PTI. Moreover, hydrogen bonding between the H atom of FA+ and the PTI is detected, which 

is reflected in the high binding energy, -4.22 eV, between the FAPbI3 slab and the PTI. 

Interestingly, in an FAPbI3 slab with an iodine vacancy, surface FA+ ions surrounding the iodine 

vacancy reorient themselves toward the PTI to stabilize local structure due to the loss of 

coordination site (Figure S13). This reorientation of FA+ induced by the intermolecular hydrogen 

bonding, while exposing electropositive ammonium group away from the surface, contributes to 

the surface dipole formation which is likely to cause of the WF shift probed by UPS.58 We calculate 

the formation energies of FA+ vacancy (VFA), iodine vacancy (VI) and Pb-I antisite (PbI), which 

serve as carrier recombination and vulnerable degradation sites, at the surface of pristine FAPbI3 

slab with or without PTI. The formation energies of the aforementioned defects increase in the 

presence of PTI (Figure 3e); most notably, the formation energy of VFA increases by 0.86 eV, 

indicating that PTI preferentially forms a strong binding with the undercoordinated surface FA+. 

Thus, PTI localized at the FAI terminated FAPbI3 stabilizes the defective perovskite crystals by 
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forming additional hydrogen bonding with the undercoordinated surface FA+ and suppresses the 

formation of vacancies and antisite defects.  

 

Our defect passivated perovskite films with PTI were utilized to solar cells as a light absorber 

layer. The cross-sectional SEM image in Figure 4a shows the device structure with PTI-30 

perovskite layer. Note that PTI nanosheets cannot be resolved here due to their thin thickness. 

Photovoltaic parameters from reverse scans were evaluated for 20 devices (Figure 4b and Figure 

S14). The PTI-30 PSCs lead to the highest performance with PCEs of 18.60 ± 0.33%, substantially 

improved from the reference with PCEs of 16.59 ± 0.20% (12.1% enhancement). The fill factor 

(FF) increases modestly in PTI-30 PSCs (from 74.8 ± 0.6% to 77.2 ± 0.6%), while a dramatic 

enhancement is found in the VOC (from 1.03 ± 0.01 V to 1.12 ± 0.01 V). We attribute this 

improvement in the VOC to the lower defect density in the perovskite film and stronger hole 

blocking between perovskite/SnO2 interfaces, as discussed earlier.47 However, a further increase 

of PTI content (i.e., PTI-60) leads to the decrease in the overall photovoltaic parameters, 

particularly short-circuit current density (Jsc). This is attributed to the impeded charge collection 

across PTI and the subsequent decrease of electrical conductivity. The current density-voltage (J-

V) curves of the champion devices from the references and PTI-30 are compared in Figure 4c and 

summarized in Table S2. The champion PTI-30 PSC shows a higher PCE of 19.10% (average 

value from reverse and forward scan results), compared to reference PSC (16.68%, 14.5% 

enhancement), principally benefiting from the enhanced VOC (average VOC from 1.03 V to 1.13 V). 

The PTI-30 device also exhibits the reduced J-V hysteresis suggesting that ion migration, 

commonly considered cause for J-V hysteresis, should be suppressed presumably due to the 

blocking of ion leakages through grain boundaries.59 The integrated current density derived from 
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external quantum efficiency and the stabilized power output at maximum power point for the 

champion PTI-30 device are 21.04 mA/cm2 and 18.82%, respectively, in a good agreement with 

the values obtained from the J-V curves (Figure S15).  

 

For the systematic verification of the ion blocking effect by PTI, we examined the changes of 

current density in PSCs for 100 s upon biasing at different voltages (0.4 to 1.2 V with 0.4 V 

increments); the bias was switched off between the successive measurements (Figure 4d and 

S16).60, 61 The current density of the reference PSC continuously increased during each biasing 

step of 100 s, the rate of which became faster along with increasing voltage. This increase in the 

current density under a bias can be understood by an ion migration-induced reduction of built-in 

potential and the subsequent mitigation of the charge injection barrier in the device. Accordingly, 

the results from the reference reveal an undesirable ion migration. By contrast, the PTI-30 PSC 

presents more stable current densities, verifying the suppressed ion migration as consistent with 

the reduced J-V hysteresis. As discussed before, PTI tightly binds with the perovskite crystal 

surface via hydrogen bonding, so the 2D PTI with periodic electronegative functional groups can 

suppress ion migration via physically blocking the migration channel and/or electrostatic 

interaction with mobile ions.62-64 Noteworthy that while the PTI molecular structure contains 

intrinsic 12 Å nanopores, these electronegative cavities of the PTI electrostatically suppress the 

out-diffusion of halides and immobilize organic cations via hydrogen bonding.31, 65 

 

For a quantitative determination of defect densities with and without PTI, we utilized the space-

charge-limited-current (SCLC) technique using electron-only devices of 
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ITO/SnO2/perovskite/[6,6]-phenyl-C61-butyric acid methyl ester/LiF/Au (Figure 4e).60 Electron 

trap density (𝑁𝑡) can be calculated from the following equation 

VTFL = 
𝑒𝑁𝑡𝐿

2

2𝜀𝜀0
                                                                                                                                     

where 𝑒 is the elementary charge, 𝐿 is the perovskite film thickness, 𝜀 is the relative permittivity 

(46.9)66, 𝜀0  is the vacuum permittivity, and VTFL is the trap-filling voltage. The electron trap 

density in the PTI-30 is estimated to be 8.51 × 1015, about a half of the reference (1.64 × 1016 cm-

3). The passivation effect by PTI was further confirmed by reduced ideality factor (nid), which was 

determined from the slop of VOC vs. light intensity (Figure 4f). The calculated nid decreases from 

1.86 (the reference) to 1.44 (PTI-30), ensuring that defect-assisted recombination is largely 

suppressed in the perovskite layer.67  

 

Finally, we investigated the environmental stability of unencapsulated PSCs (reference and PTI-

30), in humid air and under thermal stresses. As shown in Figure 4g and S17a, PTI-30 PSCs 

showed a markedly slow rate of the average PCE drop compared to reference PSCs during the 

storage under 25-45% humidity at room temperature. Thermal stability test was carried out at 85 

˚C under nitrogen atmosphere, and again PTI-30 PSCs exhibited a superior thermal stability than 

the reference PSCs (Figure 4h and S17b): after 500 h annealing, PTI-30 PSCs maintained ~80% 

of the initial PCE, while reference PSCs degraded below 50% of the initial efficiency. To identify 

the cause of enhanced thermal stability by PTI, XRD analysis was performed for the perovskite 

films after 250 h annealing (Figure S18). In the reference film, a strong new peak is emerged at 

12.5˚ which is assigned to the (001) reflection of hexagonal PbI2, resulting from the decomposition 
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of α-FAPbI3 to PbI2. Additionally, the peak from photoinactive hexagonal FAPbI3 phase (δ-

FAPbI3) is observed.1, 68 In the case of PTI-30, the relative intensities of PbI2 and δ-FAPbI3 

compared to α-FAPbI3 are significantly lower than the reference PSC. The morphology of 

thermally aged perovskite films was analyzed by SEM (Figure S19). Insulating PbI2 phases, hence 

appearing brighter in SEM imaging, are more prevalent in the reference. The improved thermal 

stability in the PTI-30 PSC is attributed to additional hydrogen bonding between PTI and 

undercoordinated surface organic cations that suppresses the thermal evaporation of volatile 

species and subsequent phase degradation.14  

 

Conclusion 

We have demonstrated that monodisperse 2D PTI nanosheets with dense surface functionalities 

and desirable electronic structure are highly effective for both chemical and electronic passivation 

of metal halide perovskites layers. PTI nanosheets provide the well-defined spatial distribution 

selectively localized at the defective interfaces and grain boundaries of the PSCs, thereby affording 

the reduced defect density in the perovskite films with the outstanding environmental stability 

originated from strong hydrogen bonding between the electronegative functional groups of PTI 

and undercoordinated organic cations at the surface of perovskite crystal. Additional benefits 

including the suppressed migration of mobile ions and electronically prevented hole quenching at 

the perovskite SnO2 interfaces constitute the multifunctionality of PTI. The synergistic 

multifaceted benefits from PTI significantly improve the champion PSC efficiency (+14.5%) with 

respect to the reference device along with a negligible hysteresis. Moreover, non-encapsulated 

PTI-30 PSCs maintains ~80% of their initial PCEs after 500 h under the thermal stress of 85 ˚C, 

where the reference PSCs readily degraded. Our easy-to-implement passivation strategy is 

expected to be universally applicable to other hybrid PSCs and perovskite-based optoelectronic 
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devices, relying on common solution processing. This work suggests a new platform for 

judiciously designed 2D materials to suppress the undesired defect effects in the perovskite film 

and further improve the device performance and stability of the integrated PSCs. 

 

Experimental Section 

 

Materials.  

Formamidinium iodide (FAI), methylammonium (MABr) were purchased from Dyesol, 

Lead iodide (PbI2) and lead bromide (PbBr2) were purchased from Tokyo Chemical Industry. 

Cesium iodide (CsI) and SnO2 colloid precursor (tin IV) oxide, 15 wt% in H2O colloidal 

dispersion) were purchased from Alfa Aesar. Anhydrous chlorobenzene, Acetronitrile, 

bis(trifluoromethane) sulfonamide lithium salt (LiTFSI), 4-tert-buthylpyridine, anhydrous 

dimethyl sulfoxide (DMSO), anhydrous N,N-dimethylformamide (DMF), lithium bromide, 

potassium bromide, and dicyandiamide were purchased from Sigma Aldrich. Spiro-OMeTAD was 

purchased from Lumtec. Every chemical was used as received without further purification.  

Synthesis of PTI  

Bulk PTI powder was synthesized using the procedure of Miller et al.30 and deintercalated 

using the procedure from Suter et al.36 In short, dicyandiamide, lithium bromide, and potassium 

bromide were dried under vacuum and ground together in 1/2.6/2.4 weight ratio. The mixture was 

heated under a nitrogen flow to 400 °C for 1 h to partially crosslink the structure and limit pressure 

build up in the next step. The mixture was ground, sealed in a quartz ampule at ~10-7 mbar, and 

heated to 600 °C for 16 h, before cooling, breaking open the ampule and washing the powder with 
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deionized water to remove exterior LiBr/KBr. The resultant brown powder of LiBr·PTI was then 

Soxhlet extracted with water for 3 days to give water-intercalated PTI. 

Exfoliation of PTI 

 PTI dispersion was prepared by the spontaneous dissolution of PTI in polar aprotic 

solvents. Bulk PTI powder (10 mg) was weighed and finely grounded using a mortar. The resultant 

PTI powders were placed on glass vial and dried in a vacuum oven to remove residual water (150 

˚C at 10-3 mbar, 12 hours). Afterwards, the dried PTI powder was rapidly moved into a nitrogen-

filled glovebox, where 8mL of DMF and 2mL of DMSO were added. Spontaneous exfoliation of 

PTI was induced in the DMF/DMSO mixed solvent (4:1/v:v) over 3 days, with by a mild agitation 

via occasional manual shaking. The resulting solution was filtered through a 0.2 μm PTFE syringe 

to remove aggregates, leaving a clear light yellow PTI dispersion, with the maximum concentration 

of 60 ± 5 μg/mL. For the calculation of the concentration of PTI dispersion, undissolved PTI parts 

was collected by filtration and washed by pure ethanol and then dried in a vacuum oven. The mass 

of dried undissolved PTI powder was weighed by a high sensitivity microgram balance. The 

concentration of PTI dispersion was obtained by subtracting the mass of undissolved PTI powder 

from the initial mass of PTI batch (10 mg). 

PSCs fabrications  

ITO glass was first cleaned successively with deionized water, ethanol, and IPA in an 

ultrasonic bath for 15 min each. The substrates were then dried in the oven and further cleaned by 

UV-Ozone (UVO) for 30 minutes. A thin film of SnO2 was deposited on ITO glass substrate 

through spin coating a SnO2 aqueous (2.67 wt%, from 15 wt% colloidal dispersion diluted with DI 

water 6.5:1 (v:v)). at 4000 rpm for 20 s followed by annealing at 150 ˚C for 30 minutes. 
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Immediately prior to perovskite film coating, the SnO2 layer was treated by additional UVO for 

45 minutes and moved into a nitrogen filled glovebox. For the fabrication of perovskite films, 1.1 

M perovskite precursor solutions were created by combining CsI (0.07 M), FAI (1.1 M), 

MABr(0.22 M), PbI2 (1.13 M) and PbBr2 (0.23 M) in DMF:DMSO mixed solvent (4:1/v:v), 

creating a final perovskite with chemical formula  Cs0.05(FA0.85 MA 0.15)Pb(I0.85Br0.15)3. For the 

PTI incorporated perovskite film (PTI-x), the PTI dispersion was directly used as the solvent for 

the perovskite precursor. PTI composition was predetermined by concentration of PTI in 

perovskite precursor. (Figure S3a). The perovskite precursor was spin casted in a two steps process 

at 1000 rpm for 10s and 6000 rpm for 25s respectively on the SnO2 film. During the second step, 

0.1 mL of chlorobenzene was dropped on the spinning substrate 5s prior to the end of the process. 

The substrates were immediately annealed at 100 ˚C for 45 minutes to achieve pin hole-free films. 

Next, a hole transport layer was fabricated by dynamic spin casting of spiro-OMeTAD solution (l 

mL of chlorobenzene, 90.9 mg spiro-OMeTAD, 34.8 μL 4-tert-buthylpyridine, 20.5 μL Li-TFSI 

(520 mg/ml in acetonitrile)). The spiro-OMeTAD solution was spin-coated at 2000 rpm for 20 s 

by dropping 20 μL of the solution on the spinning perovskite layer. The device was completed by 

thermal evaporation of an 80 nm gold layer with two step process: 2 nm at 0.1 Ǻ/s and 78 nm at 

1.2 Å/s.  

PSCs characterization 

 Current density-voltage curves (J-V) of fabricated n-i-p solar cells were measured under a 

simulated AM 1.5G condition using a solar simulator (Newport, ORIEL, sol 1A) with a source 

meter (Keithley 2400). Before measuring PSCs, AM 1.5G irradiation was calibrated with a 

standard Si cell (Newport). A metal aperture with an area of 0.0675 cm2 was used to define the 

active area of PSCs. Both reverse and forward J-V scan were performed by using a 100 mV/s with 
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a voltage step of 20 mV. EQE spectrum were measured by quantum efficiency measurements (PV 

Measurements QEX7) which were calibrated with a reference Si cell (PV measurements).  

Device stability testing  

 For the aging tests under humidity, unencapsulated devices were stored in a desiccator 

under the dark at 25 ± 3˚C. During the aging period the relative humidity in the desiccator was 

controlled in the range of 25~45%. The thermal stability test was carried out in a N2 glove box at 

85˚C where the encapsulated devices were aged. The photovoltaic performance of the aged devices 

were measured under ambient conditions. The polytriarylamine (PTAA, EM index) was used as 

the hole-transport material for the thermal stability test. 

Perovskite film characterization  

X-ray diffraction patterns were obtained from an X-ray diffractometer (XRD, D-Max 2200, 

Rigaku). Steady state PL spectra of the perovskite films were recorded with a monochromatic 633 

nm laser by Raman/PL system (LabRAM HR Evolution Visible_NIR, HORIBA). Time-resolved 

PL spectra of perovskite layers were measured by a time correlated single photon spectroscopy 

(Fluorolog3, HORIBA). A DeltaDiode-470L laser (HORIBA) emitting pulsed laser (65 ps pulse 

width) at monochromatic 467 nm with a repetition rate of 80 MHz was used an excitation source. 

The excitation fluence is 4.0 μJ/cm2 and the beam spot size is ~ 2 μm. The PL and TRPL 

measurements were carried out under ambient conditions for the unencapsulated samples. During 

the measurements, noticeable degradation of perovskite films was not detected. Absorption spectra 

of perovskite layer was recorded by UV-vis spectrometer (SolidSpec-3700, Shimadzu). UPS 

spectra was obtained using Micro X-Ray/UV Photoelectron Spectro microscopy (AXIS-NOVA, 

Kratos) with a He I (21.2 eV) source used as an excitation source. UPS samples were prepared on 
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ITO substrates to avoid the charging during measurements. The morphology analysis of perovskite 

films was performed by SEM (S-4800, Hitachi). Compositional depth profiling of perovskite films 

was carried out using a ToF-SIMS measurement (TOF-SIMS5, ION-TOF GmbH), operating with 

a 30 keV Bi3+ primary ion beam. For depth profiling, a 5 keV Ar cluster beam was used in order 

to minimize the sputter induced damage. The position of the SnO2 substrate interface in the sputter 

depth profile defined by the maximum intensity of the SnO2
- secondary ion.  

1H nuclear magnetic resonance (NMR)  

The 1H NMR spectra was conducted on an Agilent 400MHz 54mm NMR DD2 system. 

10 mg of FAI in 1 ml of dimethyl suloxide-d6 (DMSO-d6) was used for the control sample. PTI 

dispersed in DMSO-d6 synthesized using the same condition as for exfoliation of PTI, using pure 

DMSO-d6 as solvent.  

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

 The ATR-FTIR spectra were obtained from a Thermo Fisher Nicolet In 10MX purged by 

nitrogen gas. For the ATR-FTIR measurements, perovskite powders were prepared by scraping 

perovskite films fabricated with low perovskite precursor concentration (0.01 M) to increase the 

relative amount of PTI and enhance the PTI signal.  

Transmission electron microscopic (TEM)  

 TEM analysis of PTI nanosheets was conducted using a Titan cubed G2 60-300 microscope 

(FEI) operated at 80 kV. A PTI dispersion (DMF/DMSO, 4:1) was drop casted and dried on the 

lacey carbon grids. An accelerating voltage of 300 kV, Tecnai G2 F30 S-Twin was used for 

confirming the incorporation of PTI in perovskite film (Figure 1c and d), PTI incorporated 
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perovskite films was scratched off from the substrate and dispersed in chloroform by sonication 

for 5 minutes, which was dropped on a lacy carbon grid.  

Atomic Force Microscopy (AFM) 

AFM measurements were conducted on a Park systems XE-100 operated in non-contact 

mode. For measuring the thickness of PTI, the samples were prepared by drop casting a drop of 

the PTI dispersion on the surface of silicon wafer, which was heated to 80˚C on a hot plate in order 

to evaporate the majority of the solvent.  

Dynamic Light Scattering (DLS) 

The dynamic light scattering (DLS) was measured using an Otsukael ELSZ-2000. The 

samples were prepared by dispersing 30 μL of the perovskite precursor solution into 3 mL of 

DMF:DMSO mixed solvent (4:1 v/v). PTI dispersed 3 mL of DMF:DMSO (4:1 v/v) was used for 

confirming the PTI dispersibility with perovskite colloidal precursor. The measurement was 

conducted with a quartz cuvette at 25 ˚C. 

Computation details 

The Density Functional Theory (DFT) calculation was performed using the Vienna Ab-

initio Simulation Package (VASP). The exchange-correlation energy was described by using a 

generalized gradient approximation (GGA) with the Perdew-Burke-Ernzerhof (PBE) functional. 

The projector-augmented-wave (PAW) method with a plane wave up to an energy of 400 eV was 

used to treat ionic cores. The convergence criteria for ionic mean force and electronic structure 

were 0.03 eV/ Å and 1.0 × 10-4 eV, respectively. The spin polarization and the dipole correction 

along the z direction were applied and the Van der Waals force was considered through the 
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Grimme’s DFT-D3 method. The Brillouin zone was sampled using the Monkhorst-pack k-point 

mesh of 2×2×1. The defect formation energy difference (∆∆𝐸𝑑𝑒𝑓𝑒𝑐𝑡) was calculated to estimate 

the effect of incorporation of PTI for stability. It was given by Equation (2) as follows: 

∆∆𝐸𝑑𝑒𝑓𝑒𝑐𝑡 = ∆𝐸𝑑𝑒𝑓𝑒𝑐𝑡[PTI]-∆𝐸𝑑𝑒𝑓𝑒𝑐𝑡[ref] 

=𝐸𝑑𝑒𝑓𝑒𝑐𝑡[PTI]-𝐸𝑝𝑟𝑖𝑠𝑡𝑖𝑛𝑒[PTI]-𝐸𝑑𝑒𝑓𝑒𝑐𝑡[ref]+𝐸𝑝𝑟𝑖𝑠𝑡𝑖𝑛𝑒[ref]                                                        (2) 

Where ∆𝐸𝑑𝑒𝑓𝑒𝑐𝑡[PTI] and ∆𝐸𝑑𝑒𝑓𝑒𝑐𝑡[ref] are the defect formation energy in the presence of PTI 

and without PTI, respectively. 𝐸𝑑𝑒𝑓𝑒𝑐𝑡[PTI] and 𝐸𝑝𝑟𝑖𝑠𝑡𝑖𝑛𝑒[PTI] are the total energies of the PTI-

adsorbed surfaces with and without defect, respectively. 𝐸𝑑𝑒𝑓𝑒𝑐𝑡[ref] and 𝐸𝑝𝑟𝑖𝑠𝑡𝑖𝑛𝑒[ref] are the 

total energies of the surfaces with and without defect, respectively. 
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Figure 1. PTI-incorporated perovskite film. a) Photograph of PTI dispersion in DMF/DMSO 

solution, b) Schematic illustration of the device incorporating perovskite layer with PTI at interface 

and grain boundaries, c) High-resolution TEM images of the perovskite grain with PTI, d) 

Magnified TEM image of the regions highlighted with red dashed box in (c) and corresponding 

fast Fourier transform analysis of image, Scale bars (c) 10 and (d) 5 nm, e) ToF-SIMS depth profile 

analysis of reference, PTI-30 and PTI-60. 
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Figure 2. Effect of PTI incorporation on perovskite film. a) Vertical J-V curves of 

ITO/perovskites, b) X-ray diffraction patterns of perovskite films, c) Steady-state PL spectra of 

perovskite films excited by a 633 nm laser with incident light from the surface side, d) Time-

resolved PL spectra of perovskite films excited by a 467 nm laser with incident light from the 

surface and glass sides. The excitation fluence is 4.0 μJ/cm2 (repetition rate: 80 MHz), e) UPS 

spectra for the reference and PTI-30, f) Energy-level scheme for the reference and PTI-30 based 

on the parameters derived from UPS spectra in (e). 
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Figure 3. Interactions between PTI and perovskite. a) 1H NMR spectra of FAI in DMSO-d6, 

PTI dispersed DMSO-d6 and FAI in PTI dispersed DMSO-d6 (left) and magnified spectra in a 

chemical shift range of 8.65-9.0 ppm (right) (* and # represent the peak of water and DMSO 

respectively), b) FTIR spectra of perovskite, PTI and perovskite-PTI. FAI terminated FAPbI3 (100) 

slab (3×3×2) without (c) and with PTI (d) (Pb [grey], I [purple], Cperovskite [brown], Nperovskite [blue], 

Hperovskite [pink], CPTI [mauve], NPTI [yellow], and HPTI [green]), e) Formation energy difference of 

vacancies and antisite defects at FAI terminated perovskite surface with PTI versus pure perovskite. 
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Figure 4. PTI effect on device performance and physics. a) Cross-sectional SEM image of PTI-

30 (scale bar is 500 nm), b) Histograms of PCE and VOC from corresponding PSCs measurements, 

c) Current density-voltage (J-V) curves of the reference and PTI-30 PSCs under AM 1.5G, d) 

Current behavior of perovskite solar cells under applied voltage in dark conditions, e) Space-

charge-limited-current (SCLC) measurements of electron-only devices, f) Light-intensity 

dependent Voc plots, Normalized PCEs evolution trends of aged devices at g) humid air (relative 

humidity of about 25-45%) and h) thermal stress (85 ˚C in a nitrogen atmosphere), In (g) and (h), 

the error bars represent the standard deviation for four devices. 
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