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Two types of structural isomers, meta- and para-CF3 groups linked to phenethylammonium iodide 
(PEAI), were systematically investigated as interface modifiers. Compared to para-CF3-PEAI, the 
meta-CF3-PEAI based perovskite is characterized by shorter interlayer distances,  different surface 
dipoles and band alignments. The molecular substitution leads in turn to the enhancement of the 
vertical charge transport and to a superior suppression of non-radiative recombinations. meta-CF3-
PEAI as modifier on the 3D perovskite absorber results in an improvement of the power conversion 
efficiency to 22.4% as well as enhanced stability against humidity and light illumination. 
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Abstract 

Defect passivation using two-dimensional (2D) layered perovskites with organic spacers on 3D 

bulk perovskite has been proposed as an effective strategy to improve perovskite solar cell stability 

and efficiency. Specifically, fluorination of the organic spacers has been employed due to the 

resulting hydrophobic nature and the defect passivation characteristics. In addition to the type of 

functional group attached to the spacer molecules, conformational changes of fluorine isomers on 

layered perovskite can provide an extended strategy to control a variety of opto-electrical 

properties related to the interlayer spacing. As a model system for the structural isomer of 

fluorinated spacer, meta-CF3 and para-CF3 groups anchored to phenethylammonium iodide (PEAI) 

spacer molecules are employed to synthesize 2D perovskites and to investigate their full potential 

as an interfacial modifier for perovskite solar cells. The fluorination position change leads to 

altered opto-electrical characteristics in layered perovskites. Although they possess identical 

functional groups, the different orientations of the functional groups used in the perovskite layer 

deposited on the 3D perovskite absorber, result in distinct electrical properties of the 2D/3D 

heterostructures due to the dissimilar intermolecular interactions. The 2D perovskite with meta-

CF3-PEAI spacer exhibits an enhanced the charge transport in the out-of-plane orientation and a 

suppression of the trap states of 3D perovskite while also providing a more favorable energy 

alignment for efficient charge transfers. Theoretical simulations are consistent with the 

experimental results. The structural isomers of fluorination anchoring to spacer cations indeed alter 

the structural configuration of the spacer as well as reduce inter-layer spacing that can improve the 

performance and the stability of 2D/3D perovskite solar cells. 
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Introduction 

Organic-inorganic hybrid halide perovskites based solar cells (PSC) have demonstrated a power 

conversion efficiency (PCE) that exceeds 25% from polycrystalline thin-films due to their defect 

tolerance, long carrier diffusion length, high optical absorption coefficients, and tunable bandgap.1-

5 Despite the remarkable progress in PCE, there are still challenges remaining before PSCs can be 

commercialized, mostly related to long-term stability. In general, oxygen and humidity have been 

considered as the key external sources for degradation.6-7 Even when stored in an inert atmosphere, 

PSCs undergo degradation under long-term light illumination condition.8,9 Previous studies have 

revealed that the instability of PSC originates from trapped charges and ion migration which are 

relevant to the defects in the perovskite layer, such as those related to interstitial iodide and under-

coordinated Pb2+.10-14 The migration of defects can easily be stimulated by excess charges, a high 

electric field, and light illumination, resulting in material decomposition as well as degraded device 

performances.11-13,15-17 Thus, mitigating the defect-related degradation of the perovskite layer in PSC 

is highly desirable to improve the long-term stability.18-20 

Quasi-two-dimensional Ruddlesden-Popper perovskites (RPP) ((A’)2(A)n−1PbnX3n+1, where n is the 

number of octahedral slab layers; A’ is the spacer ligand; A denotes small cations such as CH3NH3
+, 

CH(NH2)2
+, and Cs+; and X is halide anion) are emerging due to their enhanced stability against 

oxygen and humidity.21-24 The periodic intercalation of long spacer ligands into inorganic slabs can 

passivate defects as well as impede the migration of defects by separating the 3D perovskite layers. 

However, long spacer ligands can also reduce electrical conductivity across the 2D perovskite 

layers, thereby often resulting in a limited PCE when using a pure RPP layer as a light-absorber.24-

28 Instead, a bilayer configuration of 2D/3D perovskite that integrates a RPP layer in tens of 

nanometers thickness as an interfacial layer between a 3D perovskite layer and a hole-transporting 
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layer (HTL) has been successfully employed, demonstrating significant enhancements of both the 

performance and stability of PSCs.29-31 

Most progress in 2D/3D perovskite solar cells thus far has been related to the engineering of the 

opto-electronic properties of RPPs by changing the type of spacer ligands, which typically 

comprise conjugated oligomers, aliphatic ammoniums, and single aromatic rings.32 Among the 

many types of organic spacers, organic ligands with fluorinated functional groups have shown 

enhanced hydrophobicity of RPPs, further improving the stability of the 2D/3D PSCs.33-35 In fact, 

the fluorinated functional molecules with ammonium terminal have been utilized to take various 

effects on improving the device performance. For instance of 2D/quasi-2D perovskites, fluorinated 

molecule, 4-fluorophenethylammonium, is found to control the phase distribution of RPP and 

enhance charge transport.36-38 Furthermore, fluorinated molecule, 2,3,4,5,6-

pentafluorophenethylammonium, efficiently passivates the trap states at surfaces and grain 

boundaries of 3D perovskite without forming 2D phases, improving thermal stability.39 Hence, 

designing fluorinated functional spacers plays significant role in formation of 2D/3D structure.39 

Several studies have proposed organic cations with multiple fluorine atoms such as 

trifluoromethyl (CF3-) groups linked to an aromatic ring.40  2-CF3
-PEAI (2-trifluoromethyl-

phenylethylamine hydroiodide) can be used as a trap deactivator for perovskite solar cells, 

improving performance and stability41.   In addition to the category of functional group, the position 

of the functional group is also found to be crucial because fluorination with different positions in 

the aromatic ring affects the distribution of electron clouds, which can change the dipole moment 

and affect the crystal structure of the 2D perovskite layers.37,43,44 Moreover, previous studies reported 

that the stacking and orientational modes of the crystal are influenced by the fluorination position, 

even with the same chemical formula, resulting in different abilities of the defect passivation and 
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charge transport properties.35,38 Therefore, understanding how the isomer structure affects the opto-

electronic characteristics of the RPP interface layer can provide a pathway by which to realize the 

full potential of the RPP interface layer for highly efficient and stable PSCs. 

Herein, we systematically investigate the effects of novel steric fluorine-rich groups on the 

organic ligands of phenethylammonium (PEA) and the assembly of their mono-layered (n = 1) 

RPPs as interface layers on 3D perovskite to enhance device performance and stability levels. 2D 

phase-pure (n = 1) RPPs with different fluorinated CF3-PEA cations, 2-(3-

trifluoromethylphenyl)ethanamine and 2-(4-(trifluoromethyl)phenyl)ethanamine, are prepared. 

Interestingly, despite the similar inorganic framework, two similar RPPs possess different opto-

electronic properties and dissimilar intermolecular stacking modes between the adjacent organic 

cations. Specifically, the 2-(3-trifluoromethylphenyl)ethanamine based 2D structure (n = 1) 

exhibits enhanced inter-layer hybridization, larger dipole moment, and enhanced out-of-plane 

conductivity. Accordingly, the out-of-plane charge transport in such 2D structure (n = 1) can be 

more favorable. By forming highly oriented monolayered RPPs on 3D perovskites, the effects of 

a structural isomer on their crystallinity and electronic band alignments for hole transfer are 

investigated to understand how the fluorinated isomers affect suppression of non-radiative losses 

and improvement of the carrier lifetimes in PSCs. Furthermore, 2D/3D PSCs are fabricated with 

RPPs, demonstrating an improved PCE as well as enhanced device stability against humidity, 

retaining 85% of the initial PCE after 385 hours at a relative humidity of 65% without 

encapsulation.  
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Results and Discussion  

As a model system for the structural isomer of fluorinated spacer, meta-CF3 and para-CF3 groups 

anchored to PEAI molecules are prepared to form PEAI-based RPPs. To synthesize fluorinated 

organic spacers, 2-(3-trifluoromethylphenyl)ethanamine and 2-(4-

trifluoromethylphenyl)ethanamine were both dissolved in methanol. Aqueous solutions of HI were 

added dropwise in the precursors to induce an additional reaction with the amine functional group. 

Figure 1a shows the chemical structures of the precipitated iodide salts, in this case meta-CF3 

PEAI and para-CF3 PEAI. Hereafter, we designate the meta-CF3 PEAI and para-CF3 PEAI as m-

CF3 and p-CF3, respectively. The abbreviations m-CF3 and p-CF3 correspond to the locations of the 

trifluoromethyl (CF3) functional groups at the meta- and para- position respective to the 

ethanamine terminal. Nuclear magnetic resonance (NMR) spectroscopy was conducted to examine 

the chemical structures of m-CF3 and p-CF3. As shown in SI Figure S1, the close 19F resonances in 

both cases indicate identical fluoride moieties shared by these two molecules. 13C resonance with 

split peak is observed for m-CF3 compared to p-CF3, verifying the molecular structure with diverse 

CF3 group positions. 

The synthesized m-CF3 and p-CF3 ligands were then used to prepare two different structural-

isomer-anchored RPPs. The n = 1 phase RPPs were fabricated by spin-coating precursor solutions 

onto glass substrates and annealing them at 100 °C. Their chemical formulae are given by (meta-

CF3-PEA)2PbI4 (m-CF3 RPP) and (para-CF3-PEA)2PbI4 (p-CF3 RPP), respectively. As shown in 

Figure 1b, the X-ray diffraction (XRD) spectra of both samples indicate the formation of a phase-

pure RPP structure with n equal to 1 in the P1 space group. The lattice distances of the (002) plane 

are calculated and found to be 20.15 Å and 17.95 Å for the m-CF3 and p-CF3 RPPs, respectively. 

Interestingly, the m-CF3 RPP exhibits a larger lattice constant along the out-of-plane orientation 
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than that of the p-CF3 RPP. The different spacings between the layers suggest a difference in the 

stacking modes originated from the altered direction and the magnitude of the hydrogen bond or 

van der Waals interaction between the two organic spacers.38,44,45 In addition, Cross-sectional 

scanning electron microscopy (SEM) images of indium-tin-oxide (ITO) / RPP / Au samples, 

prepared by spin-coating of precursors with equimolar concentrations of 1 M, show the formation 

of layered 2D plates (SI Figure S2a). The m-CF3 RPP sample has a thickness of 1.0 µm, which is 

thicker the p-CF3 RPP sample’s thickness of 0.48 µm. 

The origin of the different inter-layer spacing values originated from the fluorination position 

on the intermolecular interactions and physical properties are investigated by density-functional 

theory (DFT) simulations. SI Figure S3 shows schematics of the simulated intermolecular 

ordering for both single-crystalline m-CF3 RPP and p-CF3 RPP, describing the intercalation of 

bulky organic spacers into the 2D sheets of [PbI6]4- octahedra. The relative binding energy between 

the adjacent couple m-CF3 RPP layer (6.82 meV�Å-2) is calculated to be lower than p-CF3 RPP 

(10.08 meV�Å-2), indicating the interlayer binding strength of m-CF3 RPPs is smaller. The DFT 

calculation results show that the benzene rings within the m-CF3 RPPs have a more favorable 

stacking mode.36,46 The differences in the intermolecular stacking modes can originate from the 

relatively distinct interactions between multiple fluorine (F···F) groups on the terminals of the 

benzene moieties (SI Figure S3). Similar to the result from the XRD measurement, the simulated 

values of (002) plane lattices constant along the layer stacking direction of m-CF3 (18.57 Å) is 

greater than that of p-CF3 RPPs (17.88 Å), correlating with the estimated lattice distance result 

from the XRD patterns.  

More importantly, the calculated charge density difference between organic and inorganic 

regions  shows evident hybridization between m-CF3, while it is negligible for p-CF3 (SI Figure 
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S3b). Slightly enhanced out-of-plane conductivity of m-CF3 RPP can be expected in comparison 

to that of the p-CF3 RPP due to the favorable interlayer hybridization of the m-CF3 RPPs. The band 

structures of m-CF3 and p-CF3 RPP were calculated, and the band gap values were found to be 1.61 

eV and 1.56 eV, respectively (SI Figure S4). While the computed band gap values are smaller 

than the experimental values as expected from DFT calculations at the PBE level , a larger band 

gap for m-CF3 is is nevertheless also predicted by the calculations. The computed band gap values 

are sensitive to the distortions of the perovskite backbone due to the presence of the  spacer 

molecules. Indeed, the electronic band gaps of 2D perovskites are affected by both in-plane (b) 

and out-of plane (d) angular distorsions,26 which amount to 17.9° (19.4°) and 15.3° (12.2°) 

respectively, for p-CF3 (m-CF3).  There is therefore a larger in-plane but smaller out-of plane 

angular distorsion for m-CF3 by comparison to p-CF3 resulting however in a net increase of the band 

gap as observed experimentally. 

Slab models were further constructed to study the polarization profiles along the stacking axes 

(SI Figure S5), the polarization density profiles (SI Figure S6) were calculated to evaluate the 

surface dipole density 𝑝 of each 2D RPP, equal to 4.84 × 10-11 C/m and 5.19 × 10-11 C/m for m-

CF3 and p-CF3 RPP, respectively. Using the equation ∆𝐸$%&' = −1.809	×1012	∆𝑝,71 the maximum 

of the valence band m-CF3 RPP is predicted to lie 0.40 eV higher than that of p-CF3 RPP. This 

agrees well with the experimentaltrend  of the ionization energies, with a value for m-CF3 layered 

perovskite found 0.30 eV smaller than that of p-CF3 layered perovskite (5.5 eV vs. 5.8 eV). The 

calculated present dipole moment (1.3 D) of m-CF3 localized in 2D structure is found to be higher 

than that (0.3 D) of p-CF3 from structural formula using DFT calculations, which can facilitate the 

dissociation of photo-generated excitons (SI Table S1).37 The larger molecular dipole of m-CF3 
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may however lead to a smaller surface dipole, since this quantity depends on the alignment of the 

molecular dipole with the stacking axis perpendicular to the surface.71 

 

Additionally, as shown in SI Figure S7, the dielectric constant of m-CF3 RPP is found to be only 

slightly larger than that of p-CF3 (4.28 vs 4.02), while the dielectric constant of sole spacers are 

almost the same. Therefore a large difference in exciton binding energies is not expected, 

consistently with experimental observations (Table 1).  

The carrier transport properties of the RPPs in out-of-plane orientation were measured by using 

conductive atomic force microscopy (C-AFM). Both m-CF3 RPP and p-CF3 RPP samples were 

prepared by spin-coating precursor solutions of 1 M concentration on ITO-coated glass substrates 

to apply a voltage bias to RPPs in out-of-plane orientation between an AFM tip and the ITO layer. 

Figure 1c, 1d and SI Figure S8 show profiles of measured current and surface topology, 

respectively. Although the m-CF3 RPP thin-film (1 µm) is thicker than that of p-CF3 RPP (0.48 

µm), the m-CF3 RPP thin-film shows a significantly higher current level than p-CF3 RPP under 

the same bias condition across the entire measurement area. 

The use of different organic spacers in RPP can also affect the as-formed quantum well structure, 

resulting in different electronic band structures. Figure 1e and 1f show spectra of the steady-state 

photoluminescence (PL) and UV-VIS optical absorbance spectra of m-CF3 RPPs and p-CF3 RPPs. 

The PL peaks of the m-CF3 RPP and p-CF3 RPP are measured to be at 2.51 and 2.30 eV, 

respectively. The PL peaks are highly correlated with the exciton peaks (Es1) of 2.57 and 2.37 eV 

from the optical absorbance spectra (SI Figure S2b), which suggests the formation of strongly 

bonded excitons produced from typical quantum-well-like regimes in the RPP structures. In 

addition, the continuum edges of the m-CF3 and p-CF3 RPPs are estimated to exist at 2.83 and 2.65 
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eV, respectively (Figure 1e,f, Table 1). The exciton binding energy levels (Eb) of the m-CF3 RPP 

and p-CF3 RPP are 260 and 280 meV, respectively, as determined from the continuum edge by 

subtracting the exciton peak energy (Table 1). This difference in the Eb can also contribute to a 

lower recombination of photogenerated carriers in the 2D/3D stacked heterostructure, as predicted 

from the calculated dipole moments localized in the 2D structure. 

The m-CF3 RPP and p-CF3 RPP are then used to fabricate PSCs with a 2D/3D configuration. 

Phase-pure (n = 1) RPPs with m-CF3 and p-CF3 as spacers are deposited on the surfaces of 

formamidinium (FA)-excess triple-cation 3D perovskite thin-films by a two-step spin-coating 

process. The m-CF3 and p-CF3 spacers were pre-dissolved in IPA solutions. SEM images show 

that the fabricated 2D/3D perovskite thin-film stacks assembled with the m-CF3 and p-CF3 RPPs 

treatment possess similar surface morphologies to those of pristine 3D perovskite thin-films (SI 

Figure S9). Grazing-incidence wide-angle X-ray scattering (GI-WAXS) measurements were 

carried out to identify the existence of RPP layers on 3D perovskite thin-films and their crystal 

orientations. Before applying the RPP layers, the 3D perovskite thin-film show broad Debye–

Scherrer rings at 1.0 Å-1 with sharp Bragg peaks at 0.9 Å-1 along the out-of-plane direction (qz), 

indicating the formation of randomly oriented 3D perovskites and a highly oriented PbI2 (001) 

phase, as shown in Figure 2a.  

After the m-CF3 or p-CF3 treatments on the 3D perovskite thin-film, signals from the PbI2 phases 

are slightly reduced and a new pair of sharp Bragg spots along the qz direction are emerged, which 

indicate the formation of the (002) and (004) planes of the phase-pure (n = 1) RPPs. The m-CF3- 

and p-CF3-treated 2D/3D perovskite thin-films show peaks at 4.4° and 4.8°, respectively, belonging 

to the (002) planes. Notably, azimuthal angle scans along the (002) plane show a much sharper 

peaks from the m-CF3-treated sample than the p-CF3-treated sample, suggesting highly oriented 
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growth of the phase-pure m-CF3 RPP layer on the 3D perovskite (Figure 2b). The highly orientated 

grown m-CF3 RPP with stacking mode close to face-to-face could achieve high performance PSCs 

by enhancing charge transport out-of-plane direction to the substrate plane.47-49 Furthermore, out-of-

plane GI-WAXS profiles show that the m-CF3 treatment has a stronger effect on reducing the PbI2 

phases and enhancing the 3D phases compared to the p-CF3 case, an outcome also correlated with 

the GI-XRD measurements (Figure 2c and SI Figure S10). The XRD measurements of the 

perovskite films also show a slight decrease in PbI2 and an increase in the α-phase of the 

perovskites after the RPP treatments, suggesting interfacial Pb-related defect passivation (SI 

Figure S11).10 Therefore, the m-CF3 RPP not only benefits the crystallinity of the perovskite film 

but also facilitates the monolayered (n = 1) RPP formation in c-axis parallel to the substrate with 

high out-of-plane charge transport  

The optical absorbance spectra in Figure 3a demonstrate that both the m-CF3- and p-CF3-treated 

perovskites show a slight blue shift absorbance onset (4–5 nm) and an increasement in the 

absorbance intensity in the range of 400–550 nm after the formation of RPPs upon the 3D 

perovskite films. The higher absorbance intensity of the m-CF3-treated 2D/3D perovskite than the 

p-CF3-reated specimen is likely due to the formed relatively thicker 2D film treated by m-CF3 in an 

identical concentration. In addition, the photoluminescence (PL) intensity is increased after the 

RPP treatment. The perovskite treated with m-CF3 RPP shows the strongest PL emission, 

suggesting more effective passivation of non-radiative recombination centers (Figure 3b). In 

addition, the blue shifts in the PL peaks of both m-CF3 and p-CF3 2D/3D heterostructures also 

suggest filled trap states at the sub-bandgaps.50-54
 This correlates with the enhanced charge carrier 

lifetimes of the 2D/3D heterostructures found in the time-resolved PL (TRPL) measurements (SI 
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Figure S12). Both PL measurements highlight the fact that the phase-pure (n = 1) RPPs with m-

CF3 more effectively suppress the non-radiative recombination of 3D perovskite than p-CF3.  

The defect passivation effect of 2D RPPs treatment is further examined by space-charge-limited 

current (SCLC) measurements to compare actual trap-state density in the 2D/3D perovskite thin-

films. Electron-only types of SCLC devices are prepared with a structure of ITO / SnO2 / stacked 

2D/3D heterostructure perovskite / C60 / Au. As shown in Figure 3c, the trap-filled limit voltages 

(VTFL) of pristine 3D perovskite, m-CF3-treated perovskite, and p-CF3-treated perovskite specimens 

are estimated to be 0.133, 0.113, and 0.121 V, respectively (SI Table S2). The trap density (nt) 

can be calculated from the following equation:  

VTFL =
entd

3

2εε4
 

, where e, d, 𝜀4, and ε are the elementary charge, the thickness of perovskite thin-films, the vacuum 

permittivity, and the dielectric constant of the perovskite thin films, respectively. The estimated nt 

values of the pristine 3D perovskite, the m-CF3-based 2D/3D heterostructure, and the p-CF3-based 

2D/3D perovskites are 1.34 × 1015, 1.02 × 1015, and 1.17 × 1015 cm-3, respectively. In addition, X-ray 

photoelectron spectroscopy (XPS) of the 2D/3D heterostructures shows that the both RPPs have 

significantly reduce metallic Pb0 states with new fluorine moieties that form on the surfaces (SI 

Figure S13). It is reported that Pb0 can be generated during fabrication process and act as a non-

radiative recombination center. The strong electronegativity of CF3 group could effectively 

eliminate metallic lead with deep level defect.41 Consistent with previous studies, the SCLC and 

XPS results indicate that both CF3 isomers with different meta- and para-positions can effectively 

suppress deep-level traps of Pb0 at the perovskite interface by forming phase-pure (n = 1) RPPs.55,56  
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The band alignments of the RPPs in 2D/3D perovskites are examined by using ultraviolet 

photoelectron spectroscopy (UPS). The Fermi level (EF) and the energy band alignments between 

the 2D and 3D perovskite layers are shown in Figure 3d and SI Figure S14. The valence band 

positions (EVB) of the m-CF3 and of the p-CF3 2D phase-pure (n = 1) RPPs are measured to be 5.50 

± 0.1 and 5.80 ± 0.1 eV, respectively. Considering the bandgap of the materials, the conduction 

band positions (ECB) of the m-CF3 and p-CF3 monolayered RPPs are estimated to be 3.00 ± 0.1 and 

3.50 ± 0.1 eV, respectively. As depicted in Figure 3d, the estimated band alignment at the 2D/3D 

heterostructure suggests that m-CF3 provides favorable band positions for hole transfers, whereas 

p-CF3 can create a hole barrier of approximately 0.08 eV. It should be noted that the estimated 

band alignment show that the EVB of m-CF3 RPP is 0.30 eV higher than that of p-CF3 RPP, which 

agrees well with the theoretically calculated 0.40 eV difference. 

Based on the beneficial characteristics of RPPs treatment on the 3D perovskite thin films, PSCs 

with the 2D/3D perovskite heterostructure are fabricated. An n-i-p structure of ITO / SnO2 / 

perovskite / Spiro-OMeTAD / Au are used. The optimal precursor concentration is determined 

from the current density vs. bias (J-V) measurement as shown in SI Figure S15. The PSCs with a 

precursor concentration of 3 mg�ml-1 exhibit the highest PCE. The decrease in PCE at higher 

concentrations is possibly due to the formation of excessively thick RPP layers or unreacted 2D 

salts remaining at the interfaces.57,58 Cross-sectional SEM images of the devices show the formation 

of ultrathin RPP layers on the 3D perovskite layers (SI Figure S16). As shown in Figure 4, SI 

Figure S17, and S18, statistical histograms of the device performances after the m-CF3 and p-CF3 

treatments with anti-reflective films reveal increases in the average short-circuit current density 

(JSC) to 24.2 and 23.9 mA·cm-2, respectively. The highest JSC from the m-CF3 RPP treatment suggests 

efficient hole transfers caused by the favorable band alignment and the enhanced out-of-plane 
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conductivity by the face-to-face stacking mode. Moreover, while the pristine PSCs exhibit an 

average open-circuit voltage (VOC) of 1.13 V, the m-CF3 RPP and p-CF3 RPP treated PSCs show VOCs 

of 1.17 and 1.16 V, respectively. The corresponding VOC deficits ((Eg�q-1) – VOC) are calculated to be 

0.432, 0.402, and 0.403 V for pristine, m-CF3-treated, and p-CF3-treated PSCs, respectively.54-56 The 

PSCs of the champion devices realized by the m-CF3 and p-CF3 RPP treatments are 22.4% and 

21.3%, respectively, showing significant improvements compared to the PCE of the pristine device 

of 20.9%. The stabilized power output (SPO) of the m-CF3-treated perovskite was 21.9% at a 

maximum power point bias of 0.968 V, showing a similar PCE from the J-V curves (SI Figure 

S19). In addition, flexible devices were also fabricated using ITO / PEN film, demonstrating PCEs 

of 17.7%, 18.6%, and 18.4% for pristine, m-CF3-treated, and p-CF3-treated flexible PSCs, 

respectively (SI Figure S20). The external quantum efficiency (EQE) spectra and integrated JSC 

values calculated with a wavelength range of 350 and 900 nm show small discrepancies, possibly 

stemming from the wavelength loss below 350 nm.  

To further evaluate the quality of junction and to identify the dominant recombination process 

in the PSCs, the ideality factors of the PSCs are calculated by extracting the slope of the VOC vs. Ln 

(light intensity) plot (Figure 4d).59,60 The PSC treated with m-CF3 RPP showed an ideality factor of 

1.30, whereas the PSC treated with p-CF3 RPP showed a value of 1.53, which indicates that the m-

CF3-treated PSCs are less limited by trap-assisted recombination. Additionally, the result of 

electrochemical impedance spectroscopy by fitting Nyquist plot shows the similar results of 

ideality factors in PSCs. The impedance spectroscopy proved that PSC treated recombination 

resistance increased in the order of pristine 3D perovskite, p-CF3-treated PSC, and m-CF3-treated 

PSCs (SI Figure S21). This result also indicates that the m-CF3-treated PSC effectively suppressed 

recombination losses, resulting in an increase of VOC and the fill-factor (FF). In addition, the built-
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in potential (Vbi) values of the PSCs were obtained by a Mott-Schottky analysis using the following 

equation: 

1
C2  =

2
εε0eANd

(Vbi	- V) 

, where C, A and Nd are correspondingly the capacitance, the active area of the PSCs, and the doping 

concentration. The Vbi values of the devices are estimated by determining the intercept of the linear 

fitted region from the C-2 vs. V plots. The Vbi values of the pristine PSC, m-CF3-RPP-treated PSC, 

and p-CF3-RPP-treated PSC are estimated to be 0.95, 1.00, and 0.97 V, respectively (Figure 4e). 

The Mott–Schottky plots show that the introduction of the 2D/3D perovskite junction slightly 

increases Vbi compared with pristine device. 

Furthermore, the PSCs treated with m-CF3 RPP exhibit significantly enhanced device stability 

against humidity, maintaining 85% of the initial PCE after 385 hours at a temperature of 25 °C 

and relative humidity of 65%, as shown in Figure 5a. The p-CF3-RPP-treated PSCs also shows 

enhanced stability against humidity, but lower stability compared to the m-CF3 RPP-treated PSCs. 

The outcomes of enhanced device stability against humidity can be attributed to the hydrophobicity 

of the RPP with fluorinated spacer ligands.35,61 The hydrophobicity of the RPP-treated perovskites 

are evaluated by measuring the contact angles of water droplets on the films. After the m-CF3 RPP 

and p-CF3 RPP treatments on top of the 3D perovskite, the contact angles increase from 55.1° to 

65.5° and 62.8°, respectively. Furthermore, the optical absorbance spectra of the m-CF3-RPP-

treated film showed negligible changes after 150 hours of storage at a relative humidity of 65%, 

whereas the pristine 3D perovskite showed a significant decrease in the intensity across the entire 

wavelength range (Figure 5b). Furthermore, the m-CF3-treated PSCs show an improved stability 

against light illumination, maintaining 78% of the initial PSC even after 1100 hours in a N2 ambient 

condition under 1-Sun illumination (SI Figure S22).31,33 



 17 

Conclusions 

In summary, two types of chemically similar but distinct structural isomers, meta- CF3 and para-

CF3 groups linked to PEAI, were systematically investigated as interface modifiers. Compared to 

p-CF3 RPP, the m-CF3 RPP shows a higher interlayer molecule dipole moment, and highly oriented 

crystal growth with the favorable intermolecular interaction, which may enhance the dissociation 

of 2D excitons and the out-of-plane transport of the charge carriers to the HTL. Changes in surface 

dipoles may also explain the shift of band alignments, that shall affect in turn the device properties. 

The formation of the phase-pure (n = 1) m-CF3 RPP on 3D perovskite film demonstrates the 

effective suppression of non-radiative recombination and improved carrier lifetimes owing to the 

passivation of uncoordinated-Pb related defects on the 3D perovskite surface. As a result, the m-

CF3-RPP-treated PSCs exhibited a significantly improved PCE up to 22.4%. Furthermore, the m-

CF3-RPP-treated PSCs not only show improved stability against humidity owing to the increased 

hydrophobicity with additional fluorine functional groups, but also excellent operational stability 

under 1-Sun illumination. These results suggest that the fabrication of stable PSCs while 

overcoming the vulnerability to humidity of 3D perovskites through fluorinated RPP spacers. 

Moreover, on top of the multiple fluorine atoms on aromatic spacers, we show that the position of 

fluorinated groups can further improve the humidity stability of devices. This structural isomer 

strategy can also be applied to other types of RPP ligands, thus opening an effective pathway by 

which to improve the performance and stability outcomes of PSCs. 
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EXPERIMENTAL SECTION  

Chemicals: 2-(3-trifluoromethylphenyl)ethanamine and (2-(4-

trifluoromethylphenyl)ethanamine (98%) were purchased from J&K Chemical Ltd. 

Formamidinium lead iodide perovskite (FAPbI3) and Methylammonium lead bromide perovskite 

(MAPbBr3) powders were purchased from Sharechem. Lead iodide (99.999%) were purchase form 

Alfa Aesar. Cesium chloride (99.9%) and all solvents used in this study, including 

dimethylformamide (anhydrous 99.8%), dimethylsulfoxide (anhydrous 99.9%), chlorobenzene 

(anhydrous 99.7%)) and 2-propanol (anhydrous 99.5%), were purchased from Merck. 

Materials synthesis: All the chemicals were used without further purification. 15 mL of (2-(3-

trifluoromethylphenyl)ethanamine and (2-(4-trifluoromethylphenyl)ethanamine were firstly 

dissolved in 200 mL of methanol in a flask in an ice bath, respectively. Then 20 mL of HI aqueous 

solutions (55 wt%, Sigma Aldrich) were dropped under continuous stirring. After reaction for 6 

hr, the solvents of the obtained solutions were removed by vacuum rotary evaporation. The crude 

precipitates were gradually washed by cold diethyl ether for several times until white powders 

formed. Finally, both powders were completely dried in vacuum at 65 °C overnight. 

Device fabrication: Patterned ITO/glass substrates (AMG Inc.) were sequentially sonicated by 

using acetone, isopropanol, and deionized water. The cleaned substrates were treated by O2 plasma 

for 5 min. A SnO2 solution were prepared by diluting SnO2 colloidal solution (15% in H2O colloidal 

dispersion, Alfa Aesar) with deionized water (1:4 of volume ratio). The SnO2 solution were then 

spin coated at 4000 rpm for 30 s, followed by an annealing at 100 ℃ for 10 min. Before coating 

perovskite solution, the substrates with SnO2 were treated by UV-ozone for 15 min. A precursor 

solution of perovskite was prepared by adding 949.47 mg of FAPbI3, 37.814 mg of MAPbBr3, 98.4 

mg of PbI2, 13.3 mg of CsCl , 19 mg of MACl in 263 μl of DSMO and 1050 μl of DMF. The 
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perovskite films were fabricated by spin-coating perovskite solution on the SnO2 at 1000 rpm 10 s 

and 5000 rpm for 25 s. The chlorobenzene (CB) was dripped on the substrate at the end of 10 s. 

The substrates were annealed at 150 ℃ for 10 min and were subsequently annealed at 100 ℃ for 

10 min. The samples were cooled down to room temperature. For interface treatment with RPPs, 

3 mg of m-CF3-PEAI in 1ml of IPA solution and 3 mg of p-CF3-PEAI in 1 ml of IPA solution were 

prepared, respectively. The substrates were pre-heated at 75 ℃ for 5 min. The prepared solutions 

were poured on the pre-heated substrates at 5000 rpm for 20 s and then annealed 100 ℃ for 10 

min. For HTL, Spiro-MeOTAD solution was prepared by dissolving 128 mg of Spiro-MeOTAD 

in 1.3 ml of chlorobenzene. 50.4 μl of 4-tert-butyl pyridine, 29 μl of Li-TFSI solution (520 mg of 

Li-TFSI in 1ml of acetonitrile) and 12.6μl of Co-TFSI solution (375mg of FK209 Co-TFSI in 1 

ml of acetonitrile) were added into prepared Spiro-MeOTAD solution as a dopant. The HTL was 

deposited on the perovskite film with 2D/3D heterostructure by spin-coating the Spiro-MeOTAD 

solution at 3000 rpm for 30 s. The Finally, the substrates were moved to a vacuum chamber for 

evaporation deposition of 50 nm Au films at a rate of 0.3 Å�s-1. For encapsulation, the samples 

were moved to a N2-filled glove box and encapsulated using UV-curable resin (Nagase Inc.) and 

cover glass. For the flexible devices, bare glass substrates were treated with O2 plasma to remove 

residual organic contaminant and improve wettability. PDMS layers (Dow Corning, Sylgard 184) 

were spin-coated to a O2 plasma treated glass substrate. The PDMS coated substrates were annealed 

at 70 °C for 10 min and post-cured for 24 hours at 70°C. ITO / 125 μm-thick 

polyethylene(naphthalate) (PEN) films (Peccel) were attached to PDMS-coated glass. For 

fabrication process of SnO2 and perovskite films, the samples were annealed at 135 °C to avoid 

damage of flexible substrate. 
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Device characterization: The J-V curves were obtained by using a class-AAA solar simulator 

(Sol 3A 64023A, Oriel) with a sourcemeter (Keithley 2400) equipped with an AM1.5G filter. 1-

Sun illumination intensity of 100 mW�cm-2 was calibrated using a certified reference Si cell 

equipped with a KG5 window (91150-KG5, Newport). Scan voltage ranged from 0.1 to 1.2 V in 

forward scan and from 1.2 to 0.1 V in reverse scan. The scan rate was set as 100 mV�s-1. Active 

area of device was defined by using an aperture mask (0.0729 cm2). All J–V characterization were 

conducted in a glovebox at room temperature. Humidity stability of perovskite films were 

performed by using humidity-controlled equipment (Rcom max20). C-AFM results were obtained 

to examine DC current of 2D RPPs film by using NX10 equipment (Park Systems) with cantilever 

tip (SD-R30-NCH, Park systems). A voltage bias of 2 V was applied to acquire DC current. The 

absorbance spectra of perovskite films were measured by using an UV-visible spectrophotometer 

(Cary 5000 UV-Vis-NIR, Agilent Ltd). A fluoroMax-4spectrofluorometer (Horiba) was used to 

measure steady-state PL and time resolved PL. A Xe-arc lamp (150 W) and laser with 463 nm 

wavelength were used as a excitation source for steady-state- and time-resolved-PL measurements, 

respectively. The XRD spectra were obtained by using D8-Advance (Bruker) with a 

monochromatic Cu-Kα radiation. GI-WAXS data were acquired using Xeuss 2.0 HR 

SAXS/WAXS system with an exposure dwell time of 60 s. FE-SEM (Auriga, Carl Zeiss Ltd) was 

used to acquire top-view SEM images and FE-SEM (Nova Nanolab, FEI) was used to obtain cross-

sectional SEM images. XPS and UPS were performed by using an electron spectroscopy 

instrument (Nexsa) with an incident radiation using the He-I peak (21.22 eV). The EQE spectra 

were obtained from incident photon to current efficiency test (IQE-200B, Oriel). For SCLC 

measurement, electrochemical workstation (Autolab320N, Metrohm) was used with a voltage 

range from 0 to 2 V. EIS were conducted by using Electrochemical workstation (Autolab 320N, 
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Metrohm) with a white LED (100 mW�cm−2) as light source. Applied frequency ranging from 100 

to 106 Hz and bias voltage ranging from 0.0 to 0.8 V with voltage steps of 0.2 V were used during 

EIS measurement. To evaluate the hydrophilicity of the prepared perovskite film, contact angle 

measurement (Phoenix-150, SEO) was carried out using 40 μl of water. The operational stability 

test under 1 Sun illumination was performed using a reliability measurement system (K3600, 

McScience) which repeatedly measure the PCE every 5 min. 

DFT Calculations: Structure optimizations were performed with DFT calculations by using the 

Vienna ab-initio simulation package (VASP).62,63 The PBE functional within generalized gradient 

approximation (GGA) was used for all calculations64 The outermost I 5s, 5p; N and C 2s, 2p; H 1s; 

Pb 6s, 6p, 5d; F 2s, 2p electrons are treated as valence electrons whose interactions with the 

remaining ions are modeled by pseudopotentials generated within the projector-augmented wave 

(PAW) method.65 An energy cutoff for the plane-wave basis set is set to 500 eV. A 2 × 4 × 4 k-

point mesh generated by Monkhorst-Pack scheme is used for all relaxation and self-consistent 

calculations. Energy and force convergence criteria are set as 0.01 meV and 20 meV�Å-1, 

respectively, to ensure the structure is fully relaxed and converged. To treat the interaction of 

organic spacer cations, the van der Waals interaction was taken into account with the non-local 

correlation functional rev-vdW-DF2.66 The positions of the atoms, the volume of crystal cells, and 

volume shape were allowed to relax during the structural optimization. The following formula 

could be used to calculate layer binding energy (Eb), 𝐸&=	
6789	 : 1	6;<=>	(:)

A
, where Eiso(n) represent 

the energy of the unit cell of an isolated slab contains n-layers of RPPs in vacuum, Ebulk(n) is the 

energy of the unit cell of n-layers of RPPs.67 A is the in-plane area of the bulk unit cell. The larger 

Eb indicate the stronger binding strength.  
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The calculations which involved slabs were performed within the DFT as implemented in the 

SIESTA package with a basis set of finite-range numerical atomic orbitals.68 Norm-conserving 

Troullier-Martins pseudopotentials were used for each atomic species to account for the core 

electrons.69 1s1, 2s22p2, 2s22p3, 2s22p5, 5s25p5, and 5d106s26p2 were used as valence electrons for H, C, 

N, F, I, and Pb, respectively. A polarized double-zeta basis set with an energy shift of 200 meV 

and a real space mesh grid energy cutoff of 300 Ry were used for the calculations. For band 

structure calculation on top of optimized bulk structures, the GGA-PBE functional combined 

including spin-orbit coupling (SOC) with on-site approximation are used. The Brillouin zone was 

sampled with a 4 × 8 × 8 and 4 × 4 × 1 Monckhorst-Pack grid for bulk and slab systems, 

respectively. For the high-frequency dielectric constant profiles, slabs based on the respective 

systems were constructed, and an electric field of 0.01 eV/Å was applied along the [001] direction 

to compute the relaxed electron densities, as described elsewhere. For polarization density 

profiles,70 we used single-point calculations with GGA-PBE functional including SOC on top of 

rev-vdw-DF2 optimized structures. The fully relaxed bulk structures were used to construct the 

slabs with three repeated unit cells, as shown in SI Figure S5. 
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Table 1. PL peak position, band gap (Eg), excitonic peak (Es1), continuum edges and exciton 

binding energies (Eb) driven from steady-state PL and UV-VIS absorbance spectra of RPP films   

 

 

Material PL (eV) Band edge 
(eV) Excitonic 

peak (eV) Continuum 
edge (eV) Ebinding(meV) 

m-CF3 2.51 2.59 2.57 2.83 260 
p-CF3 2.30 2.39 2.37 2.65 280 
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Figure 1. (a) Molecular structure of m-CF3 PEAI and p-CF3 PEAI, respectively. (b) XRD spectra 

of (m-CF3PEA)2PbI4 and (p-CF3PEA)2PbI4. Spatial map and histogram of current level from C-AFM 

measurements of (c) m-CF3 PEAI and (d) p-CF3 PEAI films on ITO substrates. Optical absorbance 

and PL spectra of (e) (m-CF3PEA)2PbI4 and (f) (p-CF3PEA)2PbI4 thin-films on glass substrates. 
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Figure 2. (a) GI-WAXS measurements and (b) Azimuthal angle scans for (002) peak of m-CF3 

PEAI treated 2D/3D perovskite films and p-CF3 PEAI treated 2D/3D perovskite films. (c) GI-XRD 

spectra of pristine 3D perovskite films, m-CF3 PEAI treated, p-CF3 PEAI treated 2D/3D perovskite 

films. Inset shows peaks corresponding pure RPPs.  
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Figure 3. (a) UV-VIS absorbance spectra and (b) steady-state PL spectra of pristine 3D perovskite 

films, m-CF3-PEAI treated- and p-CF3-PEAI treated 2D/3D perovskite films. (c) J-V characteristics 

from SCLC measurements for electron only device using perovskite films with and without 

organic ammonium iodide treatment. (d) Schematic energy band alignment diagram of 3D 

perovskite films and 2D/3D perovskite films. 
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Figure 4. (a) Statistical histogram of J-V characteristics of perovskite solar cells with pristine, m-

CF3-PEAI treated, p-CF3-PEAI treated perovskite films. (b) J-V curves of the best performing solar 

cells at both reverse and forward scans. Solid lines and dashed lines indicate reverse scans and 

forward scans, respectively. (c) EQE spectra and integrated photocurrent density curves of the 

devices. (d) Light intensity dependent VOC profiles of perovskite solar cells with pristine and organic 

ammonium iodide treated perovskite films. (e) Mott-Schottky plots of perovskite solar cells with 

pristine perovskite films, m-CF3-PEAI treated- and p-CF3-PEAI treated perovskite films. 
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Figure 5. (a) Stability of perovskite solar cells against humidity without encapsulation (25 ℃, 

65% R.H. storage condition) and pictures of the contact angle measurements of water droplets on 

pristine 3D perovskite films, m-CF3 PEAI treated, and p-CF3 PEAI treated 2D/3D perovskite films. 

(b) Changes of absorbance spectra of perovskite films before and after humidity stability tests. 
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Figure S1. NMR measurement of a) (m-CF
3
PEA)

2
PbI

4
 and b) (p-CF

3
PEA)

2
PbI

4
 films.  
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Figure S2. (a) Top surface and cross-sectional SEM images of pure (m-CF
3
PEA)

2
PbI

4
 and (p-

CF
3
PEA)

2
PbI

4
 films.  Scale bar, 500 nm. (b) Absorption spectra of pure (m-CF

3
PEA)

2
PbI

4
 and (p-

CF
3
PEA)

2
PbI

4
 films. 
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Figure S3. (a) DFT optimized atomistic structures and (b) charge density difference between the 

whole structure and the hypothetical structure containing one out of the two organic-inorganic 

layers of (m-CF3-PEA)2PbI4 (left panels) and (p-CF3-PEA)2PbI4 (right panels). The yellow and cyan 

regions indicate the charge accumulation and depletion, respectively, and the isosurface value is 

0.25 e�Å-3. This reveals increased inter-molecular hybridization between the m-CF3-PEA cations 

in the m-CF3 RPP, compared to the para isomer.  
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Figure S4. Electronic band structures of the m-CF3 and p-CF3 layered perovskites computed at the 
PBE level. The x-axis shows the labels of the high symmetry points of the P21/c space group 
Brillouin zone. 
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Figure S5. Slab model structures considered for the evaluation of the polarization density profiles 
along the stacking axes of the m-CF3 and p-CF3 layered perovskites. The slabs contain three 
perovskite layers. The surface layers within the dashed rectangular boxes are allowed to relax 
while the central bulk-like regions are kept frozen to the positions of the optimized bulk structures. 
During structural optimization, only the atomic positions were allowed to relax. 
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Figure S6. Polarization density profiles of the m-CF3 and p-CF3 layered perovskites along the 
stacking axes.1 The surface dipole densities 𝑝 extracted from the polarization density profiles are 
equal to 4.84 × 10-11 C/m and 5.19 × 10-11 C/m for m-CF3 and p-CF3 layered perovskites, 
respectively. By using the equation ∆𝐸$%&' = −1.809	×1012	∆𝑝, the energy of the valence band 
maximum  of the m-CF3 layered perovskite is predicted to be larger by 0.40 eV  than  the one of 
the p-CF3 layered perovskite.  
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Table S1. VASP simulated molecular structures, dipole moments of m-CF
3
-PEA+ and p-CF

3
-PEA+. 

The dipole moments are calculated by the VASP code using the PBE functional, considering the 

mass centers as the origin. 

 m-CF
3 
PEA  p-CF

3 
PEA 

Structure 

 

 

Simulated 
Molecular 
Structure 

 

 

Estimated Dipole 
Moment 𝜇 

(Debye) 

1.3 0.3 
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Figure S7. Dielectric profiles computed from slab models2 for (a) m-CF3 and p-CF3 layered 
perovskites and (b) the sole spacers m-CF3-PEA (red) and p-CF3-PEA (blue). In the later case, the 
nitrogen atom are replaced by carbon to avoid charged unit cells. 
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Figure S8. AFM measurement of pure (m-CF3PEA)2PbI4 and (p-CF3PEA)2PbI4 films  
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Figure S9. Surface SEM images of the pristine 3D perovskite films, m-CF
3
 PEAI treated, p-CF

3
 

PEAI treated 2D/3D perovskite films. Scale bar, 1 μm. 
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Figure S10. GI-WAXS profiles in out of plane direction of pristine perovskite films, m-CF
3
 PEAI 

treated- and p-CF
3
 PEAI treated perovskite films.  
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Figure S11. XRD spectra of pristine 3D perovskite films, m-CF
3
 PEAI treated, p-CF

3
 PEAI treated 

2D/3D perovskite films.  
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Figure S12. Time resolved PL spectra of pristine 3D perovskite films, m-CF
3
 PEAI treated, p-CF

3
 

PEAI treated 2D/3D perovskite films.  
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Table S2. Capacitance (C), active area, thickness, dielectric constant, trap filled limit voltage and 

trap density of perovskite with and without organic ammonium iodide treatment.  

Sample C 
[10-9 F] 

Active area 
[cm2] 

Thickness 
[nm] 

ε VTFL 

[eV] 
Nt 

[1015 cm-3] 

Pristine 8.06 0.1825 550 27.47 0.133 1.34 

m-CF3 7.64 0.1825 580 27.46 0.113 1.02 

p-CF3 8.20 0.1825 580 29.47 0.121 1.17 
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Figure S13. XPS spectra of (a) Pb-4f core-level spectra, (b) N-1s core-level spectra and F-1s core-

level spectra in perovskite films treated with different organic iodide salt . 

 

 

  

146 144 142 140 138 136 134

 

 

In
te

ns
ity

 (a
.u

.)

Binding energy (eV)
406 404 402 400 398 396

 

 

In
te

ns
ity

 (a
.u

.)

Binding energy (eV)
694 692 690 688 686 684

 

 

In
te

ns
ity

 (a
.u

.)

Binding energy (eV)

Pb-4f N-1s F-1s

Pb0

FA

2D

2D

C-F

C=NH2
+C-NH2

a b c
m-CF3

p-CF3

Pristine
m-CF3

p-CF3

Pristine

m-CF3

p-CF3

Pristine

Pb0



 60 

 

 

Figure S14. UPS spectra of pristine 3D perovskite, pure (m-CF
3
-PEA)

2
PbI

4
, and (p-CF

3
-PEA)

2
PbI

4
 

films. 
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Figure S15. (a) V
OC
, (b) J

SC
, (c) FF, and (d) PCE histograms for devices with anti-reflective film 

attached using perovskite layers by different m-CF
3
 PEAI concentration in 1 mL IPA solution 

under 1-Sun illumination.   
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Figure S16. Cross sectional SEM images of the device with pristine 3D perovskite film, m-CF

3 

PEAI treated-, and p-CF
3 
PEAI treated 2D/3D perovskite film. All scale bars,  500 nm. 
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Figure S17.  J-V curves of best performing photovoltaics with (a) pristine 3D perovskite, (b) m-

CF
3
 PEAI treated perovskite, and (c) p-CF

3
 PEAI treated perovskite at both reverse and forward 

scan. Solid lines and dashed lines indicate reverse scans and forward scans, respectively. 
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Figure S18. Device performance histograms of perovskite solar cells before anti-reflective films. 
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Figure S19. Stabilized power output (SPO) of device with pristine 3D perovskite and m-CF
3 
PEAI 

treated perovskite films measured at corresponding maximum power points. 
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Figure S20.  J-V curves of flexible device with pristine 3D perovskite, m-CF3 PEAI treated 

perovskite, and p-CF3 PEAI treated perovskite at both reverse and forward scan. 
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Figure S21. (a) Nyquist plots from EIS measurements with an applied voltage of 0.4 V. (b) 

Voltage dependent surface recombination resistance (R
S,Rec

) of the devices using pristine perovskite 

films, m-CF
3
 PEAI treated- and p-CF

3
 PEAI treated perovskite films. 
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Figure S22. Operational photo-stability of m-CF
3
 PEAI treated device with encapsulation under 

1-Sun illumination.  
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