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ABSTRACT: Flexible perovskite solar cells triggered a vast interest within the scientific 

community thanks to their broad commercialization prospects. However, the stability of these 

devices still poses one of the major concerns on the way to rapid industrial deployment. Here, we 

demonstrate an effective strategy to improve the technical aspects of this technology, improving 

the reliability and efficiency values of these devices. We apply large organic ammonium molecules 

for modifying a buried interface between a hole transporting layer (HTL) and perovskite absorbing 

material. With the 4-fluorophenethylammonium iodide (FPEAI) we achieve 18.66% efficiency for 

the large-area (1 cm2) flexible solar cell, a significant improvement over the pristine device without 

modification. The applied passivation strategy results in a better hole extraction and reduced non-

radiative recombination loss at the buried interface. Moreover, we demonstrate the formation of 

low dimensional perovskite phases in the vicinity of the hole transporting material upon the 

incorporation of large ammonium cations. This results in a significantly enhanced thermal, and 

light-soaking stability of fabricated devices. We obtained no loss in 1000 hours of aging at 85 °C, 

no loss in 1000 hours of light-soaking at open-circuit, and less than 10% drop in 1000 hours of 

operation at maximum power point for the optimized passivation treatment with the FPEAI. We 
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 3 

also demonstrate a method for monitoring the structural stability of perovskite thin films upon 

prolonged illumination, ensued by the amount of molecular iodine being released from the layer. 

Introduction 

Flexible perovskite solar cells (f-PSCs) garnered a lot of attention in the research community over 

the last couple of years, thanks to their broad, and tangible commercial prospects.1 Power 

conversion efficiency (PCE) reported for the lab-scale f-PSC devices recently exceeded 21%. 

Attainable high specific powers thanks to the use of lightweight substrates and cost-effective 

manufacturing methods (roll-to-roll processing) constitute key benefits of this technology.2 

However, detailed performance loss mechanisms and long-term reliability of perovskite devices 

still require a better understanding and more technical advancements to fully utilize the 

commercial potential of this technology.  

Perovskite thin films, due to their ionic and polycrystalline nature, are characterized by various 

defects, which derive from interruptions or imperfections in the semiconductor’s crystal lattice.3–

5 We can distinguish point defects (vacancies and interstitials) and extended defects (grain 

boundaries, twining and stacking faults, etc.).6,7 These defects introduce electronic states within 

the bandgap, which in turn are responsible for trapping photogenerated charge carriers, an increase 

of non-radiative recombination rates, and reduced solar cell performance. The majority of 

recombination losses in perovskite solar cells  take place at the interfaces with charge selective 

layers, primarily due to the higher density of defects within these areas.8,9 Additionally, these ionic 

defects can migrate within a perovskite layer in response to external stimuli, such as electric field 

or light. Iodide defects (vacancies and interstitials) were shown to have the lowest activation 

energy for charge distribution and are believed to dominate the migration mechanism.7,10 Such 

interstitial iodides upon illumination can undergo complex redox reactions, leading to the release 
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 4 

of molecular iodine and the formation of deep trap states (primarily hole traps).11–13 Defect 

passivation, especially applied to the surface of perovskite thin films, was widely explored as an 

effective way to suppress recombination losses and also improve device stability.14,15 Popular 

passivation strategies include ionic or coordinating interactions with external materials containing 

electron-rich (stabilization of positively charged defects) or electron-deficient groups (negatively 

charged sites). Less attention was paid to the modification of a buried interface. Apart from 

influencing interfacial electronic effects, the change of surface energy onto which perovskite is 

grown can alter nucleation and crystallization dynamics, leading to differences in layer 

morphologies and bulk properties. Recently, Degani et al. and Cacovich et al. applied large organic 

ammonium halides to the surface of a hole transporting material (HTM) onto which perovskite 

films were subsequently formed.16,17 They primarily observed improved layer uniformities with 

the elimination of nanovoids at the perovskite/HTM interface. No changes in the material’s 

composition, and dimensionality, or clear passivation effects at the buried interface were observed. 

Here, we modified a buried interface between HTM and perovskite layer with bulky organic 

cations (BOC) to improve this electronic contact and perovskite film quality. Additionally, we 

assessed the influence of fluorination of the organic cation on the effectiveness of this modification 

approach. By studying lift-off perovskite samples, we show the formation of 2D perovskite phases 

at the buried interface, revealing the incorporation of large cations into the perovskite lattice. With 

multiple spectroscopic and electrical characterization techniques, we show improved hole 

extraction and reduced non-radiative recombination losses at the modified interfaces. Devices with 

the BOC-modified p-side contact show improved photovoltaic performance (approaching 19% for 

the champion large-area device on the flexible substrate) and display significantly enhanced long-

term reliability in different stability tests (thermal test at 85 °C, operational test at maximum power 
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 5 

point, light soaking test at open-circuit). Moreover, we corroborate these results by identifying the 

reinforced structural stability of perovskite films upon interface modification, which is evidenced 

by slower iodine release during continuous light soaking. This is also confirmed by computational 

modeling of the HTM/perovskite interfaces, with and without modifications. 

Results and discussion 

Poly(triaryl)amine (PTAA) is one of the most commonly used hole transporting material (HTM) 

for the p-i-n perovskite solar cells. Its interface with a perovskite thin film can be still a source of 

performance-limiting, non-radiative recombination losses.18,19 We applied PTAA surface 

modification based on large-cation organic halides to improve this electronic contact. We selected 

phenethylammonium iodide (PEAI) as a modifying compound, which is commonly used for 

perovskite surface passivation with the ability to form reduced dimensionality perovskite 

compositions.20 We also tried a fluorinated variant, 4-fluoro-phenethylammonium iodide (FPEAI), 

in which cation exhibits a strong molecule dipole moment thanks to the fluorine substitution.21,22 

To evaluate the influence of PTAA modification on photovoltaic properties, we fabricated flexible 

perovskite solar cells of p-i-n configuration with the following structure: Polyethylene 

terephthalate (PET)/ indium zinc oxide (IZO)/ (polybis4-phenyl)(2,4,6-trimethylphenyl)amine 

(PTAA)/ Cs0.17FA0.83Pb(I0.9Br0.1)3/ fullerene C60/ bathocuproine (BCP)/ Ag, which we 

schematically depict in Figure 1a-b. Current density – voltage (JV) and stabilized power output 

(SPO) characteristics of the devices with and without modifications, we show in Figure 1c-d. 

Performance parameters (champion cells and average values of 30 devices) are summarised in 

Table 1. For the pristine device without modification, we recorded an open-circuit voltage (VOC) 

of 1.05 V, short-circuit current density (JSC) of 22.23 mA/cm2, fill factor (FF) of 63.99%, and PCE 

of 16.03%. With the PEAI modification the PCE improved to 18.13% with FF of 74.32%, VOC of 
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 6 

1.08 V, and JSC of 23.32 mA/cm2. The FPEAI modification yielded enhancements in all the 

photovoltaic parameters, reaching the best PCE of 18.66% with JSC of 23.34 mA/cm2, VOC of 1.09 

V, and FF of 75.17%. Statistics of all photovoltaic performance parameters, as extracted from the 

JV characteristics, we show in Figure S1. For the representative cells of each variant, we also 

measured external quantum efficiency (EQE) spectra (see Figure 1e) and derived integrated JSC 

values. JV curves of these cells are shown in Figure S2. All the PV parameters for these devices 

are summarised in Table S1. The JSC values derived from the EQE plots were slightly lower than 

the corresponding currents from the JV curves. Ionic displacement screening an electric field in 

the perovskite film, which can be more severe during the EQE measurement (longer time at short-

circuit conditions), was often suggested as a possible origin for these differences.23 Nevertheless, 

the same trend of higher current density values and possibly improved charge extraction 

(especially in the higher energy region) can be observed in the modified devices. 

 

 

 

 

SAMPLE PCE BEST  

(PCE AVERAGE ± SD)  

[%] 

FF BEST  

(FF AVERAGE ± SD)  

[%] 

VOC BEST  

(VOC AVERAGE ± SD)  

[V] 

JSC BEST 

(JSC AVERAGE ± SD)  

[mA/cm2] 

SPO BEST 

[%] 

PRISTINE 16.03  

(14.98 ± 0.85) 

63.99  

(58.66 ± 2.63) 

1.05  

(1.04 ± 0.01) 

22.23  

(21.21 ± 0.55) 

14.96 
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 7 

 Table 1. Photovoltaic parameters extracted from the JV characterization measurements of 

perovskite solar cells processed with different PTAA surface modifications. 

 

 

Figure 1. Schematic structures of perovskite solar cells, a) without modification and b) with BOC-

based interface modification, c) JV curves of the champion devices of each variation, d) SPO 

curves for the same devices, e) EQE spectra with integrated current density values of representative 

devices of each variation.  

FPEAI 18.66  

(17.22 ± 0.78) 

75.17  

(71.62 ± 3.64) 

1.09  

(1.07 ± 0.01) 

23.34  

(22.59 ± 0.50) 

17.81 

PEAI 18.13  

(16.72 ± 0.85) 

74.32  

(71.17 ± 2.76) 

1.08 

(1.06 ± 0.01) 

23.32  

(22.13 ± 0.69) 

16.82 
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 8 

To study possible interactions of the modifying compounds (PEAI and FPEAI) within the PTAA 

surface and subsequently forming perovskite material, we performed Density Functional Theory 

(DFT) simulations. The computational details are presented in Supplementary Note 1. 

Particularly, we evaluated the passivation power of different organic ammonium iodides (FAI – 

taken as a reference, PEAI, FPEAI) over Pb- and I-terminated FAPbI3 surfaces, which are good 

approximations of the perovskite material employed in our study (Pb2+, FA+ and I- are the main 

constituents). We depict this mechanism in Figure 2. The total passivation energy per spacer 

molecule, Epass,mol, is evaluated by Equation 1:  

𝐸𝑝𝑎𝑠𝑠,𝑚𝑜𝑙  =  [𝐸𝑠𝑙𝑎𝑏,𝑝𝑎𝑠𝑠 – (𝐸𝑠𝑙𝑎𝑏,𝑢𝑛𝑝𝑎𝑠𝑠 –  16 ∗ 𝐸𝑚𝑜𝑙𝑒𝑐𝑢𝑙𝑒)]/16       (1) 

where Eslab,pass and Eslab,unpass are the energies of the passivated and non-passivated slabs, 

respectively, and Emolecule is the energy of the isolated FAI, PEAI, or FPEAI molecule.  

The energy is normalized by dividing by the number of the passivating molecules (16), which 

correspond to the number of the Pb atoms on the two surfaces. For the Pb-terminated surface the 

Eslab,pass energies equal -1.89, -2.22, and -2.26 eV for the FAI, PEAI, and FPEAI, respectively. 

This highlights how the employed large cations effectively stabilize the perovskite absorber 

surface through the coordination of the undercoordinated Pb atoms with slightly higher passivation 

energy found for the FPEAI.  

In the case of the I-terminated perovskite surface, we only studied the passivation by PEAI and 

FPEAI, again obtaining highly spontaneous Epass,mol of -1.64 and -1.66 eV, respectively, which 

however are lower than values derived for the Pb-terminated surface. Similar observations we 

found in a previous manuscript.24 The same conclusions were achieved following a slightly 

different approach, i.e. evaluating the exchange reactions of FA+/FAI with (F)PEA+/(F)PEAI up 

to 3 ions/molecules (Equation S1-2 and Figure S3), showing slightly favored thermodynamics in 

Page 8 of 32

ACS Paragon Plus Environment

ACS Applied Energy Materials

1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30
31
32
33
34
35
36
37
38
39
40
41
42
43
44
45
46
47
48
49
50
51
52
53
54
55
56
57
58
59
60



 9 

the case of FPEAI vs PEAI (see Table S2).  Overall, this showed that interface modification largely 

suppressed iodine and lead based point defects. Furthermore, the strong interaction of the FPEAI 

molecule with the perovskite lattice ((FPEA)nFAPbI3 structures) could lock in the lead and iodine 

atoms in their positions, thus mitigating point defect migration within the film. The analysis of the 

electronic properties, following calculation of the density of states (see Figure S4), reveals a 

significant Fermi energy downshift (⁓ -0.5 eV) when moving from the PEAI- to the FPEAI-

passivated systems. This leads to a different energy alignment between the perovskite valence band 

and the PTAA hole acceptor level, providing a higher hole injection driving force for the FPEAI 

system.25 This could result in higher hole extraction efficacy. 

 

Figure 2. DFT simulation of the passivation of a Pb- and I-terminated perovskite surface. Epass,mol 

is reported in the inset for each case. 

To better understand the influence of a modified surface on the growth of the perovskite layer, we 

studied the morphology of perovskite films deposited on pristine and modified PTAA films. In 

Figure 3a-c, we show top-view scanning electron microscopy (SEM) images of all the samples. 

Page 9 of 32

ACS Paragon Plus Environment

ACS Applied Energy Materials

1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30
31
32
33
34
35
36
37
38
39
40
41
42
43
44
45
46
47
48
49
50
51
52
53
54
55
56
57
58
59
60



 10 

Cross-section SEM images are shown in Figure S5. All three variations show similar 

microstructures with domain sizes on the level of sub-100 nm. We note that perovskite films on a 

pristine PTAA show a higher density of nanovoids and pinholes, whereas modified PTAA results 

in more compact morphologies. This could increase the shunt resistance of the modified devices 

and contribute to higher FF values.  In the cross-section images, we also observe very similar 

perovskite morphologies for all variations with slightly thicker perovskite films when grown on a 

FPEAI-modified surface. Additional morphological characterization we carried out with atomic 

force microscopy (AFM). The surface topography images we show in Figure S6a-c. In Table S3, 

we display root mean square (RMS) roughness values for all the studied samples. The layer grown 

on the FPEAI-modified sample displayed the smoothest surface, possibly due to improved wetting, 

and more homogenous crystallization. Next, we performed X-ray diffraction (XRD) measurements 

for all three perovskite sample types. Diffractograms are shown in Figure 3d. For the PTAA-

modified samples, we observed increased peak intensities at 14.1° and 28.3°, which correspond to 

(110), and (220) planes of the perovskite structure, respectively. This could originate from 

enhanced crystallinity or a higher level of grain orientation in these films.26 Additionally, modified 

samples, contrary to the pristine PTAA, show no peak at 12.7°, which corresponds to the PbI2 

phase.27 This implies complete perovskite transformation for these samples. We also applied 

Williamson-Hall (WH) method to calculate the size of perovskite crystallites and derive 

microstrain values for the (110), (220) and (330) lattice planes.28 Obtained results we show in 

Table 2 and Figure S7. The samples were grown on the FPEAI-modified surface exhibit slightly 

larger average grain size, and more importantly, reduced microstrain, which can have a significant 

effect on the layer’s optoelectronic quality (defect density, and recombination profile) and ensuing 

long-term stability.29 A detailed description of the WH method we provide in Supplementary 
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 11 

Note 2. To characterize perovskite crystallographic properties in the vicinity of the PTAA surface, 

we applied a lift-off process to expose that side of the layer.30 In short, we thermally evaporated 

copper layers on top of perovskite films, dipped them in a chlorobenzene solution to dissolve 

underlying PTAA, and leave free-floating perovskite layers. A more detailed description of the 

experimental procedure is given in the methods section. Diffractograms of all three perovskite 

types we show in Figure 3e. For the layers grown on surfaces modified with the organic 

ammonium iodides, we recorded distinct presence of additional peaks at a low angle range (5-6°). 

We assign these reflections to the (002) lattice plane of the layered (2D) perovskite structure.31 

Similar effect of the 2D/3D heterojunction formation at the buried interface upon application of 

an appropriate organic ammonium halide was previously reported in literature.32,33 

 

 

 

Figure 3. Top-view SEM images of perovskite films, a) without, b) with PEAI- and c) FPEAI-

based PTAA modification, appearing nanovoids are marked with yellow stars, d) XRD of 
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 12 

perovskite films of all three variations, e) XRD (zoomed at the low angle part) of the lift-off 

perovskite films. 

 

 

 

 

Table 2. Average perovskite crystallite sizes, and microstrain values derived from XRD 

measurements of perovskite thin films processed on PTAA surface with different modifications. 

SAMPLE CRYSTALLITE SIZE [NM] MICROSTRAIN 

[%] 

FPEAI 59 1.31 

PEAI 53 1.57 

PRISTINE 49 1.63 

Then, we studied the optoelectronic properties of perovskite films grown on modified and 

unmodified PTAA surface. The samples with interfacial modification display significantly 

enhanced absorption in the high energy part, below 550 nm (see Figure S8), which could originate 

from the contribution of layered phases.32 All the films show the same optical bandgap, as derived 

from the Tauc plot (Figure S9). In Figure 4a, we show photoluminescence (PL) spectra of the 

samples with and without interface modification. We note higher PL intensities recorded for the 

PTAA-modified films, with the FPEAI type showing the highest signal. There was also a 

noticeable blue-shift (~5 nm) in the PL peak position of the modified samples. The same trends 

were also observed for the excitation through the other side, in the lift-off perovskite films, see 

Figure 4b.  Next, we performed time-resolved PL (TRPL) measurements for the same set of 

samples. The decay curves (excitation through the perovskite surface and through the lift-off 
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 13 

buried interface) are presented in Figure 4c-d. Longer PL lifetimes for the modified samples imply 

reduced non-radiative loss mechanism (trapping and recombination) in these films. Interestingly, 

we observed a three-fold increase in lifetime for the interface-modified lift-off samples. This 

provides strong evidence that PTAA modification with the BOC molecules can effectively reduce 

non-radiative recombination losses at that interface.32,33 The PL decays were fitted with a nonlinear 

exponential function, all the fitting parameters we display in Table S4. 

 

Figure 4. a) Steady-state PL spectra of perovskite films processed on PET/ITO/PTAA substrates, 

with and without modifications; b) steady-state PL of the same perovskite variations taken for the 

lift-off samples; c) time-resolved PL decays of the samples from a); d) time-resolved PL decays 

of the samples from b).  
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To have a better insight into the charge recombination dynamics in the perovskite layer and at the 

interfaces, we performed electroluminescence (EL) measurements of complete solar cells. To this 

end, we applied a forward bias to our devices, with and without PTAA modification, making it 

operate in a LED mode to study the EL signal. Figure 5a, presents the comparison of the EL 

spectra of the three devices with an applied forward bias of 2 V. The shapes of the EL spectra 

resemble closely the PL spectra, however the intensity of emission for the FPEAI-modified devices 

is more than two times higher than the PEAI-modified and pristine devices. In Figure 5b-c, we 

show transient integrated EL intensity and the transient current flowing through the cells with 

applied 2 V bias. After 20 s of stabilization time, the light emitted from the FPEAI- and PEAI-

modified devices has comparable intensities, while emission from the pristine device is about four 

times lower.  The evolution of current values shows similar trends, with the FPEAI- and PEAI-

modified cells, displaying around two times higher current than the pristine device. When we 

confronted recorded light intensities with the current intensities, we noticed that the brightness of 

the pristine sample is about 3 - 4 times lower than the modified samples, but the current magnitude 

of the pristine cell is only equal to less than a half of current values measured for the other samples. 

Therefore, contrary to our previous work, where simple qualitative analysis was sufficient to give 

indications about devices’ efficiencies, in this case, more detailed investigation was necessary.34 

We started with the determination of the devices’ VOC radiative limits, following Equation 2:35  

𝑉𝑂𝐶
𝑟𝑎𝑑 𝑙𝑖𝑚𝑖𝑡 = 𝑉𝑂𝐶 −

𝑘𝑇

𝑒
𝑙𝑛(𝐸𝑄𝐸𝐸𝐿)         (2) 

where VOC is open-circuit voltage measured for the cell, k denotes the Boltzmann constant, T is 

temperature expressed in Kelvins, e stands for the elementary charge and EQEEL is the external 

quantum efficiency of electroluminescence of the device for the current intensity corresponding to 

the ISC determined in the photovoltaic measurement. In Table 3, we show all the values obtained 
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for the modified and unmodified samples. The calculated VOC values in the radiative limit increase 

in the following order: pristine < PEAI < FPEAI, which is in agreement with the trend of measured 

VOC of these cells. The EQEEL values we show in Figure S10a-c. To have more insight into the 

device operation principles, we also applied the Shockley diode equation to the EL results and 

determined the ideality factors for these three device variations (see Supplementary Note 3).  

To further corroborate our findings on the influence of PTAA modification on the recombination 

characteristics at the perovskite interface, we carried out transient photovoltage (TPV) 

measurements of complete solar cells. TPV method is performed in a small perturbation regime, 

where the LED light is illuminating a sample with specific light intensity, and a small overcurrent 

is sent to the cell, which creates a voltage perturbation on the device in the range of 20 mV. The 

test is repeated for a range of light intensities. We applied intensities starting from 30.4 up to 160.4 

mW/cm2. In Figure 5d, time constants extracted from a single exponential fit of voltage decays at 

different light intensities were plotted as a function of VOC values, each measured at a given 

intensity. The FPEAI and PEAI-modified devices displayed higher recombination lifetimes than 

the control sample. This is in good agreement with the reduced non-radiative recombination loss 

upon PTAA modification, which was implied by PL and EL analyses. 

To investigate the possible influence of the PTAA modification on a hole extraction efficacy, we 

performed transient photocurrent (TPC) measurements of complete solar cells. TPC is performed 

in a high perturbation regime. The measuring sample is kept at short circuit and an LED light is 

illuminating the sample with different intensities. Then, the light is switched off and the current 

decay is measured and integrated. In Figure 5e, we plotted extracted charge as a function of short-

circuit current density, measured for a range of light intensities (same as in the TPV 

measurements). The PTAA-modified devices display improved carrier extraction over the control 
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sample, with the FPEAI type exhibiting the most effective charge collection (largest integrated 

charge values). To corroborate these findings, we applied the conductive AFM (c-AFM) technique 

to measure vertical charge transport properties of perovskite films, when grown on modified and 

unmodified PTAA layers (sample stack: glass/ITO/PTAA/BOC/perovskite) at different applied 

biases (-0.5, 0 and 0.5 V). Current maps obtained along the scanned distance (at 0.5 V forward 

bias) we show in Figure 5f. The FPEAI-modified sample showed the highest currents at all 

different biases. The PEAI-based sample also displayed higher signals than the pristine PTAA. In 

Table S5, we present all the results of c-AFM measurements (dark, light, different biases). This 

clearly indicates an improved hole transfer at the perovskite/PTAA interface modification, which 

is in good agreement with the TPC measurements.  
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Figure 5. a) EL spectra of the three PSC variations taken at the applied constant bias of 2 V, b) 

integrated EL intensity of the same cells at 2 V bias, c) current intensities corresponding to the 

transient EL from the panel b), d) recombination lifetimes of the same cell variations derived from 

the fitting of photovoltage decays at varied background light intensities, e) charge density extracted 

from the photocurrent decay measurements taken at varied perturbation light intensities, f) 

photocurrent values and morphological profile taken across the scanned distance, derived from the 

c-AFM measurements of perovskite films grown on different surface modifications. 

Table 3. Photovoltaic parameters extracted from JV measurements (VOC, ISC), and series of 

physical parameters derived from electroluminescence measurements (external quantum 

efficiency of EL, VOC in radiative limit, VOC loss, saturation current, ideality factor ‘n’ and ‘m’ are 

calculated from the current and photon flux respectively). 

SAMPLES VOC 

(V) 

ISC  

(A) 

𝑬𝑸𝑬𝑬𝑳(@ISC) 𝑽𝑶𝑪
𝒓𝒂𝒅 𝒍𝒊𝒎𝒊𝒕 

(V) 

VOC 

loss 

(V) 

IS (A) n m 

PRISTINE 1.047 0.013 
1.06×10

-4

 
1.284 0.23 

1.2×10
-8

 
3.8 1.3 
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PEAI 1.065 0.013 
0.92×10

-4

 
1.305 0.24 

2.0×10
-9

 
3.0 1.3 

FPEAI 1.073 0.014 
0.92×10

-4

 
1.314 0.24 

7.9×10
-12

 
2.1 1.2 

 

In the next step, we investigated the influence of the PTAA modification strategy on the long-term 

stability of fabricated perovskite solar cells. For the aging tests, we continued with the double-

cation perovskite recipe (Cs0.17FA0.83Pb(I0.9Br0.1)3), which is known to provide structurally more 

stable compositions than the commonly used formulas with the methylammonium cations.36–38 

The reliability analysis we performed following ISOS protocols (International Summit on Organic 

Photovoltaic Stability), which were recommended for the stability assessment of perovskite PV 

devices.39 First, we subjected all the device variations to a thermal stress in dark (85°C, inert 

atmosphere), compliant with the ISOS-D-2 test. The aging was periodically interrupted for 

electrical characterization measurements. The evolution of normalized PCE we show in Figure 

6a. We can observe that the FPEAI-modified devices outperformed the other two types (control 

and PEAI-modified cells), maintaining nearly 100% of the initial efficiency after 1000 hours of 

aging. The PEAI-based samples preserved up to 90% of starting PCE, whereas control devices 

kept only 80% of the initial performance. Corresponding JV curves of the most stable devices of 

each type (control, FPEAI- and PEAI-modified), which were collected along with the continued 

aging, we show in Figure S12. To understand any structural changes in the perovskite layers upon 

exposure to elevated temperatures, we also measured XRD of perovskite films 

(PET/IZO/PTAA/BOC/perovskite), which were subjected to the same heating test (before the test 

and after 1000 hours of heating). Diffractograms, shown in Figure S13, demonstrate improved 

structural stability of perovskite films, which were grown on the modified PTAA surface. The 

FPEAI treatment has the strongest stabilization effect and no PbI2 peak can be observed in this 

film. For the PEAI modification a small PbI2 reflection (12.7°) appears after 1000 hours, whereas 
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for the control sample PbI2 appears already after 500 hours and significant perovskite degradation 

is evident at the end of the test.   

Next, we studied the effect of light stress on the stability of used perovskite devices (ISOS-L-1 

protocol). Solar cells, with and without PTAA modification, were subjected to continuous light 

soaking (LED source, intensity: ~60 mW/cm2) in the nitrogen-filled glovebox (inert atmosphere). 

Devices were aged in two different conditions, at maximum power point (MPP), and open circuit 

(OC). Electrical characterization measurements were periodically carried out to track the evolution 

of photovoltaic performance parameters (ca. every 150 hours). In Figure 6b-c, we show 

normalized efficiency values as a function of aging time, extracted from JV scans. The FPEAI-

modified devices preserve over 90% and 100% of the initial PCE after 1000 hours of aging at the 

MPPT, and OC aging conditions, respectively. The PEAI-modified cells were dropping faster in 

the MPPT test but showed full stability in the OC aging. The control samples were degrading 

significantly faster in both tests, yielding less than 30%, and around 80% of the initial PCE at the 

MPPT and OC conditions, respectively. The JV and SPO curves of the best devices, taken along 

the aging tests (MPPT and OC conditions) for each device variation, are shown in Figure S14a-i. 

All these results clearly show that the cells with the BOC-based PTAA modification exhibit 

significantly improved long-term reliability upon light exposure. It was previously reported that 

complex iodide chemistry is one of the major factors affecting the stability of perovskite 

compositions under illumination.40,41 Light drives the migration of ionic point defects, such as 

interstitial iodide ions (Ii) and iodide vacancies (Vi), and triggers photocatalytic chain reactions, 

leading to oxidation and release of molecular iodine (I2).
11,42  

To compare the amount of I2 being released from perovskite films (grown on modified and 

unmodified PTAA surface) upon prolonged light soaking, we devised a simple experimental setup 
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based on electrical conductance measurement. A similar approach was reported by Kerner et al. 

to monitor I2 mass transport through different HTMs.43 They adopted an electrical Ca corrosion 

test by replacing Ca with Ag, and took advantage of the susceptibility of Ag to corrosion by I2. We 

laminated perovskite samples with glass slides equipped with cavities, where Ag layers were 

evaporated. Then, by measuring the change in Ag conductance, we were able to relate it to I2 

vapour being released from perovskite films upon light soaking. The schematic of the applied 

sample structure we show in Figure S15. In Figure 6d we present normalized conductance values 

as a function of light soaking time for different perovskite films. The BOC-modified samples show 

significantly reduced conductance drop, implying slower iodine release, which could be a result 

of improved structural stability of perovskite films grown on the modified PTAA surfaces. The 

samples, which were subjected to the light soaking, we additionally characterized by X-ray 

photoelectron spectroscopy (XPS) to corroborate changes in the chemical composition of the 

perovskite surface. In Table 4, we show extracted I/Pb ratios for different samples, before and 

after the light soaking test. The spectra for I 3d and Pb 4f are shown in Figure S16. The pristine 

sample shows a decrease in the I/Pb ratio upon light aging, which could imply the release of iodine 

vapor.44 Perovskite samples grown on the BOC modified PTAA samples display nearly unchanged 

I/Pb ratios. 

Overall, modification of a buried interface with appropriate large organic cations, which can form 

low dimensional perovskite phases, provides an effective avenue to reinforce the structural 

stability of these layers. The reduction of ionic migration effects leads to significantly improved 

long-term stability of these devices. This can be complementary to perovskite surface 

modification, where 2D perovskite formation is commonly explored as a strategy for improving 

stability of these cells.20  
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Figure 6. Time evolution of normalised PCE values of the three PSC variations, which were 

subjected to a) thermal stress test at 85 °C (glovebox), b) continuous operational test at maximum 

power point (glovebox), c) continuous light soaking test at open-circuit (glovebox), d) time 

evolution of normalized conductance values of silver films laminated with different perovskite 

films, measured upon continuous light soaking. 
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Table 4. Elemental analysis of the surface of three different perovskite variations, before and after 

1000 hours of light soaking, derived from XPS measurements. 

SAMPLES %I %Pb %O %C I/Pb 

PRISTINE_0 H 13.73 5.37 9.54 71.25 2.55 

PRISTINE_1000 H 11.27 6.86 12.80 69.12 1.64 

PEAI_0 H 16.98 6.58 9.89 66.85 2.58 

PEAI_1000 H 17.34 6.56 12.56 52.24 2.64 

FPEAI_0 H 22.78 8.25 12.95 54.34 2.76 

FPEAI_1000 H 23.02 6.93 17.59 56.55 2.85 

 

Conclusions 

In this work, we have demonstrated an effective strategy to enhance the performances and stability 

of flexible perovskite solar cells. By modifying a buried HTM/perovskite interface with bulky 

organic cations, we not only improve the characteristics of that electronic contact but also reinforce 

the structural stability of the perovskite material itself. With a range of spectroscopic and electrical 

characterization techniques, we evidence a reduction in non-radiative recombination loss and 

improved hole extraction upon PTAA surface modification. This results in over 18% PCE for the 

large-area flexible PSC, obtained for the FPEAI-based passivation. Crystallographic analysis 

shows the formation of 2D phases at the buried interface. Notably, all the passivated samples show 

significantly improved thermal and light soaking stability. The FPEAI modification yields the most 

effective perovskite reinforcement, with minimal iodine loss and compositional change upon 

prolonged light soaking. This work paves the way for improving state-of-the-art perovskite solar 

cell architectures and reaching commercial viability for this technology.    
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