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Abstract 

Recent advances in the performance of perovskite solar cells (PSCs) have been strongly linked to 

advancements in interfacial engineering and the development of charge-selective contact. Self-assembled 

monolayers (SAMs) play an important role in inverted PSCs due to their distinctive and versatile ability to 

manipulate chemical and physical interface properties. Here we compared the dipole moments and energy 

levels of (2-(9H-carbazol-9-yl)ethyl)phosphonic acid (2PACz), (4-(3,6-Dimethyl-9H-carbazol-9-

yl)butyl)phosphonic acid (Me-4PACz), (4-(3,6-Dimethoxy-9H-carbazol-9-yl)butyl)phosphonic acid (MeO-

4PACz), and (2-(3,7-Dibromo-10H-phenothiazin-10-yl)ethyl)phosphonic acid (Br-2EPT) molecules and their 

impact on the energy conversion of PSC devices. Additionally, we simulated the dipole moment and surface 

charge effect device behavior to support our hypothesis. Finally, we observed that the fill factor behavior in 

both devices and simulations exhibited a similar trend, which correlated with the dipole moment of SAMs.  
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1. INTRODUCTION 

Organic-inorganic hybrid metal halide perovskite solar cells have gained significant attention due to their 

exceptional optoelectronic properties, with the current power conversion efficiency (PCE) surpassing 26% 

[1,2]. Furthermore, the wide bandgap single-junction PSCs with a composition of FA0.83Cs0.17Pb(I0.6Br0.4)3 (1.72 

eV) have achieved an efficiency of 19.4% [3], making them well-suited for application as the top cell in tandem 

solar cells [4]. In addition to engineering the perovskite compositions and controlling crystallization kinetics 

[5,6], the precise engineering of the interfaces between the perovskite absorber and contact interlayers is 

crucial for optimizing performance and stability [7]. Ultrathin self-assembled monolayers (SAMs) have recently 

been successfully employed as hole transport layers (HTLs) in inverted PSCs due to their ability to optimize 

interfacial properties [8], namely by improving energy level alignment [9], reducing recombination losses [10], 

enhancing stability [11], and increasing overall device efficiency [11]. The SAMs offer molecular-level control 

over interface engineering by introducing a permanent dipole moment, which can improve charge transfer 

across the interface through energy level alignment [7]. Moreover, fixed charges in SAMs can effectively 

passivate surface traps, minimizing non-radiative recombination and enhancing charge extraction [12]. The 

combination of dipole moments and fixed charges significantly reduces the energy barriers in the interface, 
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optimizing the local electric field and enhancing charge transport. This leads to a notable improvement in the 

PCE and long-term stability of the device [13].  

Herein, we report the comparison of four carbazole-based SAMs with various dipole moments, highest 

occupied molecular orbital (HOMO), and lowest occupied molecular orbital (LUMO) energy levels for 

application in inverted PSCs. As the absorber for PSCs, we chose wide bandgap material with composition 

FA0.83Cs0.17Pb(I0.6Br0.4)3. Furthermore, we also simulated using various tunneling models, including band-to-

band tunneling, quantum tunneling, thermionic tunneling, trap-assisted tunneling, and universal Schottky 

tunneling, to compare our experimental findings more efficiently. Our combined experimental and simulation 

results demonstrate that SAMs with higher dipole moments lead to improved fill factors in inverted PSCs, while 

the correlation of device performance with HOMO and LUMO energies was not confirmed. 

2. METHODS 

1.1 Perovskite films and solar cell fabrication 

FA0.83Cs0.17Pb(I0.6Br0.4)3 perovskite films were prepared by dissolving 0.83 mmol of FAI, 0.17 mmol of CsI, 0.4 

mmol of PbI2, and 0.6 mmol of PbBr2 in 1 ml of a DMF and DMSO solvent mixture at a 4:1 ratio. The precursor 

solution was stirred continuously at 70°C. The solution was then deposited onto the substrate via spin-coating, 

starting at 1000 rpm for 10 seconds, followed by 5000 rpm for 30 seconds. Five seconds before completing 

the second spin-coating step, 150 µL of chlorobenzene was applied to the substrate. The samples were 

subsequently annealed at 100°C for 30 minutes. All procedures were conducted in a nitrogen-filled glovebox. 

The ITO-coated glass substrates (10 ohm/sq) were washed by ultrasonic cleaning in a 2% Hellmanex 

detergent solution, followed by rinsing with deionized water, acetone, and ethanol for 15 minutes each. After 

drying the substrates using a nitrogen gas gun, they were cleaned with a UV-ozone cleaner for 15 minutes. 

The single-junction cells structure is ITO/SAMs/FA0.83Cs0.17Pb(I0.6Br0.4)3/PC61BM/BCP/Ag, where different 

SAMs materials are used: 2PACz, Me-4PACz: PFN-Br (9.5:0.5), MeO-4PACz, or Br-2EPT. The concentration 

of 2PACz, MeO-4PACz, and Br-2EPT solution were 1 mmol/l in ethanol. To prepare Me-4PACz:PFN-Br 

solution, both Me-4PACz and PFN-Br were dissolved in methanol at 0.4 mg/ml each. The SAMs were 

deposited using spin-coating at 4000 rpm for 30 seconds, followed by annealing at 100 °C for 10 minutes. 

After cooling down, the SAMs were dynamically washed with ethanol at 4000 rpm for 30 seconds and 

subsequently annealed again at 100 °C for 3 minutes. Next, the perovskite layer deposited onto SAM 

fabrication as described above. PC61BM at a concentration of 20 mg/mL in chlorobenzene, was then spin-

coated onto perovskite layer at 2000 rpm for 30 seconds, followed by BCP, at a concentration of 0.5 mg/mL in 

IPA, was spin-coated at 5000 rpm for 30 seconds. Finally, an 80 nm Ag back contact was thermally evaporated 

onto the BCP layer under high vacuum using a shadow mask, with each electrode having an active area of 

0.09 cm2. 

1.2 Device characterizations 

Current density-voltage (J-V) characterization. The J-V measurements were carried out with a Keithley 2400 

source meter managed by a computer, under a 100 mW/cm2 illumination. The illumination was provided by a 

calibrated solar simulator (Wavelabs) giving AM 1.5 spectrum. 

External quantum efficiency (EQE). The EQE measurements were conducted using a Bentham TMC 300 

monochromator, a 50 W tungsten halogen lamp, SR570 preamplifier, NI DAQ A-D convertor and a software 

lock-in analyser. 

Photoluminescence (PL). The PL intensity spectra were measured using a fluorescence spectrophotometer 

(Cary Eclipse) with a 300 nm excitation wavelength. 
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Scanning electron microscopy (SEM). The SEM measurements were carried out to determine the thickness of 

the perovskite thin films by examining the sample cross sections using the MAIA 3 scanning electron 

microscope from TESCAN at a voltage of 5 kV. 

All measurements were conducted in an ambient atmosphere at room temperature without encapsulation. 

1.3 Simulation 

The simulated PSCs include ITO/SAMs/Perovskite/PCBM/BCP/Ag stacks on 400 nm thick 

FA0.83Cs0.17Pb(I0.6Br0.4)3 perovskite absorber, with ambipolar doping (1014 cm-3), band gap (1.75 eV), and 

affinity (4.0 eV). The front and rear contact consists of ITO/SAMs and BCP/Ag interfaces, with a work function 

of approximately 5.1 eV and 4.0 eV. The DFT calculated parameters for SAM molecules were used in TCAD 

simulations for analysing the SAMs dipole moment effects on the performance of PSCs. 

1.4 Density Functional Theory Calculations 

To determine the values of dipole moment and HOMO, LUMO energies Density Functional Theory (DFT) 

calculations were performed. The calculations of dipole moments were carried out using the DFT [14], as 

implemented in the Gaussian09 program package. The optimization of the geometry was performed with the 

Becke 3-parameter hybrid exchange functional combined with the Lee et al. correlation functional (B3LYP) 

[15,16] with the standard double- 6-31G(d,p) basis set [17]. The optimization was achieved without any 

geometry constraints. All possible intramolecular interactions were taken into account in the initial geometries. 

For all structures, the harmonic vibrational frequencies were computed to confirm the true minima on the 

calculated potential surface. 

2. RESULT AND DISSCUSSION 

Figure 1 (a) presents the molecular structure of the compounds used in this study: 2PACz, Me-4PACz, MeO-

4PACz, and Br-2EPT. We considered 2PACz as a reference due to its extensive study in p-i-n structured PSC 

using SAMs. To understand the device behaviour with energy level alignment and charge dynamics, we first 

calculate the dipole moment, EHOMO, and ELUMO parameters for each SAM. As shown in Table 1, MeO-4PACz 

and Br-2EPT exhibit higher dipole moments compared to 2PACz and Me-4PACz, with values exceeding 3.5 

debye. Notably, under certain conditions, a higher dipole moment can enhance the efficiency of perovskite 

solar cells by improving charge separation, reducing recombination, and optimizing energy band alignment. 

Figure 1 (b) presents a schematic of the band edge positions for the SAMs and perovskite. Proper alignment 

of the band edges, along with a moderate amount of fixed charge at the interface, can facilitate the separation 

of photo-generated electron-hole pairs. This separation is driven by an electric field, which directs charges in 

opposite directions, thereby minimizing recombination and enhancing the efficiency of solar cells. 

Table 1 Dipole moment, EHOMO, and ELUMO parameters of SAMs 

SAMs 
Dipole moment 

(Debye) 
EHOMO 

(eV) 
ELUMO 

(eV) 

2PACz 1.94 -5.44 -0.75 

Me-4PACz 1.65 -5.15 -0.60 

MeO-4PACz 3.61 -4.98 -0.76 

Br-2EPT 3.78 -5.32 -1.02 
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Figure 1 (a) Molecule structure of SAMs and (b) schematic of the band edge positions for the ITO, SAMs, 

and perovskite 

To understand the effects of dipole moments and surface charges in solar devices, we fabricated four p-i-n 

SAMs PSCs (Figure 2 (a)) and analyzed their optical performance. Notably, Me-4PACz poses a 

hydrophobicity challenge during perovskite formation. To address this issue and enhance the quality of the 

perovskite film, we mixed Me-4PACz with PFN-Br in a ratio of 9.5:0.5 [18]. In Figure 2 (b), the PL spectra of 

perovskite on various glass/SAM substrates are presented. The PL peak intensity at approximately 698 nm is 

slightly lower in the higher dipole moment MeO-4PACz and Br-2EPT samples, demonstrating more efficient 

charge extraction, compared to the 2PACz and Me-4PACz samples exhibiting lower charge extraction 

efficiency. This behavior of SMAs refers to the ability to passivate the surface. Figure 2 (c) shows the cross-

sectional SEM image of the PSC, the SAM is not discernible, potentially due to the tunneling effect. Table 2 

summarizes the Voc, Jsc, FF, and PCE recorded for each of the best-performing cells. In these wide-bandgap 

PSCs, the Voc exceeded 1.1 V, which is suitable for tandem solar cell applications. Furthermore, the PSC 

based on MeO-4PACz achieved the highest efficiency of 13%.  

 

Figure 2 (a) Device architecture of this study; (b) Photoluminescence (PL) spectra; (c) Cross-sectional 

image for the PSC 

Table 2 Summary of photovoltaic parameters extracted from the J−V measurements of best-performing  

             PSCs with different SAMs 

SAMs  VOC (V) JSC (mA*cm-2) FF (%) PCE (%) 

2PACz 1.17 14.29 67.0 11.23 

Me-4PACz:PFN-Br 1.13 12.42 68.8 9.66 

MeO-4PACz 1.16 14.78 77.1 13.16 

Br-2EPT 1.12 13.56 75.7 11.48 
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Figure 3 (a) presents the distribution of photovoltaic parameters for both forward and reverse scans. We 

compared the device behaviour with the dipole moment and energy levels of the SAMs. Notably, the fill factor 

graph reveals a trend that corresponds to the dipole moment of the SAMs.  

We conducted simulations to investigate the effect of varying interface charges on the dipole moment of SAMs 

in PSCs. For this investigation, we varied the dipole moment by varying the interface charge density (𝜎) and 

separation distance (𝑥) while ensuring the dipole moment remains constant, as determined by DFT simulations.  

Figure 3 (b) illustrates the simulation results for the fill factor at the ITO/SAMs interface for the calculated 

distance and surface charge density (i.e. 𝑥 = 2 nm, and 𝜎= 2 ~ 5 × 1011), analysed for different SAMs. The 

results show consistent trends with varying dipole moments and interface charges.  

 

Figure 3 (a) Boxplots of PSCs optical parameters; (b) The simulated fill factor for 2 nm distance in surface 

charges for the dipole moment. 

3. CONCLUSION 

This study has analysed the effect of dipole moment and energy level parameters of 2PACz, Me-4PACz, MeO-

4PACz, and Br-2EPT, on their electrical performance in inverted PSCs. This was accompanied by DFT and 

electronic simulations. A clear correlation between dipole moment and fill factor was consistently observed 

between experimental data and simulation results. These findings underscore the critical role of dipole moment 

in SAMs for enhancing carrier transport efficiency and suppressing interfacial recombination in PSC devices. 
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