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ABSTRACT: Recently, there has been renewed interest in interface engineering as a means 

to further push the performance of perovskite solar cells closer to the Schockly-Queisser 

limit. Herein, for the first time we employ a multi-functional 4-chlorobenzoic acid to produce 

a self-assembled monolayer on a perovskite surface. With this interlayer we observe 
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passivation of perovskite surface defects and a significant suppression of non-radiative 

charge recombination. Furthermore, at the surface of the interlayer we observe, charge 

dipoles which tune the energy level alignment, enabling a larger energetic driving force for 

hole extraction. The perovskite surface becomes more hydrophilic due to the presence of the 

interlayer. Consequently, we observe an improvement in open-circuit voltage from 1.08 to 

1.16 V, a power conversion efficiency improvement from 18% to 21% and an improved 

stability under ambient conditions. Our work highlights the potential of SAMs to engineer the 

photo-electronic properties and stability of perovskite interfaces to achieve high-performance 

light harvesting devices. 

KEYWORDS: 4-chlorobenzoic acid; Interface engineering; Passivation; Surface dipole; 

Perovskite solar cells 
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1. Introduction 

Perovskite solar cells have attracted intense academic and industrial attention since their 

conception in 2009. Perovskite devices have demonstrated impressive performances, with 

power conversion efficiency reaching up to 25% [1] and 28% [2] for single- and tandem-

junction cells, respectively. During this period, interface engineering gradually evolved to be 

an effective strategy to boost device performance and a variety of materials have been 

successfully employed as interfacial passivation layers [3–7]. Typical examples include 

Lewis acids or bases, such as fullerene derivatives [8], polymers or organic small molecules 

with functional group (PMMA, PEO, TOPO etc.) [9–11]. These molecules can passivate 

under-coordinated trap sites, reduce surface recombination and eliminate the notorious 

photocurrent hysteresis. Meanwhile, researchers also utilize alkali halides [12], ammonium 

halide salts [5], zwitterions [13], aiming to form ionic bonding, so as to passivate multiple 

ionic defects on the surface such as PbI3−, Pb2+, MA+ vacancies. In addition to passivation 

based on molecular interaction, a 2D layered phase has recently been used to chemically 

convert surface defects to an extended structural layer and thus achieve high-electronic-

quality perovskite films [14]. All of these findings have showcased the potential of 

passivation layers to optimize the performance of novel perovskite cells. 

Researchers have further realized that an optimum interlayer should boost not only 

electrical efficiency, but also stability and lifetime concurrently. From the electrical 

perspective, the layer should neutralize defects, optimize interface band alignment and have a 

low series resistance [15] to optimized for both recombination and extraction of carriers [16].  

Furthermore, to reduce moisture-induced degradation and extend the life span of devices the 

interlayer should be hydrophobic [17]. Considering, the complex and often contradictory 

requirements of these multi-functional passivation layers, self-assembled monolayers (SAMs) 

of organic molecules provide a flexible platform onto which to build. By integrating different 
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functional groups, SAMs can be tailored to match the multifaceted requirements. SAMs have 

already seen extensive application in other fields [18–22], such as organic solar cells, light-

emitting diodes and detectors. It was reported by Wang et.al that the application of 

phenylalkylamine SAM molecules can suppress open-circuit voltage (Voc) deficit to under 

0.36 V (this is widely regarded as one the most important achievements for perovskite solar 

cells) [23]. In the meantime, by anchoring perfluorinated SAMs onto perovskites, Dieter et al. 

not only significantly improved the performance but also improve device stability [24]. These 

relatively few but important findings point to a bright future for SAM materials to be used as 

surface passivation layers in perovskite cells. Previous work done with 4-chlorobenzoic acid 

(4-ClBA) has demonstrated it can modify the transport layer on the front of the device. Jen et 

al. modified a NiOx layer with 4-ClBA which passivated the surface defects and improved the 

interfacial energy alignment [25]. Pauporté et al. introduced 4-ClBA between TiO2 and 

perovskite, which facilitated electron transfer from perovskite to TiO2 due to increased 

structural continuity between two layers [26]. 4-ClBA also been shown to improve the 

crystalline quality of perovskite layer. Additionally, Jin et al. reported a 4-ClBA doped TiO2 

layer, which showed improved electron mobility, and thus enhanced device performance 

[27]. However, as of yet, there has been no report modifying the perovskite surface with a 4-

ClBA SAM layer. 

In this work, we report that the SAM of 4-chlorobenzoic acid (4-ClBA) anchors onto 

MAPbI3 perovskite layer (Fig. 1a). By bonding with uncoordinated lead defects on perovskite 

surface, 4-ClBA reduced the density of trap states and thus reduced non-radiative charge 

recombination. Meanwhile, the bonding between SAMs and defects in turn introduces a 

dipole layer with favorable orientation on perovskite surface, which down-shifts the valance 

band of perovskite thus increases perovskite/spiro-OMeTAD energy offset for charge 

extraction through the interface. These are confirmed by significantly enhanced Voc and fill 
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factor (FF) of passivated device and is substantiated by spectroscopy and charge 

transport/recombination dynamics study. Consequently, the champion device with 4-ClBA 

passivation demonstrates a promising power conversion efficiency (PCE) up to 21% with 

negligible hysteresis. The device also exhibits enhanced ambient stability, which maintains 

80% of the initial efficiency after aging a month under ambient atmosphere (50%±5% RH, 25 

degrees centigrade) without encapsulation. This work shows that multi-functional SAM 

passivators are a promising avenue to reach high-stability perovskite devices. 

2. Results and discussion  

We fabricate perovskite solar cells using the n-i-p planar configuration. The MAPbI3 

perovskite is synthesized through one-step anti-solvent method and sandwiched between 

electron transport layer SnO2 and hole transport layer Spiro-OMeTAD. As the earliest 

developed perovskite light absorber, MAPbI3 enables good device-to-device reprehensibility 

and countable categories of defects [28]. Homogeneous and pinhole-free perovskite film were 

obtained with the average grain size around 400 nm. X-ray diffraction (XRD) peaks 

corresponding to (110) and (220) indicate the cubic perovskite phase (Fig. S1) [29]. For the 

4-ClBA treatment, 4-ClBA solution in anhydrous isopropanol was spin-coated onto MAPbI3 

followed by baking at 100 °C for 5 min. We observe no difference in morphology or 

crystallization of the perovskite after covering with 4-ClBA, as indicated by scanning 

electron microscopy (SEM), atomic force microscopy (AFM) and XRD tests (Fig. S2). This 

can be attributed to the relatively low 4-ClBA concentration (1 mg/mL). In order to confirm 

the existence of 4-ClBA on the perovskite surface, X-ray photoelectron spectra (XPS) 

measurements are performed, as shown in Fig. 1(b) (see full spectra in Fig. S3). The 

occurrence of an asymmetric peak at around 202 eV in 4-ClBA group, which can be 

deconvoluted into two peaks located at 201.4 and 203.3 eV. This coincides with Cl 2p3/2 

and2p1/2 core level thus confirms the existence of 4-ClBA at the perovskite surface [30]. We 
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speculate the deposited 4-ClBA is very thin or may even be a mono layer as that they cannot 

be distinguished from SEM and AFM measurements. Fig. S4 shows that the 4-ClBA is 

insoluble in chlorobenzene solvent, which confirms it won’t be affected after spin-coating 

Spiro-OMeTAD layer. More evidence of 4-ClBA SEM existence comes from the water 

contact angle measurement. As shown by Fig. 1(c), it is clear that the pristine perovskite 

exhibits a small angle of 20°, while perovskite treated by 4-ClBA displays increased contact 

angle of 63°. Hence, it is reasonable to conclude that the covered 4-ClBA makes the 

perovskite surface less hydrophilic due to its water-resistive organic moiety [23,24,31,32]. 

The XRD tests on aged perovskite films with and without 4-ClBA were conducted to check 

the film stability. The films are exposed to 50%±5% RH without encapsulation at room 

temperature under dark conditions. Fig. 1(d and e) shows the initial state and after 28 days of 

the tested films, respectively. It can be seen that the pristine perovskite film undergoes severe 

decomposition as also confirmed by the XRD pattern. While 4-ClBA treatment significantly 

inhibits film decomposition with obvious color change only at the edges. The better stability 

can be attributed to the fact that 4-ClBA reduces hydrophilicity of perovskite film. Ultraviolet 

photoelectron spectroscopy (UPS) measurements were performed to investigate the energy 

alignment change due to 4-ClBA modification. The Fermi energy level (Ef) is extracted from 

secondary electron cut-off edge of the UPS spectrum in Fig. 1(f) (hν = 21.22 eV). The 

calculated Ef of perovskite before and after 4-ClBA modification is −4.04 and −4.22 eV, 

respectively. In the valence region, the onset edge is 1.33 and 1.28 eV for the pristine 

perovskite and perovskite/4-ClBA, respectively. Therefore, the valence band maximum 

(VBM) can be calculated as −5.37 and −5.50 eV. The Tauc plot (Fig. S5) of perovskite and 4-

ClBA-treated perovskite reveals bandgaps of 1.60 eV [33,34], from which can be also 

determined from the conduction band minimum. The energy structure of entire device is 

summarized in Fig. 1(g). The upshift in vacuum level with the assembled 4-ClBA suggests 
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the formation of a dipole interlayer with the positive end pointed towards perovskite and the 

negative end pointed away from it [35]. This is also consistent with the fact that 4-ClBA sets 

up a surface dipole with D>0, leading to the increased work function [36]. Moreover, the 4-

ClBA molecule has been broadly used in optoelectronic devices. An orderly assembled 4-

ClBA SAM would set up a surface dipole that provides the high work function [25,37]. 

While a layer with randomly orientated 4-ClBA molecules would lead to no interfacial 

dipole. Here the dipole effect is confirmed by surface work function change of perovskite 

from 4.04 to 4.22 eV after modification, also indicating that to some extent 4-ClBA 

molecules are self-assembled on the perovskite. Moreover, downshifting VBM by 0.13 eV 

was achieved after the 4-ClBA modification, which is expected to be beneficial for increasing 

the energetic driving force for charge extraction and thus suppress interfacial recombination 

[38]. The deeper conduction band minimum the larger barrier, which will block electron flow 

[39]. 
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Fig. 1. (a) A schematic diagram of the chemical structure and orientation of 4-ClBA 

molecules on the perovskite film. (b) The fine XPS spectra of Cl 2p core level in 4-ClBA. (c) 

Water droplet contact angles on perovskite films with and without 4-ClBA. The XRD and 

film decomposition profiles of perovskite with and without 4-ClBA (d) at the initial state and 

(e) after 28 days. (f) The UPS spectra and (g) the energy level diagram of perovskite with and 

without 4-ClBA. 

To understand how 4-ClBA interacts with the perovskite surface thus passivates the defects 

states, we employ Fourier transform infrared spectroscopy (FTIR) and XPS analyses. Fig. 

2(a) shows the FTIR spectra of 4-ClBA film deposited on MAPbI3 film (on KBr plate) and 

bare KBr plate. Before measurement, the bare KBr plate is tested as a background. We 

observe the characteristic peak representing the C=O stretch vibration bond of carboxyl on 4-

ClBA molecule located at 1680 cm−1 [40]. This peak shifts to lower wavenumbers from 1680 

to 1666 cm−1 when 4-ClBA film is deposited on perovskite. This implies a decreased bond 

energy, resulting from the deviation of the electronic cloud of C=O away from 4-ClBA 

molecule after bonding with the perovskite surface. Considering the defects in MAPbI3, we 

conjecture that coordination between oxygen atoms of carboxyl group and uncoordinated 

lead defects of perovskite occurs, which has previously been reported by others [41–43]. 

Further evidence is obtained from XPS analysis. We first use the carbon 1 s line (for 

hydrocarbons or hydrocarbon-containing groups) to calibrate the binding-energy scale. Fig. 

2(b) displays the Pb 4f core level, which shows the Pb 4f7/2 and 4f5/2 peaks of the pristine 

MAPbI3 centered at 138.6 and 143.4 eV, respectively. After being modified with 4-ClBA, the 

Pb 4f peaks shift toward lower binding energies to 138.4 and 143.2 eV, respectively. The 

lower binding energy indicates that the surface uncoordinated lead site is passivated by the 

carboxyl of 4-ClBA molecule [43–45], which is in line with FTIR result. Meanwhile, the 3d 

peak of I, as shown in Fig. 2(c), also downward shifts about 0.3 eV after 4-ClBA 
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modification. A change in the electronic doping level, and thus in Fermi level position, 

should lead to a shift of the core level positions. In this case, both the Pb and I core level 

spectra shift by 0.2 and 0.3 eV toward lower binding energy for the 4-ClBA-treated 

perovskite as compared to the control sample, indicative of a shift of interfacial electronic 

states towards p-type [46,47], this is also consistent with the UPS results. As is well known, 

the interfacial electronic states play an important role in charge carrier dynamics at interfaces. 

It has been demonstrated that perovskite deposited on electron transport layers (such as SnO2 

or TiO2) exhibit n-type electronic states [48], which are not conducive to hole extraction on 

the Spiro-OMeTAD side. 4-ClBA modification contributes to the perovskite surface with 

weakened n-type doping. This is more compatible with the n-i-p configuration, guaranteeing 

an enhanced hole extraction by Spiro-OMeTAD hole transport layer. 

Steady state (PL) and time-resolved photoluminescence (TRPL) measurements were 

conducted to further confirm the passivation efficacy derived from 4-ClBA and investigate 

the charge dynamic of the device. Fig. 2(d) shows the PL spectra of pristine and 4-ClBA 

modified perovskite on glass excited by 405 nm light. As shown in the curves plotted with 

spheres, the PL peak located at 765 nm and its intensity after 4-ClBA modification is around 

1.5 times that of control sample. This implies a less non-radiative charge recombination 

associated with lower density of perovskite traps after 4-ClBA treatment. The corresponding 

PL lifetime of perovskite film are shown in Fig. 2(e) (curve with sphere). The TRPL curves 

were fitted into biexponential decay Y=Y0+f1exp(−(t−t0)/τ1) + f2exp(−(t−t0)/τ2), with detailed 

fitting parameters are summarized in Table S1. It has been demonstrated that the τ1 part is 

related to the trapping process or trap-assisted charge recombination and the τ2 part is related 

to the detrapping process or radiative charge recombination [49–51]. Upon 4-ClBA 

modification, we observe decreased portion of fast decay process (f1 from 11.89% to 7.59%) 

and increased τ1 from 7.08 to 11.87 ns, indicating the charge trapping or trap-assisted 
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recombination is inhibited and the PL decay is more dominated by radiative charge 

recombination process. The increased τ2 from 98.66 to 145.24 ns also suggests suppressed 

trap-assisted recombination [52]. After 4-ClBA modification, the hole extraction efficiency 

through the perovskite/Spiro-OMeTAD interface was also investigated in 

glass/perovskite/spiro-OMeTAD geometry. As shown in curves with circle in Fig. 2(d), the 

calculated PL quenching efficiency of perovskite/4-ClBA/Spiro-OMeTAD exceeds 90% 

while only 70.5% for perovskite/Spiro-OMeTAD. A faster PL decay profile is also observed 

in Fig. 2(e) (red curve with circles) in the 4-ClBA case. These results demonstrate a better 

hole extraction with 4-ClBA treatment [7,53–55]. This improved hole extraction could 

originate from the enlarged energetic driving force and reduced perovskite surface defects by 

4-ClBA passivation, and would likely lead to enhanced photovoltaic performance. 

 

Fig. 2. (a) FTIR transmission spectra of pristine 4-ClBA and 4-ClBA on perovskite. XPS 

spectra of (b) Pb 4f and (c) I 3d core-level of MAPbI3 with and without 4-ClBA. (d) The 

steady state PL of perovskite and perovskite/spiro-OMeTAD film with and without 4-ClBA 

modification. (e) The time-resolved PL of perovskite and perovskite/spiro-OMeTAD film 

with and without 4-ClBA modification (the excitation laser pulse is at 485 nm and ~8 

Commented [g1]: (c) x-axis title should be fully displayed 
the unit counts should be count 
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nJ/cm2), IRF is the response function of equipment. (f) The schematic of the bonding 

interaction between perovskite and 4-ClBA. 

In order to investigate the influence of the 4-ClBA modification on photovoltaic 

performance, we fabricated planar heterojunction perovskite devices with the structure 

ITO/SnO2/perovskite/without or with 4-ClBA/Spiro-OMeTAD/Ag. Fig. 3(a) shows the cross-

sectional SEM images, a well-defined layer-by-layer structure with sharp interfaces can be 

observed. We first perform a series of experiments to optimize the concentration of 4-ClBA 

solution. The dependence of the device performance on the 4-ClBA deposition concentration 

is described in Fig. S6 in supporting information. The detail parameters are summarized in 

Table S2. The highest PCE is obtained at 1 mg/mL 4-ClBA concentration and this 

concentration is adopted throughout the experiments. Devices based on MAPbI3 without 4-

ClBA modification are fabricated as the control group. Current density-voltage (J-V) curves 

measured from under AM 1.5 G illumination are shown in Fig. 3(b), with the detail 

parameters of the best device are listed in Table 1. The control device gives a reverse 

scanning efficiency of 17.98% with a Voc of 1.08 V, short-circuit current density (Jsc) of 22.63 

mA/cm2 and fill factor of 0.74. By contrast, 4-ClBA modified devices show a significantly 

higher Voc of 1.16 V and fill factor of 0.79, demonstrating a lower voltage loss of 0.41 V 

(bandgap derived from IPCE spectrum) and champion PCE of 21%. The improved 

performance can be attributed to the suppressed non-radiative recombination and better 

charge extraction within 4-ClBA based device. Moreover, the optimized device shows a 

reduced photocurrent hysteresis (hysteresis factor of 0.032) compared with the control device 

(hysteresis factor of 0.208). This can be attributed to the reduced surface charge 

recombination, which is considered to be origin of photocurrent hysteresis of perovskite cells 

[8]. The incident photon-to-electron conversion efficiency (IPCE) measurements are 

conducted to check the reliability of J-V measurement. As shown in Fig. 3(c), the integrated 
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current density calculated from the IPCE spectrum is 22.86 and 22.42 mA/cm2, respectively, 

this agrees with the J-V measurements. To get a more comprehensive evaluation of influence 

of 4-ClBA on device performance, we repeatedly fabricate 20 individual devices of two 

types. Fig. 3(d) shows the efficiency distribution histogram, which indicates 4-ClBA 

modified devices present more concentrated and higher PCE distribution than the control 

devices, confirming improved performance and reproducibility. The steady-state photocurrent 

and power output tracking at the maximum power point for 150 s are depicted in Fig. 3(e). 

The control and 4-ClBA modified device deliver stable current density of 19.19, 20.88 

mA/cm2 and stable efficiency of 15.87%, 19.95%, respectively. Fig. 3(f) compares the long-

term stability of two type devices under ambient atmosphere (50%±5% RH, 25 degrees 

centigrade) without encapsulation. The 4-ClBA modified device is much more stable, 

maintaining 80% of the initial PCE after around 700 hours while the control device loses over 

50% of its efficiency after 200 h. This is consistent with the improved intrinsic stability of 4-

ClBA modified perovskite film. 

 

Fig. 3. (a) A cross-section SEM image of the perovskite device. (b) J-V curves of cells based 

on MAPbI3 with and without 4-ClBA modification in different scan directions. (c) 

Corresponding IPCE and integrated Jsc of devices. (d) Statistical PCE distribution for devices 

Commented [g2]: counts should be count 
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reported within this paper. (e) Maximal steady-state photocurrent output tracking at the 

maximum power point under continuous testing. (f) Devices stability test under ambient 

atmosphere (50%±5% RH, 25 degrees centigrade) without encapsulation. 

Table 1. Photovoltaic parameters of PSCs based on MAPbI3 with and without 4-ClBA 

coating. 

  Jsc (mA/cm2) Voc (V) FF PCE (%) Hysteresis factor 
Modified device forward 22.64±0.25 1.14±0.01 0.73±0.02 19.02±0.64 (20.31) 0.032 

reverse 22.76±0.18 1.15±0.01 0.74±0.03 19.18±0.72 (20.99) 
Control device forward 22.07±0.37 1.05±0.01 0.62±0.03 14.49±0.59 (14.24) 0.208 

reverse 22.15±0.39 1.07±0.01 0.70±0.02 16.36±0.74 (17.98) 

*Values in the brackets are in consistent with the J-V curves of Fig. 3(b). 

We further investigate influences of 4-ClBA treatment on charge recombination and charge 

extraction processes. To do this we perform transient photovoltage (TPV) and transient 

photocurrent (TPC) measurements. In TPV, the device is exposed in a background light 

under open-circuit condition, which generates photovoltage approximate to Voc. Then an 

attenuated green laser pulse is used to produce a small voltage perturbation (ΔV) of 50 mV. 

The decay rate of the voltage increment transient can be used to probe the charge 

recombination lifetime, as shown in Fig. 4(a). We fit the TPV curves using mono-exponential 

decay by the equation [56]: 

𝛥𝑉(𝑡) = 𝛥𝑉0𝑒−
𝑡

𝜏𝛥𝑛    (1) 

The charge lifetime increases from 9.9 μs in control case to 13.8 μs after 4-ClBA treatment, 

indicating a reduced charge recombination. Fig. 4(b) shows the TPC transient, which allows 

us to evaluate the charge extraction process. The fitted charge extraction time (via mono-

exponential decay) is reduced from 0.97 µs for control device to 0.48 µs for 4-ClBA based 

device. This further confirms the enhanced charge extraction due to the engineered band 

alignment and surface passivation by 4-ClBA treatment. 
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Next we use space charge limited current (SCLC) and thermal admittance spectroscopy 

(TAS) techniques to get more quantitative information about how 4-ClBA treatment affects 

trap states. Fig. 4(c) shows the dark J-V curve of hole-only device (structured with 

ITO/PEDOT:PSS/perovskite/spiro-OMeTAD/Ag), which is divided into three regions 

according to different slopes (n). The resistance region, i.e., n=1, in which current is linearly 

dependent to voltage. Then the curve enters to trap-filling region (starts at VTFL) where the 

current shows a rapid nonlinear rise (n>3). When all traps states are filled by the injected 

carriers signaled transition into space charge limited region (n=2). The trap density can be 

calculated through the equation [14,57,58]: 

2εε0VTFL= eNtrap𝐿2
,                             (2) 

where VTFL is trap filled limit voltage, L is the thickness of the MAPbI3 layer, ε is the relative 

dielectric constant of MAPbI3 (ε=32), and ε0 is the vacuum permittivity. It can be calculated 

that the trap density decreased from 5.09×1015 cm−3 to 2.43×1015 cm−3 after the modification 

with 4-ClBA. We further calculated the carrier mobility from the SCLC measurement. The 

dark J-V characteristic was plotted into a semi-log scale, as shown in Fig. S7 and fitted 

according to the equation [59]: 

𝐽(𝑉) =
9

8
𝜀𝜀0µ exp (0.89𝛽√

𝑉 − 𝑉𝑏𝑖

𝐿
)

(𝑉 − 𝑉𝑏𝑖)
2

𝐿3
                  (3) 

The hole mobility is 6.14×10−5 cm2/(V s) and 8.54×10−4 cm2/(V s) for control and 4-ClBA 

optimized device, respectively. It can be seen that compared to the pristine perovskite film, 

the charge transport in the 4-ClBA treated film is significantly enhanced. The hole mobility is 

1 order of magnitude larger than the control film. The increased mobility contributes to 

higher FF and efficiency of the device, which is consistent to the previous discussion. The 

TAS is a well-established technique to characterize the trap density of states (tDOS) and 

energetic distribution over the whole trap depth region [6–8,13]. Fig. 4(d) shows the tDOS of 
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control and 4-ClBA optimized device, which is calculated from capacitance versus voltage 

(C–V) and capacitance versus frequency (C–F) curves of corresponding devices (Fig. S8). 

We can see that the tDOS decreases about one order of magnitude after the 4-ClBA 

modification. And the difference is more significant in Eω region of 0.45–0.52 eV. It can be 

inferred that the 4-ClBA SAM effectively passivates traps in relative deep levels, which are 

mainly assigned to be defects at the film surface and responsible for the non-radiative 

recombination centers [8,13]. The above results quantitatively support the passivation 

efficacy from 4-ClBA modification. 

 

Fig. 4. (a) Transient photovoltage decay and (b) raw data of transient photocurrent decay of 

the devices features on MAPbI3 with and without 4-ClBA modification. (c) J-V curves of the 

hole-only device. (d) The tDOS comparison of the two devices obtained by thermal 

admittance spectroscopy. 

3. Conclusions  

In summary, we demonstrate that a 4-ClBA SAM can be used as a multi-function surface 

passivation layer of perovskite solar cells. Under-coordinated lead-related defects are 

effectively passivated after bonding with the carboxyl group of 4-ClBA. This inhibits the 
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non-radiative recombination losses and helps to improve Voc from 1.08 to 1.16 V. Meanwhile, 

4-ClBA SAM also introduces an additional surface dipole as a result of the regular 

orientation, with carboxyl group pointing towards perovskite and organic moiety pointing 

towards charge extraction layer. The surface dipole alters the band alignment by lowering the 

valence band of perovskite and thus contributes to the charge extraction. Moreover, the 

organic moiety renders the perovskite more hydrophobic, so the cells become more resilient 

against moisture-induced degradation. Finally, all of these results combined enable us to 

improve push the performance as high as 21%, eliminate the hysteresis, and extend the 

lifespan of the devices. These findings point to the future potential of multi-functional SAMs 

as an effective passivation layer of perovskite solar cells. 
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