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Abstract 
Trap passivation of perovskite thin films is a widely used approach to suppress 
nonradiative recombination in perovskite solar cells (PSCs). It has been extensively 
studied in PSCs containing methylammonium (MA). However, there are few studies on 
MA-free perovskites. In this report, PMAI is used for a more stable and efficient CsFA-
based PSCs. After adding PMAI, the crystallinity can be fine-tuned to increase the grain 
size of the perovskite. benzylammonium ions, due to their larger ionic size, passivate 
grain boundaries rather than incorporate into the perovskite lattice, thereby minimizing 
bandgap changes, while effectively passivating iodine vacancies (Pb2+defects), Reduces 
non-radiative recombination and increases photoluminescence lifetime. As a result, the 
power conversion efficiency (PCE) of the MA-free device is as high as 21.1%, the open 
circuit voltage is 1.13 V, the fill factor is as high as 78.8%, and the long-term operational 
stability is excellent. 
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1. Introduction 

Lead halide perovskite materials have recently shown great potential in solar cells.1 The maximum 
laboratory power conversion efficiency (PCE) of perovskite solar cells (PSC) has risen to more than 
25%. To date, perovskites containing methyl ammonium (MA) have been widely used as light 
absorbers for most highly effective PSCs. However, the presence of MA is considered to be one of 
the main factors limiting the long-term stability of PSC due to the poor thermal stability of MA 
devices.2 The use of formamidine-based (FA) perovskite can solve these problems because of its 
higher thermal stability, while the introduction of Cs will provide better structural stability. Cs/FA 
perovskite may be an effective strategy to address the inherent thermal instability associated with 
perovskite materials. Cs/FA based PSCs have recently received more and more attention due to their 
excellent thermal and photoelectric characteristics.3 A variety of approaches, such as heterojunction 
engineering,4 interfacial modification5 and crystallization tailoring6 have been carried out to improve 
the device performance. Defects in perovskite are an important factor affecting PSC performance. It 
has been reported that defects in perovskite films are charged due to their ionic properties, especially 
point defects, such as halide anionic vacancies. Due to the low formation energy of perovskite 
materials, organic cation vacancies are easily formed in perovskite materials. These electron traps are 
distributed at the surface and grain boundaries, thus providing a perovskite recombination center. 
Therefore, passivation of charged defects in perovskite using electrostatic or chemical interactions 
can inhibit charge-carrier recombination, which is critical for high-performance PSC.7 Great efforts 
have been made to control and mitigate defects in perovskites. For example, Huang et al.8 The 
negatively and positively charged defects are passivated using choline chloride via quaternary 
ammonium and halide ions, respectively. However, most of these studies focus on defect passivation 
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in high-efficiency perovskite systems containing MA, and few reports on defect chemistry studies 
based on perovskite in Ma-free. Here, we introduce PMAI, which has benzamide cations, to inactivate 
charged traps in devices. On the one hand, the incorporation of PMAI effectively fixed uncoordinated 
Pb2+ (iodine vacancy) through coordination with functional groups, thus inhibiting the formation of 
metal Pb defects and reducing non-radiative recombination. On the other hand, the crystallinity of 
perovskite films was also improved and a significant increase in photoluminescence lifetime was 
observed. Thanks to these advantages, the n-i-p planar PSC achieved a VOC of 1.13 V and an impact 
factor (FF) of 78.8%, superior to those of the control unit (VOC 1.09 V, FF 77.3%). The champion 
device achieved a PCE of 21.1%, while the PMAI passivated device demonstrated excellent long-
term stability, maintaining an initial efficiency of 95% after 1000 hours of storage in the dark. 

2. Results and Discussion 

 
Figure 1. Perovskite films prepared via in-situ passivation using PMAI as additive with different 
concentrations. (a) FTIR spectra. (b) XRD patterns of perovskite films. (c) The UV-vis absorption 

spectra of perovskite films (d) J-V curves of devices. 

 

To study the effect of PMAI on perovskite defects, a small amount of PMAI was added to the Cs/FA-
based perovskite precursor solution to prepare perovskite films by a one-step antisolvent method. The 
device at the optimal concentration is called the target device. the device structure is 
glass/FTO/TiO2/Cs0.15FA0.85Pb(I0.95Br0.03Cl0.02)3/2,2',7,7'-Tetrakis[N,N-di(4-methoxyphenyl) 
amino]-9,9'-spirobifluorene (spiro-OMeTAD)/Au. The Fourier transform infrared (FTIR) spectra of 
PMAI, control film and PMAI-treated samples are shown in Figure 1a. It is worth noting that a new 
peak corresponding to the vibrational mode of aromatic C=C at 1479 cm-1 is detected for PMAI-
treated sample in comparison with the control film. It is shown that PMAI successfully penetrates 
into perovskite thin films.9 X-ray diffraction (XRD) was subsequently performed to gain insight into 
the effect of PMAI on the crystallinity of the resulting perovskite films.10 Despite the different PMAI 
concentrations in the precursor solutions, no additional peaks and obvious shifts were detected in the 
XRD patterns (Figure 1b), indicating that the cubic perovskite structure is not affected by PMAI 



International Core Journal of Engineering Volume 8 Issue 4, 2022
ISSN: 2414-1895 DOI: 10.6919/ICJE.202204_8(4).0016

 

116 

addition, and therefore PMAI should be present in the at the grain boundary, The peak intensity of 
(110) plane at 14.15° progressively increase with the increase in PMAI concentration and saturated 
for the sample 0.5mg/ml. Indicating that the growth of the (110) plane of the perovskite grains is 
preferred, which favors the passage of holes from the perovskite to the hole transport layer, we utilize 
UV-Vis absorption spectroscopy to evaluate the effect of PMAI on the optical properties of perovskite 
thin films. It can be seen in Figure 1c that after PMAI addition, the region where the absorption 
intensity increases from 500 nm to 760 nm slightly increases, which can be attributed to the improved 
crystallization and improved film quality.11. 

We fabricated the corresponding devices and the current density-voltage (J-V) curves are shown in 
Figure 1d, it is obvious that the Target device performs the best among all the cells, with the highest 
PCE of 21.1% and VOC of 1.13 V based on the additive strategy, The fill factor (FF) was 78.8%, the 
short-circuit current density (JSC) was 23.6 mA/cm2, and the device without PMAI additive provided 
a PCE of 19.8% and a VOC of 1.09 V. (Table 1). 

 

Table 1. The PV performance of the champion devices in Figure 1d. 

Perovskites 
VOC 

(V) 

JSC 

(mA/cm2) 

FF 

(%) 

PCE 

(%) 

Control 1.09 23.5 77.3 19.7 

Target 1.13 23.6 78.8 21.1 

 

The Scanning electron microscopy (SEM) was used to study the surface morphologies of perovskite 
films with and without 0.5 mg/mL PMAI added. Figure 2c clearly shows the characteristics of the 
polycrystalline perovskite films, with a significant increase in the average grain size after PMAI 
introduction, further confirming the improved film quality. 

 

 
Figure 2. SEM images of perovskite films without (a) and with 0.5 mg/mL (b) PMAI addition. (c) 

PL, and (d) TRPL decay curves of the control, Target films. 
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It is well known that higher photoluminescence (PL) intensity and longer carrier lifetime (τ) are 
characteristic of successful defect passivation due to reduced nonradiative recombination sites in 
perovskite films. Steady-state PL and time-resolved PL decay (TRPL) of ilmenite films were 
monitored. Figure 2c shows that the passivated samples have stronger fluorescence intensity 
compared to the control samples, indicating that PMAI passivation inhibits nonradiative 
recombination. The TRPL decay curves in Figure 2d can be fitted with a bi-exponential function 
(Equation (1)):12,13. 

 

𝑓(𝑡) = 𝐴 𝑒𝑥𝑝
( )

+ 𝐴 𝑒𝑥𝑝
( )

+ 𝐵                       (1) 

 

Where τ1 is the slow decay process associated with trap-assisted recombination, τ2 is the fast decay 
process related to bimolecular recombination,14 A1 and A2 are constants representing the 
contributions of the slow and fast components, respectively,15 and B is a constant for the baseline 
offset. The average PL decay lifetime (τave) can be obtained using Equation (2): 

 

𝜏 =
∑

∑
                                  (2) 

 

From the fitted data summarized in Table 2, τave gradually extended from 180.91 ns (control) to 
350.54 ns, further demonstrating the inhibitory effect of PAMI on nonradiative recombination. and 
the longer lifetime further demonstrates the inhibitory effect of PAMI on nonradiative recombination. 

 

Table 2. Fitting of the TRPL results. 

 A1 τ1 (ns) A2 τ2 (ns) τave (ns) 

Control 0.431 10.51 0.481 179.35 180.91 

Target 0.302 12.35 0.643 345.12 350.54 

 

To reveal the enhancement effect of additives on PCE, X-ray photoelectron spectroscopy (XPS) 
measurements were employed for the first time to understand the interaction between PMAI and 
perovskite thin films. As shown in Figure 2a, A signal corresponding to the C=O bond (288.1 eV) 
was detected in the control membrane, which may be related to the membrane reaction with oxygen 
or water. In contrast, the target films showed obvious C=O bond reduction, indicating that the 
hydrophobic benzene ring groups can protect the perovskite from oxygen and water attack. As shown 
in Figure 2b, a comparison was made with the control samples. The two peaks at 142.6 and 137.7 eV 
belong to Pb2+, the two shoulders at 143.5 and 138.3 eV belong to metallic Pb (Pb0), Caused by 
uncoordinated Pb2+ defects (iodine vacancies) created during thermal annealing.16 These defects 
were identified as recombination centers that could lead to deterioration of the photovoltaic (PV) 
performance of PSCs. For the control sample, after the introduction of PMAI functional molecules, 
it was found that the intensity ratio of Pb0/ (Pb0 + Pb2+) was significantly reduced to, indicating that 
this molecule can effectively inhibit the formation of Pb0 defects. To quantitively evaluate defect 
density in the perovskite films, the space-charge-limited current (SCLC) analysis was performed with 
the electron-only (FTO/TiO2/perovskite/PCBM/Au) devices. Figure 3c manifests that the VTFL of 
the Target film are 0.203 V, which are smaller than those of the control film (VTFL = 0.453 V). 
Lower VTFL has lower density of defect states, the lower defect density in the target devices straight 
forward reveals that the effectively passivate defects in the perovskite films,17 resulting in suppressed 
trap-assisted nonradiative recombination and enhanced VOC. 
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Figure 3. High resolution XPS spectra: (a) C 1s, (b) Pb 4f. (c) SCLC plot. (d) EIS of PSCs based on 

control and Target perovskite film. 

 

 
Figure 4. (a) Water contact angle images for the (a) control and (b) Target films. (c) Normalized 

PCE of unsealed Control and Target devices under N2 atmosphere. 
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Electrochemical impedance spectroscopy (EIS) was employed to study the interfacial carrier transfer 
and transport kinetics. Figure 3d shows the Nyquist plots of the control and PMAI-passivated devices 
at 0 V applied bias voltages in the dark. The Nyquist plots can be divided into two different parts: the 
arcs present in the high-frequency region are related to the charge-transport resistance (Rtr) and the 
incomplete semicircles present in the low frequency region represent the recombination resistance 
(Rrec) of PSCs.18 the corresponding values of Rtr and Rrec were fitted using the Z-view software 
with the given equivalent circuit The PMAI-containing devices obtained lower Rtr and higher Rrec 
compared to the control,19 indicating faster charge carrier transfer and lower recombination rate for 
PMAI-passivated devices, which is in good agreement with the above characterization results. 

Finally, the effects of PMAI additives on device stability were comparatively studied. As shown in 
Figures 4a and 4b, the contact angle of the PMA-added perovskite film is 62°, which is much larger 
than that of the control film (55°), indicating that the passivated perovskite film has stronger 
hydrophobicity. The increase of water contact angle may be related to the benzene ring group in 
PMA+, which is beneficial to prevent the intrusion of water and will provide better humidity 
stability.20 At the same time, we investigated the storage stability of the passivated device in a 
nitrogen-filled glove box, and obtained more than 95% of its original efficiency after 1000 h of 
storage (Figures 4c), proving the excellent environmental stability of the device. 

3. Conclusion 

In conclusion, we developed a simple tuning strategy to simultaneously enhance crystallinity and 
passivate defects in Cs/FA perovskites, thereby enhancing the efficiency and stability of the resulting 
PSCs. Due to the strong coordination between the PMAI and the uncoordinated Pb2+ in the 
perovskite, the formation of deep iodine vacancy defects is effectively suppressed. Therefore, the 
nonradiative recombination in perovskite films is significantly reduced. Furthermore, the 
crystallization process and crystal quality were improved due to the presence of PMAI. Improves 
crystallinity, suppresses non-radiative recombination, yields a high VOC of 1.13 V, a remarkable 
78.8% FF and a champion PCE of 21.1%. Furthermore, unpackaged devices containing PMAI 
exhibited excellent environmental stability. Our findings demonstrate that rational defect passivation 
is an effective approach to produce highly stable and efficient PSCs. 
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