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ABSTRACT  

Volatile A-cation halide (AX) additives like formamidinium chloride (FACl) and 

methylammonium chloride (MACl) have been widely employed for high-efficiency perovskite 

solar cells (PSCs). However, it remains unstudied how they influence the perovskite film 

stoichiometry and the solar cell performance and operational stability. Hereby, our work shows 

that over-annealing of FACl-containing perovskite films leads to a Pb-rich surface, resulting in a 

high initial efficiency, which however decays during maximum power point tracking (MPPT). 

On the contrary, perovskite films obtained by a shorter annealing time at the same temperature 

provide good stability during MPPT but a lower initial efficiency. Thus, we deduce an optimal 

annealing is vital for both high efficiency and operational stability, which is then confirmed in 

the case where MACl additive is used. With optimized perovskite annealing condition, we 

demonstrate efficient and stable p-i-n PSCs that show a best PCE of 20.7% and remain 90% of 

the initial performance after a 200-hour MPPT at 60 °C under simulated 1-sun illumination with 

high UV content. Our work presents a comprehensive understanding on how volatile AX impact 

perovskite film stoichiometry and its correlation to the device performance and operational 

stability, providing a new guideline for fabricating high-efficiency and operational stable PSCs. 
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1. INTRODUCTION 

Organometal halide perovskite solar cells (PSCs) have achieved more than 25% efficiency1–4 and 

their operational stability has also seen significant progress.5–8 However, the root-causes of 

device degradation under operation are still not fully understood, which is critical for further 

improvement of device operational stability. Previous studies have shown that the composition 

of perovskite films plays a crucial role in determining device stability.6,9 On the one hand, it is 

generally believed that methylammonium-free perovskites, e.g. Formamidinium cesium (FACs) 

cation based perovskites, are better than the ones containing methylammonium cation (MA+), 

due to the volatile nature of MA compound that changes the perovskite film stoichiometry.10,11 

On the other hand, volatile additives such as FACl12–14 and MACl15–19 have been widely used to 

achieve high-efficiency perovskite solar cells, since they could optimize the perovskite crystal 

formation dynamics.17,20 This brings the scientific question currently scarcely studied, i.e., how 

such volatile additives influence the perovskite film stoichiometry and how this correlates to the 

device performance and operational stability. 

We first carried out our investigation on the gas-quenched perovskite films with a nominal 

composition of Cs0.1FA0.9PbI2.865Br0.135 which were prepared with volatile FACl as the additive. 

By changing the thermal annealing time during film process, the stoichiometry of the perovskite 

film can be well controlled. This enables us to link the film stoichiometry to the device 

operational stability. Our results show that an optimal annealing condition is crucial to achieve 

both high efficiency and long-term stability. The over annealing of perovskite film with volatile 

A-cation additives results in an A-cation deficiency or in other words a Pb-rich surface, which 

leads to a high initial power conversion efficiency (PCE). However, this kind of high-PCE solar 

cells degrade fast under the solar cell operational MPPT condition. On the contrary, perovskite 
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films obtained from less annealing time at the same temperature provide good stability under 

MPPT but at a lower initial efficiency. The same trend is then further confirmed in the case 

where MACl is used as the additive. With careful control on the thermal annealing condition, we 

demonstrate efficient and stable PSCs that show a best PCE of 20.7% and remain 90% of the 

initial performance after MPPT tracking for 200 hours at 60 °C under 1 sun illumination with 

high UV content. Our work presents a comprehensive understanding on the role of volatile 

additives on the perovskite film stoichiometry and its correlation to the device performance and 

operational stability, providing a new guideline for the fabrication of high-efficiency and 

operational stable PSCs. 

 

2. RESULTS AND DISCUSSION 

2.1 Stoichiometry control of perovskite films 

In this study, we employed the dual-cation perovskite films with a nominal ABX3 composition of 

Cs0.1FA0.9PbI2.865Br0.135 on glass/ITO/poly[bis(4-phenyl) (2,4,6-trimethylphenyl) amine] (PTAA) 

substrates, fabricated from a gas-quenching method shown in Figure 1. The perovskite films 

with volatile FACl additive were prepared from the precursor solution with 5 mol% excess FACl 

compared to the stoichiometric ABX3 composition (denoted as ABX3 + 5% excess FACl). To 

investigate the influence of thermal annealing condition on perovskite stoichiometry, we 

annealed the as-prepared films made from the same solution at 130 °C for 1, 5, 10, 20, 30 and 40 

min in a N2-filled glovebox, respectively. Furthermore, two reference films are prepared 

respectively from stoichiometric precursor solution without any additive (denoted as ABX3) and 

with 3.17 mol% extra PbCl2 (denoted as ABX3 + 3.17% excess PbCl2). The reference films were 

both annealed at 130 °C for 10 min. This way, we covered precursor solution formulars from 
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ABX3 + excess AX to stoichiometric ABX3, and further to ABX3 + excess BX2. Scanning 

electron microscopy (SEM), X-ray diffraction (XRD), X-ray photoelectron spectroscopy (XPS) 

and photoluminescence (PL) were carried out to examine morphology, crystallinity, and 

stoichiometry of the films. 

 

 

Figure 1. Schematic representation of the processing procedures of perovskite films and the 

characterizations performed on the films. 

 

    Figure 2 shows the secondary electron (SE) SEM images of the eight films mentioned above. 

Plate-like phases are present on stoichiometric and 3.17% excess PbCl2 films (Figure 2 (g, h)). 

Positions of these plate-like phases correspond to bright phases in Inlens SEM images (Figure 

S1 and Figure S2 (g, h)). According to previous studies, such bright phases often represent 

PbI2.
21–24 On the contrary, the plate-like phases are absent in all the films prepared with 5% 

excess FACl solution and annealed for 1 – 40 min (Figure 2 (a-f)). However, it is noticeable that 

as the annealing time increases, the surface morphology of 5% excess FACl films changes. The 

5% excess FACl 30 min film started to show fringes on perovskite grains (Figure 2 (e)). Flat 

grain surfaces appeared on the 5% excess FACl 40 min film (Figure 2 (f)).  

 



 

 

6 

 

Figure 2. (a-h) Secondary electron mode SEM images of the corresponding perovskite films. 

The length of the scale bars indicates 200 nm.  

    Figure 3 (a) shows the XRD patterns of these eight films. All the films show main diffraction 

peaks at 14.0°, 28.3°, and 31.7°, indicating the (001), (002), and (012) planes of cubic phase 

perovskite.25–28 The stoichiometric 10 min film and the 3.17% excess PbCl2 film both show 

diffraction peaks at 12.7°, which is classified as the (001) peak in cubic phase PbI2.
29–31 The PbI2 

peak intensity in the stoichiometric 10 min film is less than that of the 3.17% excess PbCl2 10 

min film, just as the flake amount in the stoichiometric 10 min film is less than that in the 3.17% 

excess PbCl2 film. In the meantime, the PbBr2 and PbCl2 characteristic XRD peaks are not 

observed.29 Thus, we can safely deduce the plate-like phases in Figure 2 (g, h) are PbI2.  
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Figure 3. (a) XRD patterns and (b) Halide/Pb atomic ratios from XPS measurements of the eight 

types of perovskite films. Two films from 5% excess FACl 10 min, 20 min and 30 min 

conditions were measured, respectively. These data points illustrate reproducibility in XPS 

measurement. To note, the two data points for 5% excess FACl 10 min films completely overlap. 

    Figure 3 (b) shows the halide/Pb atomic ratio calculated from XPS measurements. The total 

halide amount sums the amount of iodide, bromide, and chloride. The Pb amount sums the 

amount of both Pb2+
 and metallic Pb. The 4f7/2 Pb signals from XPS measurements of each 

perovskite films are shown in Figure S3, where the peaks at 138.4 eV originates from Pb2+, and 

the peaks at 136.6 eV are associated with metallic Pb.32 According to precedent studies,11,33,34 the 

metallic Pb is detected due to the photolysis of PbX2 into Pb and X2 under X-ray. To note, under 

X-ray irradiation, ABX3 perovskite also decomposes into PbX2, which can further decompose to 

Pb.33 Thus, it is reasonable that the halide/Pb ratio of perovskite surface is lower than 3. As we 

can see from Figure 3 (b), the 3.17% excess PbCl2 10 min film shows the lowest halide/Pb ratio 
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of 1.89 among all the films, suggesting this film has a large amount of PbX2 at the surface. The 

stoichiometric 10 min film shows a halide/Pb ratio of 2.33, implying the surface of this film is a 

mixture of ABX3 perovskite and PbX2 and it has less PbX2 compared to that in the 3.17% excess 

PbCl2 10 min film. These observations well align with those in SEM and XRD shown in Figure 

2 (g, h) and Figure 3 (a). We can observe a trend that as the annealing time of the 5% excess 

FACl films increases from 1 min to 40 min, the halide/Pb ratio decreases from the highest point 

of 2.63 to lowest point of 2.29. Despite the decreasing halide/Pb ratio, none of the 5% excess 

FACl films show PbI2 signals in XRD spectrum (Figure 3 (a)), indicating PbI2 crystals are not 

formed. However, the SEM images Figure 2 (a-f) show that as the annealing time increases, the 

perovskite grain surface starts to show fringes and become flat. Thus, we can deduce a Pb-rich 

perovskite crystal facet is likely formed as the annealing time of 5% excess FACl film increases, 

which leads to a low halide/Pb ratio at the surface.  

 

Figure 4. Bandgap of the eight investigated perovskite films calculated from steady-state 

photoluminescence.  
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Apart from deducing surface stoichiometry through a combination of SEM, XRD and XPS, 

we also deduce the perovskite bulk stoichiometry from bandgap obtained from steady-state 

photoluminescence (SSPL). Figure 4 shows the bandgap of stoichiometric 10 min and 3.17% 

excess PbCl2 10 min perovskite films are 1.576 eV and 1.595 eV, respectively. The bandgap of 

5% excess FACl films first decreases from 1.583 eV to 1.578 eV as the annealing time increases 

from 1 min to 10 min, then the bandgap stabilizes around 1.578 eV as the annealing time 

increases from 10 min to 40 min. This trend suggests that in the beginning of annealing, most Cl 

is still incorporated in the perovskite crystals, leading to a high bandgap.35 As annealing time 

increases to 10 min, the amount of Cl in perovskites gradually reduces due to the evaporation of 

Cl-containing volatile species, leading the bandgap to decrease. Once the Cl amount stabilizes in 

the perovskite film, the bandgap of the film also stabilizes. We can deduce that once the 

annealing time exceeds 10 min the bulk stoichiometry likely remains unchanged.  

Combining the SEM, XRD, XPS and PL results, we can conclude that during the first 10 min 

of annealing at 130 °C, the bulk stoichiometry of the 5% excess FACl film changes. When the 

annealing time exceeds 10 min, the bulk stoichiometry of perovskite films stays unchanged, 

while the surface of perovskite becomes more Pb-rich. Hence, we can further conclude it’s 

possible to control the bulk and surface stoichiometry of perovskite films with volatile AX 

excess through simply controlling their annealing time.             

2.2 Linking perovskite film stoichiometry with solar cell operational stability. 

To unveil the relation between perovskite stoichiometry and solar cell operational stability, we 

fabricated solar cells with the structure of glass/ITO/PTAA/perovskite/C60/BCP/Cu (Figure 5 

(a)), where perovskite layers are the eight types of films investigated in the previous section. The 
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initial PCEs obtained from J-V scans in Figure 5 (b) show that as the annealing time of 5% 

excess FACl perovskites increase from 1 min to 40 min, the average initial PCE first increases 

from 5.5 % (1 min) to 18.3% (30 min) and then drops to 17.8% (40 min). The average initial 

PCE of stoichiometric 10 min and 3.17% excess PbCl2 10 min perovskites are 15.6% and 18.4%, 

respectively. The rest parameters from J-V scans are presented in Figure S4. 

Interestingly, despite the higher initial PCE, the 3.17% excess PbCl2 10 min, stoichiometric 10 

min, 5% excess FACl 40 min and 30 min PSCs all show declining PCE during the 20-min MPPT 

under 1-sun illumination from a xenon lamp (Figure 5 (c)). In contrast, though the 5% excess 

FACl 1, 5, 10, 20 min PSCs show low initial PCE, during the 20-min MPPT their PCEs keep 

increasing and eventually stabilize at a higher PCE. For instance, the 3.17% excess PbCl2 10 min 

PSC shows a high initial PCE of 18.6%. After 20-min MPPT, its PCE drops to 17.4%. The PCE 

of 5% excess FACl 30 min PSC is initially 18.5% and it drops to 17.9% at the end of MPPT. On 

the contrary, the 5% excess FACl 20 min PSC shows a lower initial PCE of 17.2%. Its PCE 

keeps increasing to 19% in the first 10-minute MPPT, and then stabilizes at 19% till the end. The 

calculated average PCE of 3.17% excess PbCl2 10 min, 5% excess FACl 30 min and 5% excess 

FACl 20 min PSCs during the 20-minute MPPT is 18.0%, 18.0% and 18.7%, respectively. Thus, 

despite the lower initial PCE from the 5% excess FACl PSC, it generates more energy in 20 

minutes than the other two PSCs.  

It appears that the perovskite films with Pb-rich surface result in declining PCE during MPPT, 

while the films with less Pb-rich surface lead to more stable PSCs during MPPT. To verify this 

discovery in longer term solar cell operation and at harsher conditions, we tracked the MPP of 

PSCs under 1-sun illumination from metal halide lamp with strong UV for 40 hours. During this 

tracking, the cell temperatures reached 60 °C. As can be seen from Figure 5 (d), the 
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stoichiometric 10 min and 3.17% excess PbCl2 10 min PSCs maintains less than 78% initial 

PCE. In contrast, the 5% excess FACl 10 min and 20 min PSCs are much more stable, 

maintaining more than 91% initial PCE at the end of 40-hour MPPT. 

 

Figure 5. (a) Schematics of the PSC structure. (b) Initial PCE distribution of PSCs with 

corresponding perovskites films. (c) 20-minute MPPT of PSCs under 1-sun xenon lamp at 30 °C. 

(d) 40-hour MPPT of corresponding PSCs under simulated 1 sun illumination from a metal 

halide lamp, which contains strong UV content. The cell temperature reaches 60 °C.  
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    To further prove the above link between perovskite surface stoichiometry and the solar cell 

operational stability, we performed controlled experiments by changing annealing temperature, 

annealing time, AX species, and AX amount, then tracking their PCE during MPPT. First, we 

kept the FACl 5% excess and annealed it at 150 °C instead of 130 °C for 10 min to accelerate the 

FACl evaporation during annealing. This way, the surface of 5% excess FACl 150 °C 10 min 

perovskite film will be more Pb-rich than the 5% excess FACl 130 °C 10 min film. As a result, 

the 150 °C 10 min film indeed shows declining PCE as indicated by the purple curve in Figure 6 

(a). Then we drastically increased the amount of FACl excess from 5 % to 30% so that even at 

the end of a long time annealing the FACl is not able to fully escape the films, potentially 

creating AX-rich perovskite films.  Indeed, after annealing at 130 °C for 80 min, the PSC with 

this perovskite shows increasing PCE during MPPT as indicated by the blue curve in Figure 6 

(a). 

    To follow up, we then replaced FACl additive with less volatile FAI additive. As is also 

shown in Figure 6 (a), with a limited amount of 1.5% excess FAI, the device behaves like the 

denoted stochiometric device, for which the PCE degrades under MPPT tracking. Nevertheless, 

with the amount of excess FAI increasing to 2.5% and 5%, the devices start to show the opposite 

trend under MPPT tracking, i.e., PCE first significantly increases and then stabilizes with 

tracking time. Interestingly, due to the much less volatile nature of FAI than FACl, the annealing 

time plays a marginal role in the case of FAI additive. In Figure S5, nearly identical initial PCEs 

and MPPT tracking behavior have been observed for the PSCs made with 5% excess FAI but 

annealed at 130 °C for 20 min, 40 min, 60 min, respectively. Their PCEs all rise in the same 

fashion from below 2% to above 10% at the end of 20-minute MPPT. The above controlled 
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experiments clearly prove that despite of low initial PCE, the AX-rich devices are more stable 

under MPPT.  

    Finally, we designed another experiment where the 5% excess FACl perovskite film was first 

annealed at 130 ° C for 60 min to realize a Pb-rich surface. After this, we applied surface 

treatment on such films by spin coating FAI solutions with different concentrations. Figure 6 (b) 

shows that the 5% excess FACl 130 °C 60 min PSC presents typical declining MPPT PCE. 

However, as the FAI solution concentration of the surface treatment increases, the perovskite 

film shall turn from Pb-rich to less Pb-rich and eventually to AX-rich.24 Correspondingly, Figure 

6 (b) shows that the devices turn from having the declining MPPT PCE (pristine) to a more 

stable MPPT PCE (0.5 mg/ml) and then an increasing MPPT PCE (1.0 mg/ml). 

 

Figure 6. (a) 20-min MPPT of PSCs with corresponding processing conditions. (b) 20-min 

MPPT of PSCs with and without FAI surface treatment. 

 

To conclude, with the experimental results presented in this section, we can find a clear link 

between the perovskite film stoichiometry and the solar cell operational stability. Perovskites 

with Pb-rich surfaces result in high initial PCE but declining PCE during MPPT, while AX-rich 
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perovskites lead to low initial PCE but increasing MPPT. Therefore, to be able to deliver both 

high initial PCE and stable MPPT PCE, a careful screening of annealing condition including 

temperature and duration is needed when the volatile additive is present in the perovskite 

solution. 

2.3 Verify the generality using PSCs with MACl additive  

MACl is another commonly used additive for high-efficiency PSCs.15–19 In order to verify the 

generality of the above-observed link between stoichiometry and device performance, we have 

done another case study, where 30 mol% MACl is used as the volatile AX additive in the 

perovskite precursor solution. The obtained perovskite precursor films were annealed at 110 °C 

for 50 min, 60 min, 70 min and 80 min, respectively. Figure 7 (a) shows the top-view SEM 

image of the perovskite with MACl additive that was annealed for 60 min. Compared to the one 

with FACl additive, much larger grain size is realized with MACl additive, which could be 

attributed to higher amount of chlorine used.17 The device performance of the gas quenched 

inverted p-i-n PSCs was evaluated with a configuration of 

ITO/PTAA/perovskite/LiF/C60/BCP/Cu. The PCE distribution diagram is shown in Figure 7 (b) 

and the other parameters are shown in Figure S6. Interestingly, the average PCEs of the devices 

do not vary significantly with perovskite annealing time, though the devices prepared with films 

annealed for 60 min show a slightly higher average PCE. However, as displayed in Figure 7 (c), 

we can find the same link between the annealing time and MPPT behavior as what is shown in 

the case of perovskite films fabricated with FACl additive. When the perovskite film is annealed 

for a relatively short time, i.e. 50 min, the corresponding device’s MPPT PCE takes about 5 min 

to increase from the initial 19.3% to a stabilized 20.1%. When an optimal annealing time is 

applied, i.e. 60 min, we can obtain the highest and the most stable MPPT PCE of 20.5% during 
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the 20 min tracking time. Once the perovskite film is over annealed, i.e, in the case of 70 min 

and 80 min, the MPPT PCE keep decreasing during the measurement. In particular, the longer 

the annealing time is, the more remarkable decrease in MPPT PCE is observed. Similar to the 

case of FACl, a prolonged annealing time will result in perovskite films with Pb-rich surface 

since MACl is even more volatile. As discussed above, it is important to carefully control the 

annealing temperature and duration to achieve high and stable MPPT PCEs. By annealing the 

precursor films with MACl additive at 110 °C for 60 min, we can achieve the best device 

performance with negligible hysteresis (Figure 7 (d)), and high EQE that leads to an integrated 

Jsc of 23.3 mA cm-2 (Figure 7 (e)). More importantly, the device can maintain approximately 

90% of the initial performance after 200-hour MPPT at 60 °C under 1 sun illumination from a 

metal halide lamp with strong UV. 

 

Figure 7. High-efficiency PSCs with 30% MACl additive. (a) Top-view SEM image of the 

perovskite film. The perovskite film was annealed at 110 °C for 60 min. (b) PCE distribution 
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diagram of the corresponding gas-quenched PSCs with different perovskite annealing time, 

including 50 min, 60 min, 70 min and 80 min. (c) 20 min MPPT measurements of the 

corresponding PSCs. (d) J-V curves of the champion device under reverse and forward scans. 

The inset shows the corresponding PV parameters. (e) EQE and integrated Jsc spectra of the 

champion device. (f) The operational stability test of the PSC based on the optimal condition. 

The test is carried under simulated 1 sun illumination from a metal halide lamp with strong UV. 

The cell temperature reaches 60 °C. 

CONCLUSION 

To conclude, our work reveals the stoichiometry of perovskite films that contain volatile AX 

additives can be readily controlled by changing their thermal annealing temperature and time. 

We then unraveled how such volatile additives can influence the perovskite film stoichiometry 

and how this correlate to the device performance and operational stability. It is discovered that 

the over annealed perovskite films become Pb-rich at the surface, leading to PSCs with high 

initial PCE but poor stability under MPPT condition. On the contrary, the under annealed films 

lead to PSCs with low initial PCEs, but the PCEs increase during MPPT. We verified the 

generality of this by studying perovskite precursors using either FACl or MACl as an additive, 

showing it is important to control the annealing conditions to simultaneously achieve the high 

efficiency and operational stability. With optimally annealed perovskite films, we demonstrate 

efficient and stable p-i-n PSCs that show the best PCE of 20.7% and remain 90% of the initial 

performance after a 200-hour MPPT at 60 °C under 1 sun illumination with high UV content. 

Therefore, this work provides a new guideline for the fabrication of high-efficiency and 

operational stable PSCs. 
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