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ABSTRACT: We report on the preparation of MAPbBr3 perovskite films of high electronic 

quality by applying a methylamine (MA) vapor treatment and mitigating surface defects using the 

amphiphilic molecular passivator, neopentylammonium chloride (NPACl). We find that post-

treatment of MAPbBr3 with methylamine (MA) vapor effectively smoothens the surface of the 

perovskite, eliminating unwanted corrugations and producing phase-pure pin-hole free films. The 

subsequent coating of MAPbBr3 with NPACl eliminates deleterious surface states that act as 

electron–hole recombination centers while enhancing the resilience of the perovskite solar cell 

(PSC) against heat stress and ambient moisture, with solid state NMR demonstrating their atomic-

scale interaction. As a result, we achieve an unprecedented Voc of 1.65 V which is a record level 

for mesoporous single junction PSCs together with a power conversion efficiency (PCE) of over 

10% in standard AM 1.5 sunlight. The PSC also retains 91.3% of its initial performance after 1100 

h light soaking under full sunlight and at 60 °C, while maintaining the device at maximum power 

point. In contrast, the pristine PSC maintained only 34% of its initial efficiency under the same 

aging condition. 
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Over the past decade, metal halide perovskites have been the subject of intense investigations 

owning to their unique optoelectronic properties.1-3 The power conversion efficiency (PCE) of 

perovskite solar cells (PSCs) have increased from less than 4% to 25.5% during this period,4-7 

exceeding the PCE of the market leader multi-crystalline silicon. Current investigations focus on 

medium-to-low bandgap PSC and use iodide-rich compositions containing up to 20% bromide.8-

12 These devices now routinely achieve PCEs over 20% and open circuit voltages (Voc) of up to 

1.2 V. Yet, the compositional and structural versatility of metal halide perovskites endows them 

with far wider options. In particular, large bandgap perovskites are attractive for tandem solar cells 

or solar water splitting and CO2 reduction devices, which require high photovoltages.13-14 One 

important large bandgap perovskite material is MAPbBr3 with a bandgap of around 2.3 eV which 

corresponds to a Shockley-Queisser limit Voc and PCE of 1.98 V and 16.5%, respectively.15  

At present, many methods are used to improve the open circuit voltage (Voc) and PCE of MAPbBr3-

PSCs. Aranda et al.16 applied lithium ions to passivate the surface of mesoporous TiO2 and reduced 

the non-radiative recombination at the MAPbBr3/TiO2 interface, resulting in a high Voc of 1.58 V. 

Wu et al.17 chose the high HOMO acceptor material ICBA for a MAPbBr3-based inverted PSC 

electron transporting layer (ETL) in combination with solvent annealing, with the device obtaining 

a high Voc in excess of 1.6 V. More recently, Hu et al.14 applied a MoOx layer by e-beam 

evaporation to reengineer the anode interface between NiOx and MAPbBr3 and an ALD deposited 

ZrO2 layer to modify the cathode interface between PC61BM and MAPbBr3. With these complex 

and expensive additional layer processing they obtained a record Voc of 1.653 V under one sun 

illumination with a high PCE of 10.08%. Although, the Voc and PCE of MAPbBr3-based PSCs 

have been effectively improved in their work, the device stability, especially the operational 

stability under high temperature conditions, remain a challenge. 

Here we report a wide band gap methylammonium lead bromide (MAPbBr3)-based mesoporous 

PSC, where all the active layers have been solution deposited, exhibiting record level Voc of 1.65 

V and a PCE over 10% together with outstanding operational stability with all active layer solution 

processed. We achieve an outstanding operational stability under 1100 hours of simulated 1-sun 

illumination at 60 °C temperature. 
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The fast crystallization of MAPbBr3 is known to impose challenges for depositing high quality 

MAPbBr3 films from solution.18 To address this issue, we treat the MAPbBr3 with methylamine 

(MA) vapor resulting in effective smoothening of the highly corrugated surface of as-prepared 

films.19 We use top-view and cross-sectional scanning electron microscopy (SEM) measurements 

to confirm the improvement of the perovskite film morphology. UV-vis absorption spectra also 

reveal the suppression of voids upon MA vapor treatment, resulting in a better transparency. For a 

MA vapor treated MAPbBr3-based PSC we achieve a PCE of 9.3%. In contrast, the PCE of the 

control device without MA vapor treatment is 6.2%. Furthermore, the MA vapor treated MAPbBr3 

perovskite film is subsequently surface coated with neopentylammonium chloride (NPACl). Due 

to its amphiphilic character NPACl assumes a dual function: the polar ammonium head groups 

insert into A-site cation vacancy defects present at perovskite layer surface, while the hydrophobic 

umbrella-shaped neopentyl tail establishes an intimate contact with the hole conductor and protects 

the perovskite layer from being attacked by water molecules. In this fashion NPACl boosts both 

the efficiency and stability of the PSC. 

MA vapor post-treatment is an effective defect-healing method to fabricate high-quality perovskite 

films.20-22 We deposited the MAPbBr3 film using a one-step anti-solvent method, followed by 

applying the MA vapor post treatment as previously reported.19 UV-vis absorbance spectra of the 

perovskite films with and without MA vapor post-treatment, measured with and without an 

integrating sphere, are shown in Figure S1 which shows the typical excitonic absorption onset at 

540 nm. The measurement without an integrating sphere shows a large background signal at 

wavelengths above 540 nm for the pristine MAPbBr3 perovskite which is due to light scattering.23 

The morphologies of the MAPbBr3 perovskite with and without MA vapor treatment are 

characterized by cross-sectional and top-view SEM measurements, and the results are shown in 

Figure 1. The MAPbBr3 film without MA vapor post-treatment shows pinholes at the surface and 

gaps between the perovskite and TiO2, which are absent in the MA treated films. This is the reason 

for the pronounced light scattering in the untreated MAPbBr3 film. The bandgap of MAPbBr3 is 

estimated to be 2.32 eV as determined from the inflection point of the incident photon to current 

conversion efficiency (IPCE) spectrum24 (Figure S2). 
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Figure 1. (a) and (b), cross-section and top-view SEM images of MAPbBr3 films without MA 

vapor post-treatment, (c) and (d), cross-sectional and top-view SEM images of MAPbBr3 films 

with MA vapor post-treatment. All scale bars are 200 nm. 

To verify the effect of MA vapor post-treatment on PSC performance, we fabricated n-i-p solar 

cell devices with the layered device structure: FTO/compact TiO2/mesoscopic TiO2/MAPbBr3 

/HTL/Au. J-V curves of the best performing PSC subjected to MA vapor treatment, denoted as 

perovskite/MA, achieved a PCE of 9.27% with a Jsc of 8.3 mA/cm2, a Voc of 1.58 V and a fill factor 

(FF) of 67.4% (Figure 4a and Table S1). On the contrary, PSCs based on pristine perovskite 

without MA vapor treatment yield PCE of ~ 6% (Figure 4a and Table 1). We measured the 

absolute photon flux associated with the photoluminescence (PL) for MAPbBr3 films with and 

without MA vapor treatment, and the results are shown in Figure S3. Compared to the pristine 

MAPbBr3 film, an improved PL quantum yield (PLQY) is observed for the MAPbBr3 film with 

MA vapor treatment, indicating a suppressed recombination for the MA post-treated sample.25 
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Figure 2. (a), Chemical structure of NPACl. (b), High-resolution deconvoluted Cl 2p XPS spectra 

for perovskite/NPACl film. (c), Cl 2p XPS depth profiles of the perovskite/NPACl film. (d), 1H–
1H spin-diffusion NMR spectrum of MAPbBr3 mechanosynthesised with 1 mol% NPACl, using a 

1 s mixing time, and the 1D spectrum of neat NPACl; the asterisks highlight distinct cross peaks 

between NPA and MA.  

We modified the surface of MA-vapor treated MAPbBr3 films with neopentylammonium chloride 

(NPACl) whose structure is shown in Figure 2a. We casted the NPACl by spin coating on the 

surface of MAPbBr3 using a solution of 3 mg/mL NPACl in iso-propanol. Surface and depth X-

ray photoelectron spectroscopy (XPS) profiling were used to characterize the thickness of the 

NPACl film and the chemical environments in the perovskite layers with and without NPACl 

passivation, and the results are shown in Figures 2b, 2c and S4. The Cl 2p peak appearing at the 
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perovskite/NPACl film surface is attributed to NPACl. From the Cl 2p XPS depth profiling we 

estimate the thickness of the NPACl layer to be ~4 nm (Figure 2c); note that no Cl incorporation 

in the perovskite is observed by XRD, UV–vis, or PL measurements (vide infra), therefore the Cl 

signal is ascribed solely to the NPACl layer. UV-vis measurements showed that the NPACl 

treatment did not affect the optical transmission of the MAPbBr3 film (Figure S5).  

To prove the atomic-scale interaction of NPACl with MAPbBr3, we measured 1H–1H spin-

diffusion MAS NMR spectra26 for MAPbBr3 mechano-synthesized with 1 mol% NPACl (Figure 

2d). In a spin-diffusion spectrum, cross peaks are only observed between dipolar coupled species 

that must therefore be in close proximity, which has previously been exploited to determine the 

mode of operation of different passivating agents in hybrid perovskite systems.27-29 There is some 

overlap between the 1H signals of MA and NPA, but cross peaks between MA and NPA can 

nevertheless be distinguished (marked by asterisks), categorically demonstrating that the two 

cations must be present within ~ 1 nm of each other (given the 1 s mixing time). The identification 

of the cross peaks is corroborated by varying the mixing time, which differentiates intramolecular 

NPA–NPA spin diffusion and intermolecular NPA–MA spin diffusion (Figure S6). A change in 

the local environment of the NPA -NH3 group can also be seen from the change in 1H shift from 

8.2 ppm to 7.1 ppm; this is consistent with passivation of A-site vacancies, which significantly 

changes the local environment of the ammonium headgroup.28, 30 The X-ray diffraction (XRD) 

patterns of the pristine MAPbBr3 perovskite, perovskite/MA and perovskite/MA with NPACl 

surface coating (denoted as perovskite/MA/NPACl) films are shown in Figure 3a. All 

diffractograms show two sharp diffraction peaks at 15.0 °, 30.2 ° and a relatively weaker peak at 

45.9 °, which can be assigned to (0 0 1), (0 0 2) and (0 0 3) planes of the MAPbBr3 perovskite 

crystal, respectively.31 The improved diffraction intensity for the perovskite films based on MA 

vapor treatment implies better MAPbBr3 perovskite crystal quality. No new diffraction peak is 

observed for the perovskite/MA/NPACl film, proving that NPACl cannot enter the lattice of the 

perovskite, presumably due to the large cationic size. 

Figure 3b shows the time-resolved photoluminescence TRPL measurements of the perovskite 

films on FTO glass/TiO2 substrates for pristine perovskite, perovskite/MA and 

perovskite/MA/NPACl. The measurements exhibit two distinctly different characteristics: a very 

fast decay within the first few nanoseconds and a much slower decay which becomes mono-
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exponential at later times. To understand the fast initial decay, we have to consider several 

potential mechanisms. MAPbBr3 has a charge carrier mobility > 10 cm2/Vs32 which leads to a 

diffusion-controlled spatial equilibration of the exponential charge carrier density profile right 

after the laser pulse excitation within less than 1 ns. Thus, carrier diffusion is not observed with 

the time resolution of around 1 ns of our TRPL measurement. In our experiment we use laser 

fluences < 5 nJ/cm2 which are very low so that radiative and Auger recombination are negligible 

negligible.33 Hence, we attribute the fast decay within the first few nanoseconds to electron 

injection into the mesoporous TiO2 layer. This charge transfer ceases when equilibrium is reached 

between the electron quasi-Fermi levels in the perovskite and the TiO2 layer.34 The slow PL decay 

at later times has two origins: bulk and interface charge carrier recombination and charge back-

injection from TiO2 into the perovskite layer. We follow the work of Krückemeier et al.34 and plot 

the differential lifetime 𝜏!"#$ =	 $−
%
&
'	 )*+!"#$

',
&
-%

 in Figure S7. 𝜏!"#$ is the mono-exponential 

TRPL decay time constant (lifetime) at each delay time. The fast initial drop is reflected by the 

very short lifetimes at early times (first few nanoseconds), while at later times the lifetimes reach 

a plateau. The MA-treated samples exhibit a nearly one order of magnitude higher lifetime 

compared to the untreated sample. This is a clear indication of strongly reduced trap-assisted non-

radiative bulk and interface recombination, which is not surprising since the crystal quality is 

improved with the MA treatment. The higher lifetime of the perovskite/MA/NPACl sample 

compared to the perovskite/MA sample can be attributed to a reduced non-radiative recombination 

rate at the perovskite surface since the bulk perovskite layer is the same for both cases and the only 

difference is the NPACl surface passivation. This demonstrates the beneficial effect of the NPACl 

treatment.  



 8 

 

Figure 3. (a), XRD patterns of perovskite, perovskite/MA and perovskite/MA/NPACl films. (b), 

TRPL measurements of glass/FTO/c-TiO2/mp-TiO2/perovskite, perovskite/MA and perovskite 

/MA/NPACl. The green curves are fit curves used to calculate the differential lifetime shown in 

Figure S7. These fit curves are arbitrary functions fitting best the measured data, there is no 

physical meaning behind these fits. (c), PLQY and Voc losses for glass/FTO/c-TiO2/mp-

TiO2/perovskite, perovskite/MA or perovskite/MA/NPACl films. (d), Stabilized Voc (1 min light 

soaking) and ∆𝐸./𝑞  for PSCs based on pristine perovskite, perovskite/MA or 

perovskite/MA/NPACl. The Voc of the PSCs after 30 min light soaking is also shown. 

We measured the photoluminescence quantum yield (PLQY) to quantify nonradiative 

recombination losses in our PSCs.35-36 Figure 3c shows the external PLQY (PLQYext) of the 

pristine perovskite, perovskite/MA and perovskite/MA/NPACl films determined from the absolute 

photon flux37 (Figure S3). The PLQYext of perovskite/MA is 2.5 times higher than that of the 
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pristine film, implying that the MA post-treatment can effectively suppress non-radiative 

recombination, and the PLQY of perovskite/MA/NPACl is about 5 times higher than pristine 

perovskite films, indicating that NPACl further inhibits non-radiative recombination. These results 

are in good agreement with the trends in the TRPL measurements. The resulting Voc losses due to 

non-radiative recombination for perovskite, perovskite/MA and perovskite/MA/NPACl films are 

calculated by the equation ∆V= kT ln(PLQY).15 As shown in Figure 3c, the perovskite film with 

a NPACl layer shows a Voc loss due to non-radiative recombination as small as 137 mV, compared 

to the control perovskite film exhibiting a Voc loss of about 210 mV, allowing the devices based 

on perovskite/MA/NPACl to potentially afford a higher device Voc. Figure 3d shows the measured 

device Voc and the quasi-Fermi level splitting (∆𝐸./𝑞) calculated from the Shockley-Queisser 

limit of Voc (Voc,sq = 1.98 V):15 ∆𝐸./𝑞 = Voc,sq + ∆V. ∆𝐸./𝑞 is the internal voltage of the absorber 

layer which represents the maximum Voc a solar cell with this absorber can achieve. The measured 

device Voc is significantly smaller due to energy level misalignments,38-39 but it follows the same 

trend as the ∆𝐸./𝑞 which shows that the Voc improvements are related to the reduction of non-

radiative recombination pathways. The Voc after 30 min light soaking of the 

perovskite/MA/NPACl based device remains stable, meaning that NPACl can promote the 

formation of a more stable interface between the perovskite and spiro-OMeTAD. 

We exploited the advantage of combining both MA vapor post-treatment and NPACl surface 

coating to fabricate photovoltaic cells (the cross-sectional SEM image of this device is shown in 

Figure S8, showing a dense perovskite layer of about 300 nm) for which J-V curves measured 

under standard global AM-1.5 sunlight are shown in Figure 4a. From this data, we derive the PV-

performance metrics listed in Table 1. The perovskite/MA/NPACl based devices gave by far the 

best performance yielding a PCE of 10.33%, a FF of 71.9%, a Jsc of 8.71 mA cm-2 and a Voc of 

1.65 V, presenting a new record for single-junction mesoporous PSCs (NPACl can also improve 

FA-based wide bandgap PSCs, as shown in Table S2). Figure 4b and S9 show the incident photon-

to-electron conversion efficiency (IPCE) spectra of PSCs based on pristine perovskite and 

perovskite/MA/NPACl. By integrating the IPCE curves over the solar emission we calculate Jsc 

values of 6.17 and 8.38 mA cm-2 for the control and MA/NPACl treated perovskite respectively, 

in good agreement with the Jsc obtain from our J-V measurements. Figure 4c shows the power 

output at the maximum power point (MPP) for the best performing PSCs based on perovskite and 

perovskite/MA/NPACl under 10% relative humidity (R.H.) condition within the first 250 s. We 
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obtain stabilized PCEs of 10.20 and 6.06% for PSCs based on perovskite/MA/NPACl and the 

control, respectively, matching well the PCEs obtained from the J-V measurements. Figure 4d 

presents statistical data for PCE derived from measurements on 20 PSCs based on pristine 

perovskite and perovskite/MA/NPACl fabricated from a same batch. Statistical data on the detailed 

PV metrics are shown in Figure S10. PSCs based on perovskite/MA/NPACl exhibit good 

reproducibility, with an average PCE of 9.73%.  

 

Figure 4. (a), J–V curves of champion devices based on control, perovskite/MA, and 

perovskite/MA/NPACl. (b), IPCE spectra and integrated current density values of a control PSC 

and a PSC based on perovskite/MA/NPACl. (c), MPP tracking of the PSCs within the first 250 s 
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under ambient 10% R.H. (d), PCE distributions of 20 devices obtained from perovskite and 

perovskite/MA/NPACl devices. 

We derived the ideality factor (nid) of the devices from light intensity dependent Voc 

measurements40 and present results in Figure 5a and Figure S13a The nid of 

perovskite/MA/NPACl is calculated to be 1.44, which is considerably smaller than that of the 

control (nid = 1.71) and perovskite/MA (nid = 1.58), indicating that the perovskite/MA/NPACl 

devices show less trap-assisted non-radiative recombination,41 which is in good agreement with 

the TRPL and PLQY measurements and with the better photovoltaic performance of the 

corresponding PSCs. 

Table 1. Photovoltaic Parameters of Champion Devices based on Pristine Perovskite and 

Perovskite/MA/NPACl Devices Measured under Simulated AM 1.5G Irradiance. 
 Voc (V) Jsca (mA cm-2) Jscb (mA cm-2) FF PCE (%) 

Perovskite/MA/NPACl Backward 1.650 8.71 
8.38 

0.719 10.33 

Perovskite/MA/NPACl Forward 1.650 8.71 0.711 10.22 

Control Backward 1.410 6.42 
6.17 

0.689 6.24 

Control Forward 1.337 6.45 0.648 5.59 

a) Jsc determined from the J-V measurement; b) Jsc determined from IPCE. 

 

We measured the operational stability of PSCs based on pristine perovskite, perovskite/MA, and 

perovskite/MA/NPACl treated MAPbBr3 films by tracking their maximum power point under 

continuous simulated 1-sun illumination, while holding the cell temperature at 60 °C. Devices 

were unsealed and kept under continuous nitrogen flow. Results are shown in Figure 5b and S13b. 

After 1100 h MPP tracking, the PSC based on perovskite/MA/NPACl retained 91% of its initial 

efficiency, while the PSC based on pristine perovskite retained only 34%. We attribute this 

dramatic improvement in the operational stability to the combined effects of the MA and NPACl 

treatment: MA gas post-treatment can effectively eliminate perovskite layer bulk defects and can 

promote the formation of a good interface between the TiO2 layer and the perovskite layer, while 

NPACl can effectively reduce the concentration of perovskite surface defects and promote the 

formation of a strong interface between spiro-OMeTAD and the perovskite layer, resulting in a 

more stable perovskite structure with less ionic/defect migration. The temporal decay curves of 
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photovoltaic parameters including Voc, Jsc and FF are shown in Figure S11 and S12. Shelf lives 

were also measured by storing PSCs based on pristine perovskite, perovskite/MA, and 

perovskite/MA/NPACl at room temperature and ~40% R.H. in ambient air, and the results are 

shown in Figure 5c and Figure S13c. The superior stability of perovskite/MA/NPACl based PSCs 

against ambient moisture is ascribed to the stable perovskite/spiro–OMeTAD interface, fewer 

defects at the perovskite surface, and water rejection by the hydrophobic neopentyl moiety of 

NPACl (Figure S14). 

 

Figure 5. (a), Voc as a function of light intensity of a control PSC and a perovskite/MA/NPACl 

based PSC with nid shown in the inset. (b), MPP tracking results of a control PSC and a 

perovskite/MA/NPACl based PSC in inert atmosphere (N2), 60 °C and under continuous 1-sun 

irradiation. (c), shelf stabilities of a control PSC and a perovskite/MA/NPACl based PSC under a 

R.H. of about 40%.  
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In conclusion, we achieved high performing MAPbBr3 based PSCs with PCE over 10% and a 

record level Voc of 1.65 V through MA vapor post-treatment in combination with surface treatment 

using a judiciously designed amphiphilic molecular surface modifier. In addition, we achieve 

outstanding operational stability under 1100 hours of simulated 1-sun illumination at 60 °C 

temperature. Our work provides an effective approach to realize high performance and stable 

MAPbBr3 based large bandgap PSCs, and is of great interest for further applications such as 

tandem solar cells and solar water splitting. 
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