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ABSTRACT 

Methylammonium lead iodide (MAPI) has excellent properties for photovoltaic applications, 

although it typically shows low photoluminescence quantum yield (PLQY). Here we report on 

vacuum-deposited MAPI perovskites obtained by modifying the MAI to PbI2 ratio during vacuum 

deposition. By studying the excitation density dependence of the photoluminescence lifetime, a 

large concentration of trap states was deduced for the stoichiometric MAPI films. The use of excess 

MAI during vacuum processing is capable of passivating these traps, resulting in luminescent films 

which can be used to fabricate planar LEDs with quantum efficiency approaching 2%. 
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INTRODUCTION 

Hybrid lead halide perovskites are very interesting semiconductors for light-emitting 

diodes (LEDs), as they could meet the requirements to develop inexpensive and energy-efficient 

light sources.1-3 The low cost of the precursors and the possibility of easy and low temperature 

processing makes them potential competitors with LEDs prepared from inorganic crystalline 

semiconductors, as these require high temperature and complex manufacturing methods. Hybrid 

lead halide perovskite LEDs exhibit a narrow emission bandwidth easily tunable over the visible 

spectrum, leading to a high color purity. The type of halide employed in the perovskite has the 

strongest effect on the bandgap, i.e. methylammonium lead halide perovskites MAPbX3 with X = 

Cl−, X = Br−, or X = I− have bandgaps of approximately 3.1 eV, 2.3 eV and 1.6 eV, respectively.4 

The bandgap can be further tuned by mixing the three halides in different ratios.5-6 As the wide 

bandgap perovskites containing Cl− and Br− emit in the visible range of the spectrum and show 

larger exciton binding energies, they have been predominantly investigated for LEDs.7 On the 

other hand, MAPbI3 has excellent properties for photovoltaic (PV) applications, such as the long 

carrier diffusion length, balanced hole and electron mobility, low trap density and free carrier 

generation at room temperature.8-12 The latter derives from a low exciton binding energy, reported 

to be within the 2 - 60 meV range,13-15 which is beneficial for photovoltaics. Furthermore, most 

MAPbI3 perovskites show low photoluminescence quantum yield (PLQY), as the monomolecular 

trap-mediated recombination dominates at low excitation fluence.10, 16-17 This means that at low 

current density, perovskite LEDs based on pure polycrystalline MAPI are rather inefficient. 

Strategies to overcome this limitation involve the use of quasi-2D perovskite structures to 

efficiently harvest charge carriers to the lowest-bandgap emitting material, the use of 

nanostructured perovskite thin films or through passivating agents.18-20 An alternative way to 



enhance the photoluminescence of perovskites is the use of an excess of methylammonium iodide, 

which has been shown to improve the photo- and electroluminescence as it leads to smoother, trap-

free films when processed from solutions.21-23 In solution-processed MAPbBr3, a MABr/PbBr2 

molar ratio > 3 can lead to the formation of nanocrystals embedded in a MABr-rich matrix, with 

enhances the PLQY.24 In MAPI films, an excess of MAI was found to cause brighter PL intensities 

and longer PL lifetimes both within the grains and at the grain boundaries, attributed to the 

passivation of the halide vacancies.25 The initial reports on vacuum-deposited MAPI thin films 

also used an excess of MAI, however an annealing step was used in order to promote the perovskite 

formation and the elimination of excess cation.26 Hence, the effect of resilient MAI content in 

vacuum deposited perovskite films and its effect on the luminescent properties of the materials is 

unknown. Here we report on vacuum-deposited MAPI perovskites obtained by modifying the MAI 

to PbI2 ratio during vacuum deposition by adjusting the respective sublimation rates without a 

post-deposition annealing step. These materials exhibit enhanced photoluminescent properties 

and, when incorporated into planar LEDs, lead to external quantum efficiency (EQE) approaching 

2 %.  

The MAPI films were prepared by adjusting the ratio of the MAI and PbI2 precursors. The ratios 

of these components were varied by modifying the deposition rate of PbI2 while maintaining the 

MAI deposition rate fixed during the dual-source deposition process. These ratios were determined 

from the calibrated quartz crystal microbalance sensor readings during the deposition process. 

Three different perovskite emitting layers were deposited with the MAI:PbI2 deposition rate ratios 

of 1:1, 3:1 and 6:1.  

 



 

Figure 1. a) Absorption for the perovskite film series after exposure to air. b) PL spectra for the 

same compounds recorded under excitation with a 515 nm continuous wave laser with an 

irradiance of 300 mW/cm2. c) PL dynamics of the three different MAPI films after exposure to air, 

monitored at the wavelength of their maximum intensity, each normalized to its maximum PL 

intensity. The films were excited at 520 nm with an excitation density of 5 · 1017 cm-3. 

 

The as-deposited 1:1 MAPI films showed the characteristic optical absorption for this particular 

perovskite compound, with an onset at 780 nm and intense absorbance throughout the visible range 

(Figure 1a). On the other hand, the optical absorption spectra of the perovskite films produced with 

MAI excess show a much lower absorbance, with the band-to-band absorption essentially 

vanishing in the case of the 6:1 compound (Figure S2). Interestingly, upon exposure to air, the 

absorption spectrum of the 3:1 perovskite progressively evolves showing the clear band-to-band 

transition at about 780 nm and reaching stable optical characteristics after approximately 20 

minutes (see Figure 1 b and S2c). The effect of atmosphere on the perovskite growth and stability 

has been previously investigated. While a long exposure of perovskite films to ambient conditions 

usually leads to degradation and hence poorly performing devices, a controlled exposure during 

different processing steps can be beneficial.27-28 Methylammonium halides are very hygroscopic, 
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favoring the penetration of water into the perovskite film. Water preferentially hydrates/partially 

re-dissolve the organic cations, allowing a reorganization of the material and promoting its 

recrystallization.29-31 This is most likely the mechanism responsible for the evolution of the 

absorption spectrum observed here, in view of the very high MAI content used in our films. Figure 

S3 shows the normalized photoluminescence spectrum of the perovskite film produced with 3:1 

MAI:PbI2 before and after exposure to air for 30 minutes. The spectrum of the unexposed film is 

unsymmetrical and can be deconvoluted using two Gaussian functions (Figure S4), one centered 

at 747 nm and a second, lower intensity component at 712 nm. This blue-shifted component is 

likely associated with an increased disorder in the material,32-33 as also observed by XRD and SEM 

for perovskites with excess MAI (see below). The high energy component eventually disappears 

after exposure to air, when a narrow PL signal with full width at half maximum (FWHM) of 40 

nm and maximum intensity at 769 nm is observed. The latter corresponds to the expected bandgap 

energy for MAPI thin films (about 1.6 eV). A similar evolution of the PL spectra was observed for 

the perovskite films with the 6:1 ratio. Importantly, the absolute PL intensity increases after air 

exposure for the sample with 3:1 MAI:PbI2 ratio. The photoluminescence decay dynamics were 

recorded (Figure 1c) and analyzed either with a single exponential function for the case of the 1:1 

perovskite or by a double exponential for the case of the samples with excess MAI. The average 

lifetime was estimated using the following expression: 

(1)  〈𝜏〉 =
∑ 𝑎𝑖𝜏𝑖

1,2
𝑖

∑ 𝑎𝑖
1,2
𝑖

 

where i = 1 for the 1:1 compound and i = 2 for those with higher MAI content. The perovskite 

with 3:1 MAI:PbI2 has a short PL lifetime of 𝜏1 = 5.7 ns and the average lifetime for the 6:1 

perovskite films is slightly longer, 〈𝜏〉 = 13.5 ns (τ1 = 3.3 ns, τ2 = 26 ns). Interestingly, the average 



lifetime substantially increases for the films that where produced with a MAI:PbI2 ratio of 3:1, to 

〈𝜏〉 = 34.4 ns (τ1 = 13.7 ns, τ2 = 47 ns), thus contributing to their increased PLQY. The X-ray 

diffraction (XRD, Figure 2) for the film series was collected using Bragg-Brentano configuration 

to enhance the signal-to-noise ratio. The perovskite films were exposed 30 minutes to ambient 

atmosphere before the measurements and hence are treated the same way as the layers used for 

photo- and electroluminescence studies.  

 

Figure 2. a) XRD patterns of the three different perovskite films with increasing MAI content and 

for a pure vacuum deposited MAI film. Reference patterns for MAPI and PbI2 are also included 

(ICSD collection codes 250735 and 68819, respectively). b) Zoom of the diffraction patterns in 

the 10° ≤ 2θ ≤ 15° range, highlighting the presence of structured reflections for excess-MAI 

perovskite films. 

 

The XRD patterns show the characteristic tetragonal perovskite peaks at 14.02° and 28.25°, 

corresponding to the (100) and (200) reflections, for all film stoichiometries. We noticed that when 

a large excess of MAI is used, the peak at 36.68° (corresponding to a combination of the (012) and 
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(021) reflections) is missing, suggesting a different orientation of the material. Importantly, for 

excess MAI-films, we identified weak diffraction signals at low angle (11 – 12°). These structured 

reflections cannot directly be ascribed to MAI, as they are not observed for the pure MAI films 

deposited in our setup (Figure 1a-b). However, they have been reported in the literature for MAPI 

films prepared from MAI-excess precursors and were attributed to the formation of low-

dimensional perovskite species.34 The structural changes observed by XRD are reflected in the 

surface morphology of the films (Figure S1). In particular, only the stoichiometric MAPI shows a 

typical polycrystalline morphology, whereas the films with a MAI excess appear composed of 

large agglomerates without any well-defined grain structure.  

 

 

Figure 3. Optoelectronic characterization of MAPI LEDs with different MAI/PbI2 ratios: a) current 

density, b) radiance and c) external quantum efficiency (EQE) vs. applied voltage. 

 

The MAPI film series was used as the emissive layer in planar diodes with organic semiconductors 

as the charge transport materials. The emissive layer consisted of a 320 nm thick MAPI film 

exposed to air for 30 minutes, which was sandwiched in between a 10 nm thick hole transport 

(electron blocking) and electron transport (hole blocking) layers, referred to as HTL and ETL, 
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respectively. The HTL consisted of a derivative of arylamine, N4,N4,N4”,N4”-tetra([1,1´-

biphenyl]-4-yl)- [1,1´:4´,1”-terphenyl]-4,4”-diamine (TaTm) while the fullerene C60 was used as 

the ETL.  In between the electrodes and the intrinsic HTL and ETL, we deposited 40 nm thick 

films with the same materials but doped in order to enhance the conductivity and hence the carrier 

injection. For the TaTm we used 2,20-(perfluoronaphthalene-2,6- diylidene) dimalononitrile (F6-

TCNNQ) as the organic dopant whereas for the C60 ETL, N1,N4-bis(tri-p-

tolylphosphoranylidene)- benzene-1,4-diamine (PhIm) was used. The stack was fully evaporated 

in an n-i-p configuration on pre-patterned ITO with gold as the reflective top contact. Detailed 

experimental conditions can be found in the Supplementary Information. The diodes were 

characterized in forward bias and the current density and radiance were measured as a function of 

driving voltage (Figure 3a-b). The current density starts to rise above 0.5 V, and the current 

injection >1 V is inversely proportional to the amount of MAI incorporated into the active layer. 

This might be expected considering the larger amount of excess material and reduced crystallinity 

in films with MAI excess, as also observed by XRD and SEM. The electroluminescence is detected 

at voltages as low as 1.1 V for the devices containing 1:1 and 3:1 perovskites, and at slightly higher 

voltage (> 1.3 V) for the 6:1 compound. Interestingly, the highest power output was recorded for 

the LEDs based on non-stoichiometric compounds, with device employing the perovskite with 

MAI:PbI2 ratio of 3:1 reaching a maximum radiance of 4.1 W·Sr-1·m-2, more than two orders of 

magnitude higher compared to the reference 1:1 device (2.3·10-2 W·Sr-1·m-2). The associated EQE 

is 1.92 % for 3:1 MAI:PbI2 compound as opposed to a maximum value of 0.05 % for the LEDs 

based on 1:1 materials (Figure 3c). Also, the LED with the largest MAI excess (6:1) showed an 

enhanced radiance (maximum at 1.2 W·Sr-1·m-2) and EQE (0.67 %), despite the lower current 

density flowing through the device (Figure 3a). The EQE values recorded for the LED series follow 



the trend of the decay dynamics and PL intensities of the emissive layers, as described above. 

Interestingly, the electroluminescence spectra of the LEDs series (Figure S6) show a single 

emission peak, analogous to the PL spectra recorded for the series of compound after exposure to 

air (Figure S3b). We found the stability of the perovskite LEDs to be rather poor, several minutes 

in the best working devices, as observed in several reports on these devices. The typical low 

lifetime of perovskite LEDs can be ascribed to the limited stability of perovskites, as well as to the 

instability induced by the particular device operation. Under the relatively high applied bias, 

several effects such as ionic migration,35 diffusion of metallic species from electrodes,36-37 

photoluminescence quenching,38 can take place. While perovskite solar cells are becoming more 

stable thanks also to material and encapsulation development, their stability is expected to be 

higher as the current density in typical perovskite solar cells is lower than in perovskite LEDs. In 

the latter, thermal stress due to Joule heating can accelerate the emitting layer degradation, 

especially for methylammonium-based perovskites.39 These limitations are, however, not fully 

understood and still under investigation. 

In order to shed light on the improved optical and optoelectronic properties of the samples with 

excess MAI, we studied their PL dynamics as a function of the excitation density (Figure 4). For 

the 1:1 perovskite, as clearly observed in Figure 4a, the PL dynamics become slower as the 

excitation density increases up to a certain value. This behavior has been observed in previous 

studies and it has been attributed to trap filling.40-42 By further increasing the excitation density, 

the PL dynamics become faster (Figure 4b) due to higher order recombination processes.43 On the 

other hand, as shown in Figure S5, the PL dynamics of the MAPI films with MAI:PbI2 ratio of 3:1 

and 6:1 exhibit a different trend compared to the stoichiometric perovskite. Their PL dynamics 

become faster when increasing the excitation density, without any change in the trend as observed 



for the stoichiometric material. In order to better visualize the PL dynamics, the average PL 

lifetime is plotted as a function of the excitation density (Figure 4c) for the series of materials 

studied here. For the reference 1:1 MAPI, the excitation density at which the inversion in the 

behavior of the dynamics occurs (maximum of the graph in Figure 4c), provides an estimation of 

the trap density of the material. This value is approximately 2 · 1018 cm-3, and is substantially 

larger compared to previous literature reports, where trap density in between 1016 and 1017 cm-3 

were observed.12, 44-46 The large trap density hence explains the low PLQY and in particular the 

poor EQE of the corresponding LEDs. The effect of these trap states remains puzzling, as the same 

1:1 MAPI films do lead to very efficient solar cells (power conversion efficiency above 18 %), 

with photovoltage exceeding 1.1 V.47-48 Hence, traps may in fact be shallow such that under 

continued illumination carrier de-trapping is an efficient process.49 The physical nature of trap 

states in perovskite materials remains unclear. They likely originate from halide vacancies on the 

perovskite surface/grain boundaries, as reported in recently.50-51 Recently, it was shown that by 

combining light and atmospheric treatments it is possible to increase the internal luminescence 

quantum efficiencies of perovskite films from 1% to 90%,52 a phenomenon analogous to what 

observed in our vacuum deposited MAPI films. The authors proposed that, as a result of 

O2 reduction to O2
− at surface vacancies occupied by trapped electrons, the sub-gap (trap) states 

shift down into the valence band, effectively removing the trap states. The same effect might be 

occurring here, upon air exposure of the non-stoichiometric MAPI samples. 



 

 

Figure 4. PL dynamics at a) low and b) high excitation densities for the MAPI film deposited with 

a MAI:PbI2 ratio of 1:1. Symbols are experimental data and lines are fits using a biexponential 

function. c) Trend of the average lifetime as a function of the excitation densities for materials 

with increasing MAI content. The samples were excited with 3 ns duration pulses at 520 nm, and 

the dynamics were recorded at the wavelength of the maximum intensity of each sample. 

 

Other processes might contribute to alter the perovskite (surface) chemistry during MAPI 

deposition at high MAI rate. Recent studies have highlighted the possibility of decomposition of 

MAI into compounds other than its precursors, methylamine and hydroiodic acid.53-54 The 
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molecular salt MAI might decompose into energetically favored thermal degradation products, 

such as iodomethane and ammonia. Interestingly, iodomethane had been show to passivate the 

perovskite surface, increasing the grain size while reducing the trap density.55 However, further 

insight on the exact structural and chemical effects are necessary to rationalize these findings.56 

On the other hand, both the films with MAI excess show a continuous decrease of the PL lifetime, 

indicating that traps are already filled in this excitation regime. Hence, the excess MAI efficiently 

passivates traps, reducing their concentration in comparison with the 1:1 MAPI. Importantly, the 

longest PL lifetime and reduced trap concentration agree with the trend observed in the EQE of 

the devices.  

CONCLUSION 

In summary, the effect of excess methylammonium iodide (MAI) in the preparation of vacuum-

deposited methylammonium lead iodide (MAPI) thin films was studied. The stoichiometry was 

controlled by the relative deposition rates of PbI2 and MAI during the vacuum deposition process. 

We observed substantial differences in the perovskite films, with the PL intensity proportional to 

the MAI content. By studying the excitation density dependence of the photoluminescence 

lifetime, a large concentration of trap states was deduced for the stoichiometric MAPI films, which 

appears to be responsible for their low luminescence. The use of excess MAI in evaporated films 

is capable of efficiently passivating these traps, in analogy to what was observed for solution-

processed MAPI films. Importantly, we were able to prepare planar light-emitting diodes with 

external quantum efficiency approaching 2% by using MAPI films with intentionally altered 

stoichiometry. This value is almost two orders of magnitude higher compared to the reference 

LEDs employing the stoichiometric MAPI. The data presented here are promising for the 



development of efficient, vacuum-deposited perovskite LEDs, where trap management is essential 

in order to guarantee an efficient electroluminescence. 
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