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Abstract 

Thermal evaporation is a promising deposition technique to scale up perovskite solar cells (PSCs) to large 

areas, but the lack of understanding on the mechanisms that lead to high quality evaporated 

methylammonium lead triiodide (MAPbI3) films gives rise to devices with lower efficiencies than those 

obtained by spin coating. This work investigates the crystalline properties of MAPbI3 deposited by thermal 

co-evaporation of PbI2 and MAI, where the MAI evaporation rate is controlled by setting different 

temperatures for the MAI source, and the PbI2 deposition rate is controlled with a quartz crystal 

microbalance (QCM). Using grazing incident wide-angle X-ray scattering (GIWAXS) and X-ray 

diffraction (XRD), we identify the formation of a secondary orthorhombic phase (with a Pnma space 

group) that appears at MAI source temperatures below 155 °C. With synchrotron-based X-ray 

fluorescence (XRF) microscopy, we show that the changes in crystalline phases are not necessarily due to 

changes in stoichiometry. The films show stochiometric composition when the MAI source is heated 

between 140 °C to 155 °C, and the samples become slightly MAI rich at 165 °C. Increasing the MAI 

temperature beyond 165 °C introduces an excess of MAI in the film, which promotes the formation of 

films with low crystallinity that contain low dimensional perovskites. Incorporated into solar cells, the 

films deposited at 165 °C result in the champion power conversion efficiency, although the presence of a 

small amount of low dimensional perovskite may lead to a lower open-circuit voltage. We hypothesize 

that the formation of secondary phases in evaporated films is limiting the performance of PSCs, and that 

their formation can be suppressed by controlling the MAI source temperature bringing the film towards a 

phase pure tetragonal structure. Control of the phases during perovskite evaporation is therefore crucial to 

obtain high performance solar cells.  

Keywords: Perovskite Solar cells, thermal evaporation, thin films, crystalline phases, x-ray diffraction, 

x-ray fluorescence, methylammonium lead triiodide  
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Introduction 

In the face of growing demand for solar power, metal-halide perovskite solar cells (PSCs) have shown 

enormous potential as a low-cost photovoltaic technology. Since their inception in 2009, PSCs have seen 

an improvement in power conversion efficiency (PCE) from 3.8% 1 to over 25% on a lab-scale 2, 

surpassing the performance of polycrystalline silicon solar cells. However, to date, the most efficient PSCs 

are fabricated via solution processes hard to scale, such as spin-coating, posing concerns for the 

commercialization of this technology 3–6. While spin-coating provides advantages during lab-scale 

fabrication for its low infrastructure cost, it lacks control over the film uniformity, stoichiometry, and 

morphology 7. Moreover, the use of toxic organic solvents/antisolvents at the industrial level poses serious 

concerns for both hazard and handling costs 8. Solvent-free perovskite deposition by means of thermal co-

evaporation provides a facile methodology to enable more precise control over the environment and 

growth rate of perovskite films, and to produce high-quality, pinhole-free layers with great thickness 

control. Considering these advantages, devices fabricated with evaporated perovskites promise enormous 

potential to be scaled up for industrial operations. However, the PCEs of PSCs comprising vapor deposited 

active layers remain below 21% 9–13, lagging their solution-processed counterparts that now reach 

25.7%14–16. Such difference is to be attributed to the lack of understanding of perovskite film formation 

via vapor, which limits the control on the optoelectronic properties of the deposited layer. In addition, the 

deposition rates of organic precursors of metal-halide perovskites such as methylammonium iodide 

(MAI), are difficult to control with quartz crystal microbalances (QCMs) 17. 

For the deposition of the widely-studied methylammonium lead triiodide (MAPbI3), MAI is 

evaporated alongside lead iodide (PbI2) to form a homogeneous morphology of the crystalline film 18–21. 

Experimentally, the MAI volatility and poor sticking factor at ambient temperatures complicate the 

measurement of the deposition rate of this organic salt with traditional QCMs 17, and can result in the 
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formation of films with unreacted lead iodide 22. Although a low level of excess PbI2 in MAPbI3 

perovskites has been shown to boost device performance 23–26, too much unconverted PbI2 can create an 

interfacial layer at the base of the perovskite film that hinders carrier transport across interfaces 22,27.  

Much research has been devoted to controlling the rate of MAI deposition based on its partial 

pressure in the vacuum chamber and substrate temperature 28–30, allowing for the deposition of 

stoichiometrically-tuned films. However, the optimal deposition conditions do not easily extrapolate from 

laboratory to laboratory since they depend on system parameters such as pumping speed, volume of the 

chamber, temperature of the walls, and others. Moreover, the growth of co-evaporated perovskite films is 

still not fully understood, which results in lower efficiencies for vapor-deposited solar cells compared to 

state-of-the-art solution-processed devices.  

Depositing PbI2 at different deposition rates – with source temperatures ranging from room 

temperature to 320 °C - has a negligible effect on the total pressure in the chamber. On the other hand, the 

pressure increases up to two orders of magnitude when heating the MAI source, and it remains at a 

constant level once the temperature is set. As such, the MAI source temperature can be used as a parameter 

to control the deposition of MAI in the films in the same way that others have used chamber pressure to 

control the amount of evaporated MAI 29,30. Differently from PbI2, MAI has a low sticking factor and does 

not stick to the evaporator walls. As a result, MAI vapors fill the whole chamber volume and are present 

long enough to increase the pressure 31. Figure S1 shows more information on the effect of temperature 

on the pressure of our system. 

In this work, we show how the MAI source temperature - and thus the evaporation rate of MAI 

molecules – impacts the crystal structure, stoichiometry, and photovoltaic performance of the perovskite 

layer. We use a constant PbI2 evaporation rate and different temperatures of the MAI source to induce the 

formation of films with different stoichiometries, whose crystalline properties we then analyze combining 
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X-ray Diffraction (XRD) and grazing-incidence wide-angle X-ray scattering (GIWAXS). Our results 

show that the use of different MAI evaporation rates has a strong impact – beyond stoichiometry - on the 

crystallinity of the deposited perovskite film and on its phase purity. Lower temperatures of MAI favor 

the formation of a secondary phase of MAPbI3 that fits the Pnma space group, whereas higher 

temperatures result in the formation of LDP as consequence of higher incorporation of MAI in the film. 

If the temperature of the MAI source is raised beyond (e.g., 170 °C), the deposited layer becomes 

amorphous and strongly non-stoichiometric. The tetragonal perovskite phase is associated with higher 

PCEs, whereas mixed phases result in a performance drop. 

Experimental procedure 

MAPbI3 was deposited in a commercial vacuum chamber (KJLC Minispectros) using two thermal 

sources equipped with alumina crucibles of 10 cm3. One of the sources evaporates PbI2 (Sigma Aldrich, 

99%), while the other evaporates MAI (Great Solar, 99.99%). For PbI2, the deposition rate was controlled 

using a QCM placed near the crucible, and the rate was fixed at 0.2 Å/s (unless specified otherwise). For 

MAI, the evaporation rate was controlled exclusively by selecting different fixed temperatures for the 

source. The MAI source temperature was varied from 80 °C to 170 °C to tune the final stoichiometry of 

the deposited perovskite film. A second QCM placed near the substrate monitored the thickness of the 

perovskite film deposited on the substrate. We calibrated both QCMs by measuring the layer thicknesses 

by profilometry prior to the experiments and found a good correlation between measured and actual 

thicknesses of the films. All the perovskite layers in this study have a thickness of 300 nm. 

Our MAPbI3 deposition process has three stages, as shown in Figure 1. In the first stage, we set the 

temperature of both sources right below the start temperature for evaporation of PbI2 and MAI. These 

temperatures were kept constant for about 60 minutes. The purpose of this is to assure homogeneity 

between different runs since we observed an initial increase in the pressure that, thereafter, stabilizes at a 
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lower value. Following this step, we increased the temperature of both sources and opened their respective 

shutters. The temperature of the MAI source and the deposition rate of the PbI2 source are controlled by a 

proportional-integral-derivative (PID) controller to be varied as desired. Once these variables are constant, 

in the second stage of the process, we open the shutter near the substrate to start the deposition of the 

perovskite film. Finally, in the third stage, we close all shutters to control the thickness of the perovskite 

film, and allow the sources to cool down below 100 °C before refilling the chamber with nitrogen and 

opening the chamber. 

 

Figure 1. Schematic of the process. A. Vacuum chamber and components. B. Variables over time 
indicating the precondition step (I), deposition step (II), and cool down (III). The signals in the figure are 
color coded. Red: QCM substrate. Blue: QCM and Temperature PbI2. Green: Temperature MAI. Black: 
Chamber pressure. 

Devices were fabricated with a flat n-i-p architecture using TiO2 as the electron transport material and 

spiro-OMeTAD as the hole transport material. FTO glasses were cleaned by sonicating 15 min in a 2% 

Hellmanex solution, distilled water, acetone, and isopropyl alcohol. The layer of compact-TiO2 was 

deposited by spray pyrolysis using a solution that contains 10.8 mL of Ethanol (Sigma), 480 µL of 

acetylacetone (Sigma), and 720 µL of titanium diisopropoxide bis(acetylacetonate) (75% in isopropyl 

alcohol, Sigma). The deposition was made in 7 cycles of 10 seconds of spraying separated by 30 seconds 
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from each other. The substrates were held at 450 °C during deposition and left at 450 °C for 30 min after 

the deposition was completed. The perovskite film was deposited via thermal evaporation, as described 

above, varying the deposition rate of the MAI powders. The spiro-OMeTAD layer was made by spin 

coating as described elsewhere 32. Finally, we used a 52 nm layer of gold as the back contact. 

Film morphology was characterized using a SEM Hitachi SU8230, and average grain size was 

obtained by measuring 60 different grains from micrographs taken with a magnification of 50k with 

ImageJ. The grain size was measured as the distance of a line that connects two sides and crosses the 

center of the grain. The UV-Vis absorption spectra were acquired with a Cary 5000 UV-Vis/NIR 

spectroscope. The steady state photoluminescence was taken in a Horiba FL3-21 Fluorometer. X-ray 

diffraction measurements were done in ambient in a PANalytical Empyrean using Gonio scans from 5° to 

60°. GIWAXS measurements were taken at beamline 11-BM of the National Synchrotron Light Source II 

(NSLS-II) in Brookhaven National Laboratory on perovskite films deposited on FTO cut to a size of 0.5 

cm x 0.5 cm. The samples were measured at four different incident angles from 0.05° to 0.5° with 10 

seconds of exposure time. The x-ray beam had an energy of 13.5 keV, 0.2 mm (height) x 0.05 mm (width) 

size, 1 mrad divergence and an energy resolution of 0.7%. X-ray fluorescence (XRF) microscopy 

measurements were conducted using Advanced Photon Source (APS) at beamline 2-ID-D in Argonne 

National Laboratory. The 13.8 keV X-ray was focused using Fresnel zone plate with 300 nm FWHM. 

Data were analyzed using the SciAnalysis python library provided by the beamline. Solar cell photovoltaic 

parameters were extracted from current-voltage (JV) characteristics collected with a Fluxim solar 

simulator under AM1.5G illumination, using a scan rate of 50 mV/s. JV curves were acquired in forward 

and reverse, and a stabilized PCE was taken from a maximum power point track (mppt) of 5 min. 
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Results and Discussion 

To understand the growth mechanisms of MAPbI3 by evaporation, we deposited films with a 

constant rate of PbI2 at 0.2 Å/s and varying the temperature of the MAI source from 80 °C to 170 °C. 

Figure 2A shows a series of the deposited films, where it is seen that for source temperatures below 140 

°C, films resemble the color of the PbI2 precursor with a slight increase in opacity as temperature increases. 

As the temperature reaches 140 °C, a sudden change in color is observed towards the deep brown tint 

typical of MAPbI3. As the temperature increases beyond 140 °C, more MAI becomes available in the 

chamber to react with PbI2, which is associated with a further darkening of the films. Notably, the 

deposited film color drastically lightens at a MAI source temperature of 170 °C, which could be related 

to a large excess of MAI impeding the crystallization of the film. The ultraviolet-visible absorption (UV-

vis, Figure 2B) of these films highlights the existence of the MAPbI3 perovskite phase when the MAI 

source temperature is held between 140 and 165 °C, as shown by the onset in the spectrum at 750 nm. At 

120 °C the absorption is dominated by PbI2, with an onset around 510 nm as well as at lower MAI source 

temperatures as Figure S2 shows. At 170 °C the absorption of the film drops significantly, suggesting no 

conversion to a perovskite phase occurs in the presence of a large excess of MAI.  
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Figure 2. Optical properties and chemical composition of co-evaporated films at a constant PbI2 
rate of 0.2 Å/s and varying MAI source temperature. A) Photographs of the layers. B) UV-VIS absorption 
spectra of the films deposited with MAI source temperatures between 120 °C and 170 °C. C) Pb:I 
molecular ratio calculated from XRF maps of 100 µm x 100 µm. D) Pb:I ratio XRF maps with 250 nm 
step size/ pixel. 

The changes observed in the optical properties of the layers are closely related to the overall 

stoichiometry of the films. Figure 2C shows the Pb:I molecular ratio calculated from the XRF maps taken 

in an area of 100 µm x 100 µm (maps in Figure S3). In addition, Figure 2D shows Pb:I ratio X-ray 

fluorescence mapping of samples processed at selected MAI source temperatures. We observed that films 

with MAI source temperatures from 140 °C to 155 °C are homogeneous in the scanned areas, and the Pb:I 
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ratio is close to the theoretical value of 0.33 for MAPbI3. On the other hand, at MAI temperature of 165 

°C, small domains of a few microns with low Pb:I ratio are formed, which also decreases the average Pb:I 

ratio of the film. These domains are believed to be segregation of MAI or the formation of low dimensional 

perovskite phases, as discussed below. At a MAI temperature of 170 °C, the film has larger domains with 

low content of Pb, and even the maximum Pb:I ratio in the map (1:5) is far from the theoretical ratio of 

MAPbI3 (1:3). This information suggests that at lower source temperatures, MAI can only significantly 

sorb to the substrate when it interacts with PbI2 to form a perovskite phase. For this reason, there is a 

region between 140 °C and 155 °C that has a constant Pb:I ratio close to stoichiometric, as there is enough 

MAI to fully convert the flux of PbI2, but no excess of MAI remains in the film. However, at higher 

temperatures, where the MAI evaporation rate increases more, the amount of MAI molecules interacting 

with the substrate is high. For instance, sorption to the fully converted perovskite can be observed even 

though the sticking factor of MAI to itself or perovskites is low compared to the sticking factor to PbI2. 

This trend at higher temperature is confirmed by the XRF of the films (Figure 2C), which shows there is 

an excess of MAI in the film at 170 °C MAI source temperature. In general, this behavior agrees with 

reports that show that the low sticking factor of MAI makes it difficult to form MAI-only films on QCM’s, 

and that the sticking factor strongly depends on the substrate material 33,34. Figure S5 shows XRF maps 

obtained with films evaporated at a higher deposition rate of 1.16 Å/s. We observed that with higher flux 

of PbI2, the formation of Pb-poor domains is only observed at the highest temperature (170 °C) and 

contrary to the deposition rate of 0.2 Å/s, the Pb:I ratio constantly decreases from a Pb-rich to a Pb-poor 

without a region of stoichiometric films. This shows that to obtain a region of stoichiometric films with 

different MAI source temperatures, the PbI2 deposition rate must be low. It is necessary to have enough 

MAI evaporation rate to react with all the PbI2, but not enough MAI evaporation rate to significantly sorb 

to the substrate after all the PbI2 has been converted to the perovskite structure.  
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Figure 3 shows the proposed mechanism for the formation of the evaporated films with a PbI2 

deposition rate of 0.2 Å/s that is divided into three regions. In the first region where the MAI source 

temperature below 140 °C, MAI only significantly adsorbs to the substrate when it reacts with a molecule 

of PbI2 on the substrate. Due to the low MAI evaporation rate, the flux of PbI2 is not fully converted to 

perovskite. In this region, the Pb:I ratio will continuously decrease as the evaporation rate of MAI 

increases. The formation of PbI2 rich film at temperature below 140 °C is corroborated by the UV-VIS of 

these films, where PbI2 dominates the absorption of the films (Figure S2). In the second region, for 

temperatures between 140 °C and 155 °C, the evaporation rate of MAI is enough to convert all the flux of 

PbI2 into the perovskite, but condensation of MAI on the substrate is not significant as the evaporation 

rate is still low. In this region, the Pb:I ratio is independent of the MAI evaporation rate and close to 1:3. 

Lastly, in the third region, for temperatures above 155 °C, we expect the accumulation of MAI on the 

substrate as the evaporation rate is high enough for molecules of MAI to adsorb to other molecules of 

MAI and/or to MAPbI3. However, we expect that as the PbI2 deposition rate increases, the range of 

temperature at which it is possible to obtain stoichiometric films is shortened. Figure S5 shows the 

comparison of the hypothesized behavior for different PbI2 deposition rates. At high PbI2 deposition rates, 

this region disappears, and as result, the Pb:I always decreases with the increase of MAI evaporation rate.  

 

Figure 3. Schematic of the proposed stoichiometries of evaporated MAPbI3 films with varying MAI 
source temperature. A) Low-temperature MAI-limiting region: An increase in the MAI evaporation rate 
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also increases the amount of MAI incorporated in the film. B) PbI2-limiting region: The amount of MAI 
incorporated in the film remains constant as the flux of PbI2 is fully converted, and molecules of MAI do 
not stick well to the substrate. C) High-temperature MAI-limiting region: The MAI evaporation rate is 
high and the amount of MAI molecules that remain in the substrate is significant. 
 

In addition to the stoichiometry of the film, the amount of evaporated MAI, controlled by the 

temperature of the MAI source, also influences the layer’s morphology. The SEM images of MAPbI3 

films deposited with different MAI source temperatures are presented in Figure 4. All films are pinhole-

free and are distinguished by small grains with narrow distribution. The apparent grain sizes (as identified 

from SEM) were dependent on the MAI source temperature and increased from an average of 39 nm at 

140 °C to 131 nm at 165 °C. Films deposited at 170 °C, on the other hand, have a different morphology. 

These films are rougher, and the shape of the apparent grains is less defined than at lower temperatures. 

 

Figure 4. SEM images of films deposited with a constant deposition rate of PbI2 of 0.2 Å/s and different 
temperatures (A) and average grain size (B). The scale bar is 500 nm in all the images. 
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The observed grain size dependence on temperature agrees with previous studies on co-evaporated 

MAPbI335–37. Arivazhagan et al28 showed that grain size could be optimized by balancing the 

stoichiometry of the film and found that it was possible to achieve grains of more than 1 µm under 

optimized conditions. Likewise, Hsiao et al.38 controlled the grain size of MAPbI3 layers in a two-step 

evaporation method by changing the vapor pressure of MAI at which the layer of PbI2 was exposed. In 

these studies, smaller grains are related to an excess of either PbI2 or MAI in the film. On the other hand, 

Lohmann et al17 showed that grain size also depends on the substrate temperature, being able to achieve 

grains of several microns when the substrate is held at -2 °C during deposition. They suggest that the 

growth mechanism begins with the deposition of PbI2 on the substrate, which thereafter reacts with MAI, 

similar to the work by Kim et al34. Rapid conversion of PbI2 to perovskite is important in the formation of 

larger grains, and this can be achieved at lower substrate temperatures due to the increase in MAI 

adsorption rate. Nevertheless, they observed higher device efficiency on films that were deposited at room 

temperature, despite smaller grains, suggesting a lack of understanding of other dominating effects 39. 

Here we show that although the overall composition of the films does not change for MAI temperature 

between 140 °C and 155 °C, the grain size increases. Therefore, the evaporation rate of MAI plays a role 

in the growth mechanism of the crystals different than only determining the stoichiometry of the films.  
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Figure 5. Top: XRD pattern of evaporated samples using constant deposition rate of PbI2 of 0.2 Å/s. 
Bottom: Simulated diffraction peaks for precursors and different phases of MAPbI3 (cubic Pm3m, 
tetragonal I4/mcm, and orthorhombic Pnma). The dotted lines indicate diffraction planes of orthorhombic 
phase, and low dimensional perovskite (LDP).  

To understand the effect of MAI temperature on perovskite crystallinity, we measured the XRD 

pattern of the films. Figure 5 shows the XRD patterns of the films deposited with temperatures between 

140 °C and 170 °C and a constant deposition rate of PbI2 of 0.2 Å/s. Lower temperatures are shown in 

Figure S7. Films processed with MAI source temperatures below 120 °C only show peaks related to PbI2, 

but at higher temperatures, peaks that correspond to MAPbI3 emerged in the pattern. This corroborates 

our analysis on the stoichiometry of the film (proposed mechanism in Figure 3) as the XRD data is in line 

with the UV-VIS and XRF data discussed previously. Nonetheless, we observed variations in the relative 

intensity of MAPbI3 XRD peaks as the evaporation rate of MAI increased by using higher temperature of 

MAI. For temperatures between 140 °C and 155 °C, the most intense peak is at 2q = 31.7°, but at 165 °C, 
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the most intense peak is found at 2q = 14.2°. These changes in the relative intensity may be related to 

changes in the preferred crystallographic orientation of the film and to the formation of different 

crystalline phases. Interestingly, we observe that films with temperatures below 165 °C have two 

distinguishable peaks that match with an orthorhombic Pnma phase at 2q = 22.98°, and 39.6°, for the 

(102), and (322) planes, respectively. These peaks disappear at 165 °C, suggesting that our films are 

composed of a mixture of crystalline phases, and that the ratio between the two different phases depends 

on the source temperature of MAI. 

Studies on MAPbI3 evaporation typically do not focus on the crystallographic variations induced 

by changes in the deposition parameters. We found that in most studies, the diffraction pattern only shows 

two predominant peaks at 2q = 14.1° and 28.4°, that are indexed to either the (110) and (220) planes of 

the tetragonal phase35,40,41 or the (100) and (200) of the cubic phase36. Palazon et al.42 studied these two 

XRD peaks on films deposited at room temperature with different PbI2 deposition rates. They found that 

a lower deposition rate of PbI2 forms a tetragonal phase with peaks for the (002) and (110) planes at 2q = 

14.0° and 14.1°. On the other hand, higher deposition rates allow the formation of a cubic phase, showing 

only one peak at 2q = 14.2° that corresponds to the (100) plane. However, none of these studies observe 

the formation of a secondary phase in the perovskite film. This may be due to the different rates of PbI2 

evaporation used in the literature which leads to formation of perovskites with pure tetragonal phases. In 

our study, we found that changing the evaporation rate from 0.2 Å /s to 1.0 Å /s leads to suppression of 

the secondary phase as shown in Figure S8. 

To further understand the XRD data with respect to different phases, we performed a Le Bail 

refinement using FullProf Suite with an orthorhombic (P n m a) and a tetragonal (I 4/m c m) structure. 

Figure 6 shows a comparison of the refinement around these peaks for films evaporated with MAI source 

temperature of 145 °C and 165 °C. We found that at lower temperatures, the simulation with the fitted 
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tetragonal phase cannot explain the presence of the peaks at 2θ = 22.98° and 39.6°, whereas the simulation 

of the orthorhombic phase fits both peaks (Figure 6B and 6C, 145 °C). At lower temperatures, the lattice 

parameters b and c of the orthorhombic phase are different than the ones of the tetragonal phase, indicating 

two different crystal phases. At 165 °C, the fitted tetragonal and orthorhombic phase have similar a, b, 

and c lattice parameters, evidence of only one crystal phase. The full range of the refinement and the 

analysis of the additional temperatures is shown in figure S13. In the case of the films deposited with a 

MAI source temperature of 170 °C, we found that none of the perovskite structures can reproduce the 

XRD pattern, suggesting the formation of an amorphous or non-perovskite material.  
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Figure 6. Le Bail refinement of selected XRD diffraction patterns of films deposited with MAI 

source temperature of 145 °C and 165 °C, and constant PbI2 rate of 0.2 Å /s. A) Complete pattern. B) 

Amplified region from 2θ=20° to 2θ=30°. C. Amplified region from 2θ= 37° to 2θ=44°.  

To corroborate the crystallographic changes that we see in XRD and to provide additional insight, 

we performed GIWAXS on films deposited with MAI temperature from 140 °C to 170 °C. 

Complementary to XRD, GIWAXS allows to see all diffraction peaks generated by our perovskite thin 

films, regardless of preferred crystallographic orientation. Figure 7 shows the circular average obtained 
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from the 2D patterns. We compared the diffraction peaks to the position of the peaks in the precursors and 

the three crystallographic phases of MAPbI3, as we can see in Figure S9 to S14. PbI2 is present in the films 

at temperatures below 165 °C, although the relative intensity of PbI2 peaks decreased significantly as the 

MAI source temperature increased. In terms of perovskite structures in the films, we observed that a MAI 

temperature from 140 °C to 165 °C leads to the formation of a perovskite structure. The three 

crystallographic phases (cubic, tetragonal, and orthorhombic) of MAPbI3 have peaks with a similar 

position, which make it difficult to determine if multiple phases are present in the films. However, similar 

to the XRD, the peaks for the planes (102) and (322), at q values equal to 1.68 Å-1 and 2.76 Å-1 

respectively, are distinguishable at lower temperature, and its intensity decreases as the temperature of the 

MAI source increases. Moreover, the peaks for the planes (132) and (401)/(004) of the orthorhombic phase 

at q values equal to 2.20 Å-1 and 2.92 Å-1, respectively, which are not visible in the XRD, can also be seen 

in the pattern, and its intensity decreases as the temperature of the MAI source increases. This corroborates 

our hypothesis that a secondary phase is present in the films with a Pnma space group as shown in the 

LeBail refinement. A higher evaporation rate of MAI prevents the formation of these secondary phases. 

In samples with MAI source temperature spanning from 155 °C to 165 °C, we observe dominant 

diffraction from either the tetragonal or the cubic phase. The accurate distinction between these two phases 

is difficult due to the lower angular resolution typical of the grazing incidence measurement configuration. 

Nonetheless, XRD showed that tetragonal phase is dominant at 165 °C.  
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Figure 7. Circular integration of GIWAXS pattern of perovskite films for different MAI 
temperatures. The location of planes of the orthorhombic phase that are distinguishable from the cubic 
and tetragonal phases is marked dotted lines in the graph. 

It is worth noting that studies on the phase transitions of MAPbI3 show that the orthorhombic phase 

is stable at temperature below -111°C, the tetragonal phase between -111°C and 56.8 °C, and the cubic 

phase at above 56.8 °C43–45, which raises questions on how either the orthorhombic or cubic phase can 

grow in a substrate that is at room temperature. As discussed before, some studies have suggested that the 

cubic phase may form at room temperature when the perovskite layer is deposited through vapor 

deposition, and that the layer is stable even under atmospheric conditions. This was possible by increasing 

the PbI2 deposition rate to 0.5 Å/s. For lower PbI2 deposition rates, they obtained a tetragonal phase42, 

which has lower symmetry. However, the temperature range for the orthorhombic phase is far from the 

processing temperature in thermal evaporation, and thermal energy from the vapor phase would provide 

energy to the film, which would undermine the presence of the orthorhombic phase.  
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Another possibility is that these peaks come from low dimensional non-perovskites (LDP), such 

as so-called 2D, 1D, or 0D perovskites. Evidence of these LDP and stacking faults have been shown before 

by kelvin probe force microscopy (KPFM)29, showing that a co-evaporated MAPbI3 film may contain 

traces of these phases. However, their study also shows that these phases are obtained especially at high 

MAI partial pressures in the chamber, which means a higher evaporation rate of MAI. Excess of MAI in 

the perovskite film causes issues with the stack of single layers of PbI4- octahedra, exfoliating them and 

forming a 2D or lower dimension arrangement instead of the 3D perovskite 46. Nonetheless, our 

experiments show that the films that contains orthorhombic crystals were deposited using a lower 

temperature of MAI, lower evaporation rate, and XRF shows that the overall stoichiometry of these films 

is close to stoichiometric MAPbI3. Moreover, LDP can be distinguished by the formation of peaks in the 

XRD at low angles (around 11.5°), which are also absent in samples at temperature below 155 °C. 

However, it is worth noting that the XRD of films at 165 °C show a small content of LDP that increases 

at MAI source temperature of 170 °C, which corroborates the relationship between LDP and an excess of 

MAI during deposition.  

The Le Bail refinement suggests that the observed secondary phase belong to the Pnma space 

group. However, the XRD patterns were taken from thin films, which causes the absence of predominant 

peaks of an orthorhombic MAPbI3 perovskite, such as the peak for the (202) plane at 2θ equals to 28.9° 

or q equals to 2.03 Å-1. Likewise, the lower angular resolution of GIWAXS makes it difficult to distinguish 

this peak, and other predominant peaks of the orthorhombic phase, since they overlap with those for the 

cubic and tetragonal phases. Nonetheless, density functional theory (DFT) studies on perovskites show 

that it is possible to obtain orthorhombic MAPbI3 stable under certain conditions. For example, Yang et 

al.47 calculated the formation energy of orthorhombic MAPbI3 to be negative at room temperature, 

meaning that this phase can be thermodynamically stable. Therefore, this provides additional support for 
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the explanation of our XRD and GIWAXS data showing an orthorhombic MAPbI3 perovskite phase. 

However, it is not possible to definitively state that we have an orthorhombic MAPbI3 perovskite structure, 

since the XRD and GIWAXS predominant peaks cannot unequivocally be detected or indexed. Instead, 

we can be certain that we have a secondary phase that fits an orthorhombic phase with a Pnma space 

group. Figure 8 shows a schematic of the effect of the MAI source temperature on the crystallinity of the 

deposited film. 

 

Figure 8. Macroscale schematic of the crystallographic dependence of the MAI evaporation rate on the 

evaporated perovskite layer.  

 

To understand the impact of crystallographic and compositional changes on the performances of 

complete devices, we fabricated solar cells in flat n-i-p architecture using c-TiO2 deposited by spray 

pyrolysis as electron transport layer and spiro-OMeTAD as hole transport material. Figure 9 shows the 

performance parameters of devices made using MAI source temperatures from 140 °C to 170 °C to deposit 

the perovskite layer. We obtain a maximum PCE of 12.13% using 165 °C as MAI source temperature, as 

opposed to a maximum PCE of 8.09% on reference devices with MAPbI3 deposited via solution in the 

same architecture. We note that the limited PCE is to be attributed to not having a mesoporous TiO2 layer 
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in the devices (Figure S18) and not to a low quality of the deposited perovskite. Similar PCEs obtained 

with the two different deposition methods on the same architecture thus hint for similar optoelectronic 

properties of the processed MAPbI3 films. A further improvement in efficiency might be pursued by 

optimizing a different planar electron selective layer. SnO2 and C60 has exhibit promising results in flat 

architectures devices compared to c-TiO2, which has an energetic mismatch with some perovskite 

compositions51. However, this is beyond the scope of the present work.  

 

Figure 9. Device performance of devices varying temperature of MAI source and including a solution-

processed device of reference. A) Short-circuit current. B) Open circuit voltage. C) Fill factor. D) Power 

conversion efficiency 

 The performances of the devices reflect the changes in the crystallinity of the perovskite layer. 

Figure 9A shows that lower MAI temperature exhibits lower short circuit current density (JSC). The 
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absorption spectra in Figure 2 show that all films with temperature from 140 °C to 155 °C absorb the same 

light, and the film with 165 °C, which indeed produce the highest current, has lower absorption. For this 

reason, it suggests that a lower current in the devices is related to the presence of a secondary phase in the 

film when low MAI evaporation rates are used, which can limit the transport of charges in the perovskite 

films and favor recombination before extraction. A comparison of samples at 145 °C and 150 °C reinforces 

this premise. XRF shows nearly identical stoichiometry, but both JSC and fill factor (FF) increase as the 

secondary phase peaks in XRD and GIWAXS decrease. Grain boundaries can also contribute to charge 

transport losses. Figure 3 shows that the average grain size increases with the temperature of MAI. 

However, we do not expect changes in the performance of the devices due to changes in the grain size as 

grain boundaries have a minimal impact in the performance, as shown in the literature 52. 

Figure 9B shows that the open-circuit voltage (VOC) is affected. Higher evaporation rates of MAI 

produce devices with lower VOC. From the time resolved photoluminescence (TrPL) and steady-state PL 

data (Figure S19), we expected to see the highest VOC in the sample with a MAI temperature of 165 °C. 

However, XRD and XRF showed that, at this temperature, the film contains small quantities of LDP. LDP 

can form traps that enhance recombination in the film and has been associated with induced strain in the 

lattice of the material upon illumination (photostriction). Photostriction has been shown to enhance 

degradation due to penetration of water at a higher speed, and thus lower the performance of the solar 

cell29.  

Conclusions 

In this work, we found that evaporation rate of MAI, controlled by varying the temperature of the 

MAI source, influences not only the stoichiometry of thermally evaporated perovskite films, but it also 

determines the crystalline properties of the film. We showed that a lower temperature of the MAI source 

(less than 155 °C) combined with a PbI2 deposition rate of 0.2 Å/s induces the formation of a secondary 
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phase, possibly with a Pnma space group, in addition to the MAPbI3 tetragonal structure. Increasing the 

MAI source temperature to 165 °C increases the purity of the deposited MAPbI3 film, which fits into the 

tetragonal structure as shown by Le Bail refinement. Nonetheless, increasing the MAI source temperature 

also plays a role in the formation of low dimensional phases, which can be seen in both XRF maps and 

XRD patterns for 165 °C and 170 °C. These changes in the purity of the films are reflected in the 

performance of the fabricated devices. Overall, we associate the presence of the secondary phase to charge 

transport losses that influence the JSC of the devices, and the presence of LDP to recombination that lowers 

the VOC. This work provides a path forward to the deposition of MAPbI3 by thermal evaporation, where 

an interplay between PbI2 and MAI deposition rates is crucial to the properties of the materials. 
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