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1. Introduction

Providing sufficient energy from photo-
voltaics for humanity’s growing demand 
motivates research on new absorber mate-
rials and solar cells designs. Metal halide 
perovskites are among these new mate-
rials, as they offer preferable optoelectronic 
properties[1,2] and favorable manufacturing 
perspectives. Due to the high absorption 
coefficients[3] in combination with long 
charge carrier diffusion lengths[4,5] com-
pared to typical film thicknesses in the 
order of 500  nm, light can be efficiently 
absorbed and charges can be collected 
effectively by selective contacts. In addi-
tion, a high tolerance against defects was 
found for perovskite films processed with 
various deposition techniques.[6–8] There-
fore, metal halide perovskites attracted a 
lot of interest in the last decade. In par-
ticular, the increase in power conversion 
efficiency (PCE) of perovskite solar cells 
(PSCs) from 14% to over 25% within 
7  years is outstanding.[9,10] Another great 

Formamidinium iodide (FAI) based perovskite absorbers have been shown 
to be ideal candidates for highly efficient and operationally stable perovskite 
solar cells (PSC). A major challenge for formamidinium lead iodide (FAPbI3) 
is to suppress the phase transition from the photoactive black phase into 
yellow nonperovskite δ-phase. Several approaches to stabilize the black 
phase have been developed for solution-based perovskites, whereas so far, 
vacuum-deposited FAPbI3 has rarely been reported. This study demonstrates 
the preparation of FAPbI3 by co-evaporation and discusses the influence of 
the subjacent hole transporting layer (HTL) on its phase stability. By using 
FAI excess in the evaporation process in combination with phosphonic acids 
groups from the HTL, the black perovskite phase is stabilized at room tem-
perature. Further addition of 32–59% methylammonium iodide (MAI) during 
the co-evaporation process leads to good absorption properties and high 
PSC efficiencies of 20.4%. In addition, excellent stability is achieved for opti-
mized MAI to FAI ratios, maintaining 100% of the initial PSC performance 
after 1000 h under constant operation. This highly stable perovskite compo-
sition enables the first monolithic fully textured perovskite/silicon tandem 
solar cells with co-evaporated perovskite absorbers. Due to the conformally 
covered pyramid texture, these tandem cells show minimal reflection losses 
and reach an efficiency of 24.6%.
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advantage of metal halide perovskites is, that their bandgap can 
be easily tuned by anion or cation exchange.[11] Therefore, metal 
halide perovskites are excellent absorber materials for tandem 
applications.[12] The combination with crystalline silicon in 
tandem solar cells is particularly attractive as silicon based 
solar cells currently dominate the photovoltaic market.[13] The 
potential of monolithic perovskite/silicon tandem solar cells 
is demonstrated by use of solution processing to be over 29% 
efficient,[14] which significantly exceeds the record efficiency of 
silicon or perovskite single-junction solar cells.[15]

A great advantage of perovskites is the simplicity of prepa-
ration and the variety of deposition techniques.[7,8,16–18] Pres-
ently, most perovskite solar cells are prepared by solution-based 
methods,[19] such as spin coating,[20] slot-die coating,[21] or inkjet 
printing.[22] These methods require the use of large amounts of 
often toxic solvents. In addition, these techniques do not allow 
or complicate a conformal deposition on textured substrates 
and are unsuitable to cover thin films on rough surfaces with 
high aspect ratios.[23] In these aspects, vacuum-based deposi-
tion methods are superior over solution processing.[8,24] More-
over, vacuum-based deposition methods allow for good control 
of layer thicknesses and enable homogeneous coating on large 
substrates more easily.[25,26]

For solution-based high efficient single-junction solar cells, 
formamidinium iodide (FAI) based perovskite absorbers 
with band gaps of around 1.55  eV have become the preferred 
choice to enable single-junction efficiencies above 25%.[10] This 
is due to their more suitable band gap closer to the detailed 
balance optimum, and the enhanced thermal stability.[10,27–31] 
Moreover, a variety of strategies have been developed to sup-
press the phase conversion from α- to δ-phase, which is one of 
the main drawbacks of FAPbI3 perovskites.[32–34]

In contrast, methylammonium lead iodide (MAPbI3) is 
still the standard for most co-evaporated perovskite solar 
cells, thus all PCEs of over 20% published to date have been 
obtained with pure MAPbI3.[35–39] For pure FAPbI3 perovskites 
prepared by co-evaporation, PCE values over 14% have been 
reported.[40,41] These lower performances might originate from 
the phase instability. Recently, Borchert et al. demonstrated that 
the yellow, nonperovskite δ-phase (δ-FAPbI3) is dominantly 
formed during the co-evaporation of FAI and PbI2.[40] By sub-
sequent thermal annealing, the δ-phase can be converted into 
the desired black perovskite trigonal α-phase. Unfortunately, 
FAPbI3 perovskites suffer from a phase transformation of the 
black phase into the yellow nonperovskite δ-phase.[42] For solu-
tion-processed perovskites it has been proven a viable approach 
to stabilize the black perovskite phase of FAPbI3 by the inclu-
sion of cations with smaller ion radii such as Cs+ or MA+.[27,43] 
This approach is also followed by Gil-Escrig and coworkers, 
who included MAI to prepare phase pure, cubic MA0.5FA0.5PbI3 
perovskite solar cells with high efficiency by co-evaporation at 
room temperature.[41] Also more complex compositions such as 
triple cation.[24] with a band gap of 1.70  eV and PCE of 16%, 
or MAI-free perovskites, e.g., formamidinium cesium lead 
iodide bromide, with PCEs above 18%[44] can be prepared by  
co-evaporation. However, the efficiencies of pure MAPbI3 could 
not yet be surpassed for co-evaporated perovskite solar cells. 
Only with a recently reported layer-by-layer deposition process 
of PbI2, FAI, and CsI followed by an in-vacuum temperature 

treatment an efficiency of over 21% was achieved by vacuum 
deposition.[45]

Vacuum-based deposition are particularly attractive for 
perovskite/silicon tandem solar cell processing, as this tech-
nique allows to conformally cover the microscopic pyramid 
textures of typical silicon wafers. Until now, all perovskite/
silicon tandem solar cells have been realized by including at 
least one solution-assisted fabrication step for the perovskite 
absorber.[46–48] Slot-die-coating and blade-coating processes ena-
bled monolithic tandem solar cells on medium-sized (≈2  µm) 
pyramidal textures. However, the perovskite absorber does 
not retain the texture, and is therefore not conformally depos-
ited.[46,47] In 2018, Sahli et al. reported a hybrid process in which 
PbI2 and PbBr2 were first evaporated and then a mixture of 
formamidinium bromide and iodide was spin-coated to pre-
pare a fully textured monolithic perovskite/silicon tandem solar 
cell.[49] This rather complex two-step process suffers from the 
drawbacks of solution processing and until now led to perov-
skites with limited fill factors and pronounced hysteresis. The 
co-evaporation method, on the other hand, can easily provide 
conformal and uniform films on micrometer-textured glass 
or silicon.[25,49–51] Although several publications highlighting 
evaporated films on such textures, up to now no perovskite/
silicon tandem solar cell could be realized. The reasons for this 
are barely investigated so far. One possible explanation might 
be the low stability of MAPbI3

[52–54] – the predominant compo-
sition investigated for co-evaporated perovskites – that could 
suffer from process-induced damages. Overall, aspects of perov-
skite process stability as well as long-term stability are of funda-
mental importance for both single-junction and tandem solar 
cells.[55–57] Therefore, this work addresses various aspects of sta-
bility related to coevaporate FAPbI3 and MAFAPbI3 perovskites.

In the first part of this study, we focus on the preparation 
of pure FAPbI3 by co-evaporation and discuss the influence of 
the subjacent hole transporting layer (HTL) [2-(3,6-Dimethoxy-
9H-carbazol-9-yl)ethyl]phosphonic Acid (MeO-2PACz)[58] on 
its phase stability. We demonstrate that free phosphonic acids 
groups significantly affect the stability of the black FAPbI3 
perovskite phase. We succeed in stabilizing the black perovskite 
phase at room temperature for the first time, by combining free 
phosphonic acids from the HTL with additional FAI excess in 
the evaporation process.

Furthermore, we demonstrate that FAI can be easily replaced 
by MAI in the co-evaporation process, and we correlate the 
evaporation-rate to stoichiometry ratios in the film by nuclear 
magnetic resonance (NMR) spectroscopy. We find that the 
optimal MAI mole fraction, in terms of absorption properties 
and PCE, is between 32% and 59%. Using a perovskite with 
MAI content in this range, we achieve solar cells with excellent 
stability, maintaining 100% of their initial performance after 
1000 h in permanent operation.

Finally, we identify the deposition-induced damage of the 
semi-transparent top contact as a crucial step in the fabrica-
tion of fully textured perovskite/silicon tandem solar cells 
when using MAPbI3 absorbers. By replacing it with a more 
stable MAFAPbI3 composition, we realized the first fully tex-
tured monolithic perovskite/silicon tandem solar cell with a 
co-evaporated perovskite absorber that reaches a remarkable 
PCE of 24.5%. Further optimization of the current matching 
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will enable fully textured perovskite/silicon tandem solar cells 
by co-evaporation that are on par with state-of-the-art devices 
employing solution-processed perovskites.

2. Phase Stability of Pure FAPbI3 Perovskite

To obtain formamidinium-based perovskite absorbers, we 
simultaneously evaporate the precursor materials FAI and PbI2 
from two individual thermal evaporation sources. For all pro-
cesses, the evaporation rate of each material is kept constant 
by automatically adjusting the source temperature (for details 
see Supporting Information). Initially, we prepare FAPbI3 films 
with three different molar ratios, according to the rates deter-
mined on the quartz crystal microbalance (QCM) of each mate-
rial. Starting with a FAI to PbI2 molar ratio of 0.85–1 (lead iodide 
excess) we obtain yellowish brown films. As expected from lit-
erature,[40] the color of these films changes during annealing at 
145 °C for 10 min (Figure S1A, Supporting Information). This 

color change can be explained by a transition of the yellow 
δ-phase to the black perovskite phase. Besides the color, the 
morphology of the films (see Figure S1B,C in the Supporting 
Information), changes as well. Before annealing the films are 
characterized by areas with very small (≈50  nm) and disor-
dered grains, interspersed with round, ≈250  nm large grains. 
After annealing, the grain size distribution, estimated from the 
SEM image, is more homogeneous with diameters of around 
150 – 300 nm and the areas with small, disordered structures 
are significantly reduced. With increasing FAI content towards 
stoichiometry and organic precursor excess, we notice that also 
the nonannealed films show a black color. Figure 1C displays 
the XRD patterns of films prepared with FAI to PbI2 ratios of 
0.85/1 (lead iodide excess – FA0.85PbI2.85), 1/1 (stoichiometric 
–FAPbI3), and 1.15/1 (organic precursor excess – FA1.15PbI3.15) 
each before and after annealing. For the films with the lowest 
FAI content, the yellow nonperovskite phase and the expected 
PbI2 excess are clearly visible. After annealing of films with this 
rate ratio, a certain amount of the black perovskite phase can be 

C D

A B

Figure 1.  A) Schematic of the herein used hole selective layer MeO-2PACz as deposited without any washing treatment. B) MeO-2PACz layer after 
washing with ethanol to form a self-assembled monolayer. C,D) XRD patterns of FAPbI3 films before and after annealing prepared with three different 
molar ratios (determined based on the deposition rate) on C) unwashed MeO-2PACz and D) washed MeO-2PACz. The expected position of the most 
characteristic reflexes is highlighted with dotted lines: for δ- FAPbI3 in yellow, for PbI2 in dark red, and for the α-FAPbI3 perovskite in light blue.
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observed along with the δ-phase. For stoichiometric films, the 
PbI2 signal disappears and the mixture of yellow δ-phase and 
black perovskite phase is already present before the annealing. 
After annealing the black perovskite phase is predominantly 
present. For the highest FAI content with organic precursor 
excess, the films consist exclusively of the black perovskite 
phase and no difference in phase composition can be observed 
between annealed and nonannealed films. With the help of a 
high FAI ratio, the black perovskite phase of pure FAPbI3 can 
be stabilized at room temperature without the addition of other 
cations like Cs+ or MA+. To the best of our knowledge, this is the 
first report of a stable, pure FAPbI3 perovskite film prepared by 
co-evaporation at room temperature. As previous publications 
on vacuum processed FAPbI3 perovskites employed different 
contact materials, such as N4,N4,N4″,N4″-tetra([1,1′-biphenyl]-
4-yl)-[1,1′:4′,1″-terphenyl]-4,4″-diamine (TATM) or buckminster-
fullerene (C60) and could not demonstrate the stabilization of 
the black phase with FAI excess,[40,41] we suspected a connection 
between the stabilization of the black perovskite phase and the 
nature of the subjacent selective contact.

One of the major differences of the selective contact  
MeO-2PACz used here to other organic transport layers such as 
C60 or TATM is the phosphonic acid functionality. Depending 
on how the MeO-2PACz layer is deposited and the orienta-
tion of its molecules towards the substrate, these phosphonic 
acid groups can be free (Figure  1A) or bonded (Figure  1B). 
If the MeO-  2PACz layer is first deposited via spin coating 
and afterwards washed with its former solvent (ethanol), 
unbound molecules are removed and no free phosphonic acids 
groups are present with orientation towards the free surface.  
Then a proper self-assembled monolayer can be formed as 
depicted in Figure 1B. If washing after spin coating is omitted, 
molecules with their phosphonic acid group pointing upwards 
remain. The details of the two different ways to prepare the 
MeO-2PACz layer are described in the experimental part. The 
XRD patterns of perovskite films grown by co-evaporation pre-
pared on unwashed MeO-2-PACz layers that contain free phos-
phonic acid groups, are presented in Figure  1C. The results 
of the same experiment repeated on washed MeO-2PACz, are 
shown in Figure 1D. Interestingly, the underlying hole selective 
contact film property causes fundamentally different XRD pat-
terns of the co-evaporated perovskite film grown on top: For all 
films and rate ratios, a clear PbI2 signal can be seen, even for 
strong organic precursor excess. Even with the highest FAI rate, 
the film consists mainly of the yellow δ-phase before annealing. 
By annealing at 145 °C for 10 min, the film converts into the 
black perovskite phase, but XRD reflexes of the yellow δ-delta 
phase are still visible, indicating an incomplete conversion. In 
agreement with reports using TATM and C60,[40,41] it is there-
fore not possible to stabilize the black FAPbI3 phase on washed 
MeO-2PACz at room temperature. To be sure that the herein 
presented stabilization of black FAPbI3 phase is an effect of 
the unbound molecules with free phosphonic acid groups, we 
prepared further samples with different MeO-2PACz concen-
trations in the same evaporation run. With increasing concen-
tration of the MeO-2PACz solution for unwashed samples, the 
ratio of the perovskite phase to the δ-phase clearly increases. 
From a concentration of 0.8 × 10−3 m, only the black perovskite 
phase is present (Figure S2, Supporting Information).

Overall, the free phosphonic acid groups present in unwashed 
MeO-2PACz films in combination with the FAI excess seem to 
be crucial for the stabilization of the black perovskite phase. In 
other studies, it has already been shown that subjacent contact  
layers have an important influence on the growth of the perov-
skite during co-evaporation.[38,59] Our results underline this  
substrate sensitivity of the co-evaporation process for FAPbI3, 
as even the same hole-selective material deposited in different 
ways can strongly influence the resulting evaporated perovskite. 
One potential reason for the observed differences can be the 
nature of the phosphonic acid group, which is a particularly ver-
satile ligand,[60] and can strongly interact with FAI via hydrogen 
bonds.[61] This interaction might enable an increased incorpo-
ration of FAI into the perovskite during the co-evaporation, 
which is in line with the results shown in Figure  1C,D, indi-
cating an enhanced lead iodide formation in the films prepared 
on washed MeO-2PACz. That the growth process is changing 
between washed and unwashed MeO-2PACz is also visible in 
the SEM cross section image (Figure S3, Supporting Informa-
tion) of annealed FA1.15PbI3.15 films. While large grains are 
obtained for washed MeO-2PACz, small disordered structures 
are visible for unwashed MeO-2PACz. In addition to the sig-
nificant change in morphology, we also see a higher layer thick-
ness for films prepared on unwashed MeO-2PACz, which fur-
ther indicates that more FAI is incorporated into the unwashed 
MeO-2PACz samples.

Solar cells in p-i-n architecture with washed and unwashed 
MeO-2PACz are fabricated using the solar cell stack shown in 
Figure 2A. Despite the influence of the HTL preparation, three 
different FAI to PbI2 ratios of 0.85, 1, and 1.15 are analyzed. 
For the organic precursor excess (highest FAI rate), solar cells 
were prepared with annealed and nonannealed films. Since for 
all other conditions the nonannealed films consisted almost 
entirely of the yellow δ-phase, solar cells were only prepared 
from annealed samples. Figure  2B shows the statistics of the 
measured solar cell PCE in current-density/voltage (J–V) scan 
under simulated AM1.5G illumination for open-circuit voltage 
to short circuit current density (reverse) and short circuit cur-
rent density to open-circuit voltage (forward) scan direction.

The corresponding photovoltaic performance parameters 
open-circuit voltage (Voc), short circuit current density  (Jsc), 
fill factor (FF), as well as the external quantum efficiency 
(EQE) spectra are displayed in Figure  S4 in the Supporting 
Information.

For washed MeO-2PACz the best solar cells, which reach an 
efficiency of up to 16%, are prepared with lead iodide excess 
(FA0.85PbI2.85). With stoichiometric conditions, the Jsc of the 
unwashed solar cells increases (Figure S4A, Supporting Infor-
mation) but the Voc and thus the efficiency is reduced. The lower 
Voc (Figure S4C, Supporting Information) is most likely a con-
sequence of the missing PbI2 excess, which has been reported 
to reduce recombination losses for solution-based perovskite 
solar cells.[62,63] Although the black phase of FAPbI3 is stabi-
lized with increasing FAI content on unwashed MeO-2PACz, 
the PCE decreases significantly for the solar cells prepared with 
organic precursor excess, which is due to the further reduced 
Voc as well as the low FF (Figure S4B, Supporting Informa-
tion). For FA1.15PbI3.15, the black perovskite phase is obtained  
on unwashed MeO-2PACz even without annealing, but these 
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solar cells do not achieve high efficiencies. Attributed to the low 
Jsc also reflected in the corresponding EQE spectrum, the max-
imum PCE achieved with nonannealed samples is only 4.8%.

For the washed samples, the PCE is increasing with 
increasing FAI content, which is in line with the XRD results, 
showing an excess of PbI2 for all films and the lowest propor-
tion of δ-phase for FA1.15PbI3.15. The increased FAI content 
leads in particular to a higher Jsc of the washed solar cells 
(Figure S4A, Supporting Information). Therefore, the washed 
samples achieve the highest PCEs of above 16% with organic 
precursor excess (FA1.15PbI3.15).

Overall, Figure 2B shows that the annealing step is essential 
for high solar cell performance and indicates that highest PCEs 
are obtained with a certain excess of PbI2. The different trends 
in PCE observed for washed and unwashed MeO-2PACz show 
again the substantial influence of the underlying contact on the 
resulting perovskite.

In summary, we show that it is possible to stabilize the 
black perovskite phase at room temperature on unwashed 
MeO-2PACz with organic precursor excess by using FAI to 
PbI2 rate ratios of 1.15 to 1. For films with organic precursor 
excess (FA1.15PbI3.15) no difference in XRD between annealed 
and nonannealed samples is observed. Unfortunately, the 
required amounts of FAI lead to a reduced PCE of the solar 
cells. Furthermore, we notice that the solar cells annealed after 
deposition, show in all cases higher PCEs. The highest PCE 
is achieved with a slight excess of PbI2 and therefore it is not 
attractive to stabilize the black phase with FAI excess. In the 
following, we will present stabilization of the black FAPbI3 
phase by including methyl ammonium cations from the co-
evaporation of MAI into the perovskite.

3. MAFAPbI3-Stabilizing Perovskite with MAI

Based on the more effective stabilization of the black FAPbI3 
perovskite phase on unwashed MeO-2PACz, the further 

experiments will employ this HTL and nominal excess of 
organic precursor (sum of MAI and FAI). Starting from 
pure FAPbI3, an increasing amount of MAI is added and the 
resulting mixture is further denoted as MAFAPbI3. For this 
purpose, the rate of FAI is reduced and MAI, evaporated from a 
third source, is accordingly added.

To ensure that these changes in rates are also reflected in 
the composition of the resulting perovskite films, we deter-
mined the molar ratio between FAI and MAI using 1H-NMR 
spectroscopy. Pareja-Rivera  et  al. already demonstrated that 
this technique is useful to determine the exact composition 
of perovskite films.[64] The method presented in their study 
involves scratching and weighing the perovskite powder and 
requires therefore large quantities of perovskite material (min-
imum 15  mg). To analyze smaller sample quantities (≈2  mg), 
we adapted the procedure: By only determining the MAI to 
FAI ratio, we avoid the addition of an internal standard and 
the material-consuming weighing. The perovskite films were 
directly dissolved in deuterium oxide and the peak area of the 
methyl group of MAI (2.62  ppm) was compared with that of 
the CH group of FAI (7.84  ppm). Details on the procedure, 
including an example 1H-NMR spectrum, can be found in the 
Supporting Information. Figure 3 shows the MAI mole fraction 
expected from evaporation rates and the MAI mole fraction of  
the co-evaporated perovskite films determined by 1H-NMR spec-
troscopy. Overall, the results from 1H-NMR spectroscopy are in  
good agreement with the composition expected from evapora-
tion rates. Especially in the MAI rate range from 0.45 to 1, a 
linear relation between rate and film inclusion is found. Inter-
estingly, we observe a larger deviation between the expected 
composition and the composition determined by 1H-NMR for 
small MAI mole fractions. This indicates that for composi-
tions close to pure FAPbI3 the incorporation of MAI into the 
final film is lower as expected from the rate ratio. The 1H-NMR 
results confirm that FAI can easily be replaced by MAI in the 
perovskite phase. Only in the region close to pure FAPbI3 
(small MAI fraction), the incorporation of MAI seems to be 

Figure 2.  A) Schematic p-i-n single junction solar cell layout. B) Statistical comparison of solar cell PCE extracted from J–V scans (reverse and forward) 
measured under simulated AM1.5G illumination for 3 different FAI to PbI2 ratios. Washed (open triangles) and nonwashed (filled circles) MeO-2PACz 
hole-selective layers as well as annealed (red boxes) and nonannealed (blue boxes) perovskite films are shown. The boxes are determined by the 25th 
and 75th percentiles, the squares represent the mean values and the horizontal lines the median.
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more difficult, and the formation of pure phase is preferred. To 
verify that the deviations are not due to an error in the deter-
mination by 1H-NMR spectroscopy, we successfully confirmed 
the method for solutions of known compositions (Figure S6, 

Supporting Information). Additionally we compared the MAI 
content of an annealed (10 min at 145 °C) and a nonannealed 
sample using 1H-NMR spectroscopy (Figure S5B, Supporting 
Information), which shows no considerable difference in the 
MAI to FAI ratio before and after annealing.

In total, the increasing MAI rate is transferred into the film 
composition meaning the higher the rate, the higher the MAI 
fraction in the film. Even films with more than 50% MAI can 
be realized without adjustments of the process. This is in con-
trast to a recent publication,[41] indicating that the MAI incorpo-
ration is self-limited during the co-evaporation of MAI, FAI and 
PbI2. One explanation for this might be that in the previous 
experiment by Gil-Escrig et  al.,[41] additional MAI in different 
amounts was added while here the FAI is replaced by MAI by 
adjusting both rates simultaneously.

After proving that changes in the evaporation rates transfer 
into changes in the film composition, the optical transmission 
of the perovskite films before and after annealing (145 °C for 
10 min) is studied on glass/indium tin oxide (ITO)/MeO-2PACz 
with different MAI contents (Figure 4). The layer thickness of 
the samples is controlled by the thickness displayed on the PbI2  
QCM sensor and is with values of about 650  nm comparable 
for all samples (see Figure S7 in the Supporting Information). 
For the nonannealed samples (Figure  4A) with low MAI con-
tent, the absorption edge is around 550–600  nm which corre-
sponds to the yellow, nonperovskite δ-phase of FAPbI3.[65] With 
increasing amount of MAI the band edge shifts to 795  nm 
which is in good agreement to the reported values for the 
black FAPbI3 phase.[40,41] As reported in literature,[41] the black 

Figure 3.  Comparison between MAI mole fraction of organic cations in 
co-evaporated MAFAPbI3 films expected from the used MAI to FAI evapo-
ration rates in comparison to the mole fraction of MAI determined from 
the final co-evaporated perovskite layer by 1H-NMR spectroscopy after 
dissolving the perovskite film. The blue line serves as guide to the eye 
and represents an ideal correlation between expected and measured mole 
fraction.

Figure 4.  Transmission spectra of MAFAPbI3 films prepared on glass/ITO/MeO-2PACz with different MAI to FAI ratio from 0% to 59% in the left 
column and from 59% to 100% in the right column A) films as deposited B) films after annealing at 145 °C for 10 min. The measurements are carried 
out in air without encapsulation.
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perovskite phase can be stabilized with a certain MAI content 
even at room temperature. When the MAI content is increased 
to over 70%, a small reduction of the band gap is observed. This 
change of about 25 nm (≈0.05  eV) is in good agreement with 
the expected band gap difference between FAPbI3 and MAPbI3. 
Interestingly, the absorption coefficient for energies just above 
the band gap is higher for pure MAPbI3 films as compared to 
FAPbI3 with small fractions of MAI as seen by the lower trans-
mission for pure MAPbI3 between 700 and 750 nm.

For the annealed films (Figure 4B), the band gab of ≈1.54 eV, 
corresponding to the black phase of FAPbI3, is visible in the 
transmission spectra even in absence of MAI. Therefore, the 
annealed films with low MAI content appear to have a higher 
phase stability than the nonannealed films when measured in 
air. With increasing MAI content for annealed films, the band 
gap changes only slightly, but the transmission onset becomes 
sharper. The significantly reduced transmission between  
550 and 775 nm indicates a higher absorption coefficient with 
increasing MAI content. As already seen for the nonannealed 
films, a change in bandgap occurs again with a MAI content of 
more than 70%, corresponding to the transition from FAPbI3 to 
MAPbI3. Overall, the influence of the annealing on the trans-
mission is reduced with increasing MAI content. A direct com-
parison of the transmission measurements for three different 
compositions between annealed and nonannealed films is dis-
played in Figure S8 in the Supporting Information.

In addition to the transmission, also the morphology of co-
evaporated and annealed perovskite films changes with the MAI 
content (Figure S7, Supporting Information). With increasing 
MAI content, the shape of the initially disordered small grains 
changes and they become larger and columnar. This change in 
morphology is in line with the reduced transmission between 
550  and 775  nm of films prepared with more than 32% MAI 
content.

The comparison of the XRD measurements for annealed 
samples with increasing MAI content, reveals that the intensity 
of the reflexes at about 14°, and 28° 2θ increases with the MAI 
content and reaches a maximum at 55% MAI (see Figure S9 in 
the Supporting Information). Furthermore the full width at half 
maximum (FWHM) of the most characteristic reflex at about 
14°, being a marker for the size of the perovskite crystallites, is 
decreasing strongly from 21% to 55% MAI and remains rather 
constant for higher MAI ratios up to 80%. This finding is in 
good agreement to the observed morphology in SEM. Overall, 
our morphological analyses, the transmission spectra, and the 
XRD measurements indicate that the addition of MAI sig-
nificantly improves the optoelectronic quality of the resulting 
perovskite film; whether this also translates into the solar cell 
performance is in detail analyzed in the following.

To investigate the influence of MAI inclusion on the solar cell 
performance, we prepare solar cells in p-i-n configuration with 
the same configuration as presented in Figure 2A. Here we use 
again unwashed hole-selective contact material MeO-2PACz in 
combination with annealed (145 °C for 10 min) perovskite films 
with different MAI to FAI ratios. In addition, we vary the stoi-
chiometry between the organic precursor (sum of MA + FA) to 
lead. Figure 5A displays the statistics of the measured solar cell 
PCE of J–V measurements (reverse and forward scan) under 
simulated AM1.5G illumination. The corresponding perfor-

mance parameters Voc, Jsc, FF and the EQE spectra are shown in  
Figure S10 in the Supporting Information. Starting from pure 
FAPbI3, with 15% organic precursor excess, the addition of 
16% MAI (keeping the organic precursor excess constant), 
reduces the average efficiency of the solar cells mainly due to 
a decreasing FF and Jsc. With MAI mole fractions of more than 
32%, high solar cell efficiency of above 19% are obtained (see 
Table 1). Between MAI contents from 32% to 59%, the high Jsc 
values of around 24 mA cm−2 enable high solar cell PCEs.

This is also confirmed by the representative EQEs of each 
FAI/MAI ratio shown in Figure S10D in the Supporting Infor-
mation. Once the MAI content is increased above 70%, the 
Jsc decreases again. This can be explained by a shift in the 
bandgap that has been observed in both the transmission 
and the EQE measurements. As the increased bandgap does 
not lead to a higher Voc, the PCE decreases. Optimal solar cell 
results are achieved when the MAI content of the perovskites 
is between 32% and 59%. This is visible in the statistics of the 
solar cells’ PCE as well as an increased absorption between 
550  and 775  nm. Interestingly, the larger grain sizes for MAI 
ratios higher than 70% do not yield higher solar cell perfor-
mance. Figure  5B shows a comparison between selected MAI 
to FAI fractions with either stoichiometric composition or films 
deposited with MAI  +  FAI excess. For pure formamidinium 
lead iodide, a stoichiometric composition or even a certain 
excess of PbI2 is crucial to obtain high PCEs (see Figure 2B for 
details), whereas comparable PCEs for stoichiometric and films 
with MAI + FAI excess are obtained when the MAI content is 
above 32% (see Table 1). The best solar cells (Figure 5C) with a 
PCE above 20% could be prepared with a MAI content of 47% 
in the MA0.47FA0.53PbI3 perovskite composition and an addi-
tional sodium fluoride (NaF) anti-reflective (AR) coating evapo-
rated onto the glass. The AR coating enhances the JSC by over  
1 mA cm−2 as the comparison of the solar cell performance 
before and after NaF coating in Table 1 shows.

The best solar cell with 47% MAI and 100 nm antireflection 
coating shows only minimal hysteresis and reaches a stabi-
lised power conversion efficiency of 20.4% during maximum 
power point (MPP) tracking for 10 min as displayed in the inset 
of Figure  5C. The band gap of 1.53  eV, determined from the 
inflection point of the EQE (Figure 5D), is in good agreement to 
literature values of pure FAPbI3,[40] despite the significant MA 
incorporation. The open-circuit voltage of 1.05 V corresponds to 
an energetic difference of 480 meV between e·Voc and the band 
gap (1.53 eV).

This difference is comparable to previously reported values 
for pure MAPbI3 on MeO-2PACz, where a Voc of 1.15  V was 
obtained with a band gap of 1.61 eV.[38] Due to the combination 
of the narrow bandgap and the antireflection layer, a Jsc above 
25  mA cm−2 is obtained, which agrees very well to the inte-
grated photocurrent from EQE spectra being 25.18  mA cm−2. 
The PCE achieved in this work is among the highest reported 
values for co-evaporated PSCs and is to the best of our knowl-
edge the first reported PCE above 20% where a more complex 
perovskite composition than pure MAPbI3 is used.

As already described in the introduction, a major problem 
of pure MAPbI3 absorbers is the intrinsic instability under 
illumination.[66] To assess how the MAI content affects the sta-
bility of the MAI/FAI mixed perovskites, we further study solar 
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cells with different MAI to FAI ratios over a long time in MPP 
tracking. For this purpose, the unencapsulated solar cells are 
actively temperature controlled to 25 °C under constant mpp-
tracking at one sun illumination in nitrogen for 1000 h using 
a home-built setup. Additionally, a J–V scan is performed after 
every 24 h. As previously, perovskites deposited with MAI + FAI 
excess are used for the stability experiment. Due to the reduced 
efficiency of the samples with 0% and 16% MAI containing 
FAI + MAI excess, the solar cells prepared under stoichiometric 
conditions were used. For the MA0.47FA0.53PbI3 solar cells con-
taining 47% MAI an additional NaF AR coating is included. 
Figure 6 shows the averaged MPP-tracking of at least six indi-
vidual solar cells per composition, a normalized graph and the 

results of the best solar cell of each composition are displayed 
in Figure S11 in the Supporting Information. For pure FAPbI3 
cells, the T80 time (time in which the PCE reaches 80% of the 
initial PCE)[67] is 886 h, i.e., about 37 days. If 16% FAI is replaced 
by MAI, this time decreases significantly to 93  h. Contrary to 
expectations, stability increases again as the MAI content is 
increased. Already with 32% MAI, the T80 time exceeds the test 
duration and is well above 1000 h. All solar cells in the range 
of 32% to 47% MAI show excellent stability, during 1000  h of 
operation and at least 96.4% of the initial PCE is maintained. 
The solar cells with 32% MAI retain even 100% of their initial 
PCE after 1000 h. This range of MA to FA fraction with highest 
long-term stability fits well with the optimal region for lowest 

Table 1.  Photovoltaic parameters for selected co-evaporated p-i-n perovskite solar displayed in Figure 5A–C. All solar cells have an active area of 0.16 cm2.

Composition Jsc mA cm−2 Voc V FF % PCE % MPP %

32% MAI organic precursor excess 23.10 1.06 77.12 18.9

32% MAI Stoichiometric 23.20 1.05 74.86 18.2

46% MAI organic precursor excess 24.26 1.04 76.32 19.2

47% MAI Stoichiometric 24.24 1.05 75.33 19.1

47%a) MAI Stoichiometric 25.70 1.05 75.91 20.4 20.4

a)Including a 100 nm thin antireflection coating.

Figure 5.  A) Statistic of device performance extracted from J–V scan (reverse and forward scan) under simulated AM1.5G illumination of minimum 
12 solar cells prepared with different MAI to FAI molar ratios and organic precursor excess of ≈15%. All perovskite films were deposited on unwashed 
MeO-2PACz and annealed afterwards. B) Comparison of PCE values for solar cells prepared under stoichiometric conditions (blue) and with MAI + 
FAI excess (red). C) J–V curve of the best MA0.47FA0.53PbI3 device with maximum power point tracking in the inset. D) EQE spectrum with highlighted 
inflection point and corresponding integration of the product with AM1.5G spectrum.
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transmission and highest solar cell PCEs. For the record solar 
cell with 47% MAI and anti-reflection layer, an efficiency of over 
20% can be retained for a period of over 1 month (720 h) under 
continuous illumination (Figure  S11A, Supporting Informa-
tion). During this period, the PCE decreased to 98.5% of the 
initial PCE, so the high stability of MAFAPbI3 perovskite solar 
cells from co-evaporation already shown by Gil-Escrig et  al.[41] 
could be further increased by 8%.

With a high MAI content of 59% and above, the stability of 
the solar cells decreases again. Nevertheless, the T80 times are 
higher than those of pure FAPbI3. In summary, the MAFAPbI3 
perovskite mixtures exhibit excellent stability under illumi-
nation in the range of 32% to 47% MAI. Our results indicate 
that even compositions with a high MAI fraction up to 47% 
can exhibit good stability, and that the stability under illumina-
tion is not only influenced by the composition but especially 
by the quality of the absorber material. In the MAI range with 
the highest stabilities the perovskite films are characterized by 
large columnar orientated grains (Figure S7, Supporting Infor-
mation), show the lowest transmission and achieve the highest 
PCEs.

4. Monolithic Perovskite/Silicon Tandem Solar Cell

In addition to stability under illumination, resistance against 
species, which may lead to degradation such as water, oxygen, 
or solvent vapor, is essential for the application of perovskite 
solar cells. This is especially important for perovskite/silicon 
tandem solar cells, where a semitransparent top contact needs 
to be deposited on top of the perovskite absorber. For highly 
efficient tandem solar cells, a combination of tin oxide (SnO2) 
deposited via atomic layer deposition (ALD) using water as an 
oxygen source and a sputter-deposited transparent conductive 
oxide (TCO) has become established.[14,68,69] These depositions 
may potentially harm the perovskite.

Although the co-evaporation process has repeatedly been 
shown to enable conformal deposition of the perovskite, there 

are no publications reporting perovskite/silicon tandem solar 
cells with co-evaporated perovskite absorbers. The reasons for 
this may be manifold, but we identify the deposition of SnO2 by 
ALD during the fabrication of the semitransparent top contact 
as one critical process.
Figure 7 shows a cross-sectional scanning electron micro-

scope (SEM) image of a MAPbI3 perovskite capped with 18 nm 
of C60 on a textured silicon bottom cell before and after ALD 
deposition of SnO2. Before SnO2 deposition (Figure  7A), the 
perovskite consists mainly of columnar grains with about 
150  nm diameter that were reported previously.[38,50] After the 
SnO2 buffer layer is processed, the morphology is significantly 
altered (Figure 7B): instead of large, columnar oriented grains, 
only disordered fine-textured structures (<50 nm) can be seen. 
This clearly shows that the perovskite is degraded by the ALD 
process. The most plausible decomposition product is PbI2, 
which is also confirmed by the EQE of the finished tandem 
solar cell shown in Figure S12 in the Supporting Information. 
Instead of two clearly distinguishable EQEs for the two sub 
cells with a defined band gap around 1.60  eV for the MAPbI3 
top cell, a broad EQE response of the optically filtered silicon 
cell is visible. The onset of photocurrent response for the top 
cell at the band gap edge is very small and a stronger signal 
is seen for wavelengths higher than 500  nm which is in line 
with the optical band gap of pure PbI2 (Eg ≈ 2.5 eV). Thus, the 
co-evaporated MAPbI3 on textured silicon bottom cells seems 
to be strongly degraded and high amounts of PbI2 were likely 
formed after the top-contact processing by ALD. In comparison 
to Figure  7, the complete top contact, including the sputtered 
TCO, is necessary for the EQE measurement. Therefore, it 
cannot be excluded that the sample was additionally damaged 
by the sputter deposition process. However, as currently the 
highest tandem solar cell efficiencies are realized with a SnO2 
buffer layer,[14] the effect of sputter damage through the SnO2 is 
expected to be minor.

As PbI2 and perovskites can be easily distinguished opti-
cally, we deposited the perovskite on textured glass to perform 
transmission measurements. This offers a simple way to eval-
uate the resistance of the perovskite against the degradation 
species and process conditions of the SnO2 ALD process. For 
the co-evaporated MAPbI3 perovskite films deposited on tex-
tured glass that resembles the pyramid structure of silicon,[50] 
a significant change in transmission before and after the dep-
osition of SnO2 via ALD is visible (Figure  7C). We observe a 
change in absorption onset corresponding to a strong conver-
sion of perovskite to PbI2. In contrast, the transmission spec-
trum of MA0.5FA0.63PbI3.13 including 44% MAI on the same 
textured glass substrate is almost unchanged by the deposition 
of SnO2 via ALD (Figure 7D). Therefore, we conclude that the 
MA0.5FA0.63PbI3.13 perovskite grown on the textured surface is 
more resilient against degradation during the SnO2 ALD depo-
sition used as buffer layer for the semi-transparent top contact.

Due to this superior stability, MA0.5FA0.63PbI3.13 can be used 
to prepare fully textured perovskite/silicon tandem solar cells 
with co-evaporated perovskite without suffering from degra-
dation when processing the SnO2 buffer layer with ALD. The 
used solar cell structure is displayed in the in Figure 8A. As 
shown in Figure  8B,C, the silicon pyramid structures are 
conformally coated with perovskite and in contrast to pure 

Figure 6.  Averaged MPP-tracking of minimum six individual solar cells 
for 1000  h under 1 sun illumination in nitrogen atmosphere. Next to 
each curve, the remaining percentage of the initial PCE after 1000 h is 
displayed.
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MAPbI3, the morphology of the stable MA0.5FA0.63PbI3.13 
composition remains intact after deposition of SnO2 via ALD.  
Overall, the pyramid structures, with maximal heights of 4 µm 
and average heights of 1.7  µm (Figure S13, Supporting Infor-
mation), can be homogenously coated with perovskite and no 
significant differences in morphology between planar glass/
ITO (Figure S7B, Supporting Information) and textured silicon 
substrates (Figure 8C) are observed.

Figure 8E shows the J–V curve of the best tandem solar cell 
under simulated AM1.5G illumination with an MPP track in 
the inset. The resulting performance parameters are displayed 
in Table 2.

Additional statistics for five fully textured monolithic perov-
skite/silicon tandem solar cells prepared in different co-evapo-
ration runs are shown in Figure S14 in the Supporting Informa-
tion and a measurement at elevated temperatures is displayed 
in Figure S15 in the Supporting Information. The best tandem 
solar cell shows minimal hysteresis and reaches a stabilized 
power conversion efficiency of 24.58% during MPP tracking. 
Assuming a top cell Voc of 1.05 V as found for the planar perov-
skite single junction and a silicon bottom cell Voc of 690  mV, 
one would expect a combined tandem Voc of 1.74 V. Comparing 
this to the measured tandem Voc value of 1.69V, a loss of 60 mV 
is found, which limits the tandem performance. This could be 
attributed to the increased cell area and to enhanced nonradia-
tive recombination losses, caused by the larger surface area of 
the microtextures. Especially the perovskite/C60 interface is 

known to induce severe nonradiative recombination losses.[70] 
Figure  8D shows the EQE data and the reflection measure-
ment of the tandem solar cell. Even without additional and 
complex light management such as textured foils or AR coat-
ings, the tandem cell exhibits minimal reflection losses due to 
the conformally covered pyramid textures. In the wavelength 
range from 300 to 1200 nm reflections induce a current loss 
of 1.62 mA cm−2 which agrees well with literature values for 
textured tandem solar cells[49] and is significantly reduced com-
pared to planar record tandem solar cells.[14] The tandem solar 
cell exhibits a cumulative current density of 39.59  mA cm−2, 
while 21.02  mA cm−2 are generated in the perovskite top cell 
and 18.57 mA cm−2 are gained in the silicon bottom cell. This 
results in a difference in photocurrent density of 2.45 mA cm−2. 
The mismatch helps to generate a high tandem FF as reported 
by Köhnen et  al.,[69] however, operating the tandem cell close 
to current matching conditions will likely further increase 
the performance. This can be achieved by either reducing the 
perovskite layer thickness, or increasing the perovskite band 
gap. Overall, it is more reasonable to increase the band gap of 
the perovskite for higher efficiencies, as the overall tandem Voc 
would then also be enhanced by higher top cell Voc.

Our results clearly show that it is possible to prepare high 
efficiency monolithic perovskite/silicon tandem solar cells 
using co-evaporation. For that, the stability of the perovskite 
composition against degradation during the processing of the 
subsequent transparent top contact, typically consisting of 

Figure 7.  Cross-sectional SEM images of a textured silicon bottom cell with evaporated MAPbI3 perovskite caped with 18 nm C60. A) before SnO2 
deposition B) after deposition of SnO2 via ALD. Transmission spectra of co-evaporated C) MAPbI3 and D) MA0.5FA0.63PbI3.13 perovskite films on textured 
glass both caped with 18 nm of C60 before and after deposition of 20 nm SnO2 via ALD.
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Figure 8.  A) schematic fully textured monolithic perovskite/silicon tandem solar cell B) tilted top view and C) cross-sectional SEM image of textured 
silicon bottom cells covered with MA0.5FA0.63PbI3.13, capped with 18 nm of C60 and after the 20 nm SnO2 ALD deposition D) EQE and reflection spectra 
(denoted as 1 − R) including the integrated current densities of the two sub cells, the sum and reflection. E) J–V characteristics of fully textured mono-
lithic perovskite/silicon tandem solar cell with maximum power point tracking in the inset.

Table 2.  Photovoltaic parameters of the record fully textured monolithic perovskite/silicon tandem solar cell measured under AM1.5G illumination 
using annealed MA0.5FA0.63PbI3.13 with organic precursor excess on unwashed MeO-2PACz. The active area of the solar cell is 1.008 cm2. The measure-
ment is performed in air without any encapsulation.

Measurement Mode Jsc mA cm−2 Voc V FF % PCE %

Jsc to Voc 18.57 1.69 78.87 24.72

Voc to Jsc 18.57 1.68 77.94 24.35

MPP 24.58
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metal oxides processed via atomic layer deposition and sput-
tering, is as a key aspect for further development.

5. Conclusion

In this work, the preparation of formamidinium lead iodide 
(FAPbI3) based perovskites by co-evaporation was studied, 
whereby various aspects of film and solar cell stability were ana-
lyzed. Starting from pure FAPbI3, it was show that an excess 
of formamidinium iodide (FAI) in combination with free phos-
phonic acid groups from unwashed MeO-2PACz hole-selective 
layers pointing towards the surface of the co-evaporated perov-
skite can stabilize the black perovskite phase at room temper-
ature. However, the best solar cell efficiency for pure FAPbI3 
of over 16% was achieved with a less phase stable perovskite 
composition containing PbI2 excess. Therefore, the phase sta-
bility of the perovskite composition was further increased by 
adding methylammonium iodide (MAI) from a third evapora-
tion source. Using nuclear magnetic resonance spectroscopy, 
it was demonstrated that FAI can easily be replaced by MAI 
during the co-evaporation process. It was illustrated that the 
optimal MAI content in terms of absorption properties and 
solar cell PCEs ranges between 32% and 59%. Using an MAI 
content of 47%, a photocurrent of 25.7 mA cm−2 and a PCE of 
20.4% was achieved, which is among the best efficiencies pub-
lished for solar cells with co-evaporated perovskite absorbers. 
The long-term stability of MAFAPbI3 solar cells under illumi-
nation (1000 h) was tested for different perovskite compositions 
with a variety of MAI/FAI fractions. In the range of 32% to 47% 
MAI, the solar cells showed excellent stability. The solar cells 
with 32% MAI retain 100% of their initial PCE after 1000  h 
under continuous illumination. Furthermore, the absorber sta-
bility during atomic layer deposition (ALD) of tin oxide (SnO2) 
using water as oxygen source degrades MAPbI3 based perov-
skites when being integrated into monolithic fully textured 
perovskite/silicon tandem solar cells. In contrast, co-evaporated 
MA0.5FA0.63PbI3.13 showed, due to its higher stability, no change 
in morphology or transmission after SnO2 ALD processing 
on top. Based on this perovskite composition, the first mono-
lithic fully textured perovskite/silicon tandem solar cells with 
co-evaporated perovskite absorber were realized. These tandem 
cells reached an efficiency of 24.6% and had minimal reflection 
losses due to the conformally covered pyramid texture.

The herein used processes are suitable for large area pro-
cessing and thus upscaling. Further optimization of current 
matching, including band gap tuning will lead to efficiencies 
that are on par with the best solution processed perovskite/sil-
icon tandem solar cells.
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