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Revealing the Role of Methylammonium lodide Purity on
the Vapor-Phase Deposition Process of Perovskites

Marcel Rof},* Marvin B. Stutz, and Steve Albrecht*

Vapor deposition processes, well established in the industry, are considered a
cost-effective manufacturing route for large-area depositions of lead halide
perovskites. However, the vapor deposition of perovskites is constrained by its
low reproducibility, whereby in particular the evaporation of methylammonium
iodide (MAI) is frequently reported as extremely challenging. Herein, the influ-
ence of impurities on the evaporation dynamics of MAI is analyzed. It is proved
that MAI heated in a high vacuum, depending on the purity, either undergoes a
sublimation with a subsequent desublimation or a chemical decomposition with
a following reverse reaction, leading to solid MAI in both cases. In situ mass
spectrometry enables us to show that low purity MAI containing water and
methylammonium phosphite impurities mainly sublimes, which results in a
directional and by crystal microbalances traceable evaporation. In contrast, high
purity MAI sublimes at higher temperatures and tends to form decomposition
products such as methylamine and hydrogen iodide, which omnidirectional
diffuse and can react with lead iodide to perovskite. The findings reveal the
reason for the reported challenges, serve as a guideline for future material
selections, and can enhance the reproducibility of the evaporation process to

achieve a more controlled solar cell fabrication.

1. Introduction

Lead halide perovskites are promising candidates for optoelec-
tronic applications, as they combine a high absorption
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coefficient, a steep absorption onset, and
a certain tolerance against defects with
low-cost favorable manufacturing
perspectives."™ In particular, the rapid
rise in perovskite solar cell efficiency from
below 10% to over 25% in less than 10 years
attracted international attention.*!

Currently, high-efficiency perovskite
solar cells (PSCs) are typically prepared
by solution-based processes, although evap-
oration techniques, which are widely used
in the semiconductor industry, offer
unique advantages.”*! In particular, vac-
uum processes enable the deposition of
very smooth films and provide excellent
control over film thickness and composi-
tion.”) In addition, up-scaling to larger
areas is feasible once the process control
is realized. To monitor the evaporation
process, quartz crystal microbalances
(QCM) are commonly used.”% Although
the co-evaporation process for perovskites
was already successfully demonstrated in
2013 and recently enabled solar cell
efficiencies of over 20%,'">'* the imple-
mentation of this technology is constrained by its low reproduc-
ibility."” Especially the complex evaporation behavior of
methylammonium iodide (MAI), which includes extreme pres-
sure rise, low rate stability, and poor adhesion to the QCM,
was repeatedly reported as a challenge in several publications
over the past decade."*'%2% Despite these challenges, MAI is
an essential precursor material for the vapor-deposition of highly
efficient PSCs, as the literature overview presented in Table S1,
Supporting Information illustrates.

The evaporation of MAI differs from a conventional direc-
tional evaporation process being more vapor-based was already
demonstrated by Ono et al. in 2014.1'® To determine the compo-
sition of this nondirectional evaporating MAI vapor, which is also
referred to as MAI gas,** mass spectrometry (MS) studies were
carried out.”*?! Analyzing MAI by thermogravimetry coupled
with MS, Juarez-Perez identified iodomethane (CH;l) and
ammonia (NH3) as gaseous decomposition products.””! In con-
trast, the most recent study by Bekbo et al. concludes that the
main decomposition products of MAI are methylamine
(CH;3NH,) and hydrogen iodide (HI).*? Furthermore, it is sug-
gested that for the conversion of the lead halide both compounds
(HI and CH3;NH,;) need to be present and a high chamber
pressure is beneficial for a successful co-evaporation.’” In
accordance with these findings, high deposition pressures of
107*-1072 mbar, which are untypical for conventional physical
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vapor depositions, have been reported.'®*'! However, in other
publications low process pressures of ~10~® mbar are described
for the co-evaporation process.**2]

A first indication why different reports on the pressure regime
and the MAI evaporation behavior exist is given by Borchert et al.,
who correlate the MAI sticking on the QCM with the concentra-
tion of impurities in the precursor.”! They reported that large
amounts of organic phosphorus compounds, which remain as
impurities from the synthesis of MAL ! increase the MAI adhe-
sion to the QCM sensor and enable a better deposition rate con-
trol.*] However, the exact mechanism of how the impurities
influence the rate measurement by QCM sensors remains open.
Over the past decade, several strategies have been developed to
enhance the process stability of MAI depositions for example
controlling the crucible temperature or the chamber pressure,
using cooled surfaces or shields, and combining different posi-
tioned QCM sensors.[16-18:29:30] Despite these methods, the
reproducibility of the MAI deposition is still limited, and the
exact mechanism why the MAI evaporation can include extreme
pressure rises, low rate stability, and poor as well as changing
adhesion to the QCM has not been sufficiently investigated.

In this study, the evaporation, sublimation, and decomposi-
tion behavior of different MAI precursor materials in a high
vacuum is analyzed by in situ mass spectrometry. We correlate
the purity of commercially available MAI materials with their
evaporation characteristics and identify water and methylammo-
nium phosphite (MAH,PO;) as important impurities. We dem-
onstrate that MAI with a low level of these impurities mainly
decomposes into HI and CH3NH, when heated in a high
vacuum, whereas impure MAI directly sublimes without decom-
position. We prove that these decomposition products can
reunite to MAI and form perovskite in the presence of lead
iodide, which makes these results essential for all co-evaporation
processes involving MAI. Our findings explain why the reported
deposition pressures vary between different publications and
reveal why the evaporation rate of impure MAI is better traceable
by QCMs. Overall, these results will assist in enhancing the
reproducibility of the vacuum deposition process.

2. Results and Discussion

To identify differences in the MAI qualities, we analyzed com-
mercially available MAI powders purchased from three different
suppliers by nuclear magnetic resonance spectroscopy (‘H-NMR,
*'P-NMR) and determined the water content by Karl-Fisher titra-
tion (Figure 1). Based on the following analysis, we refer to them
as high, medium, and low purity MAI. The exact batch numbers of
each material can be found in Table 1. For all MAI powders ana-
lyzed by 'H-NMR, the characteristic peaks of the CH; group at
2.6 ppm and the NH; group at 7.6 ppm are clearly visible (top
Figure la—c). The largest signal at 2.5 ppm, visible in the full spec-
tra displayed in Figure S1, Supporting Information, is associated
with the deuterated dimethyl sulfoxide (DMSO-DG6). For the high
(Figure 1a) and medium purity MAI (Figure 1b), the "H-NMR as
well as the *'P-NMR do not show additional peaks and therefore
no indications for organic contamination. The low purity material
includes additional peaks at 7.40, 6.69, and 6.24 ppm (Figure 1c),
which belong, according to Borchert et al., to organic phosphorus
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compounds, which can remain as impurities when MALI is synthe-
sized.1”” The fact that this contamination contains phosphorus is
confirmed by the signal in the **P-NMR spectrum, which is only
present for low purity MAIL It was reported that the main phos-
phorus impurities for MAI are methylammonium hypophosphite
(MAH,PO,) and methylammonium phosphite (MAH,POs3),
whereby it was demonstrated that high concentrations of
MAH,PO, lead to a high-field shift and high concentrations of
MAH,PO; lead to a signal broadening of the NH; group in the
"H-NMR spectrum.”>?# As the peak position of the NH; group
does not differ from that of the medium and pure material,
and a significant peak broadening is present, it can be concluded
that MAH,PO; is the main contaminant in the low purity MAL
In addition to the NMR measurements, the water content of
the MAI powders was determined by Karl-Fisher titration
(Figure 1d). The high purity MAI contained the smallest amount
of water with values below 700 ppm. Medium- and low purity MAI
contained with average values above 1500 ppm more than the
double amount of water. Based on the NMR measurements
and the water content we classified the three different MAI quali-
ties: high purity MAI—contains no MAH,POs and a low amount
of water, medium purity MAI—contains no MAH,PO; and a cer-
tain amount of water, and low purity MAI—contains MAH,PO5
and a high amount of water.

To correlate the evaporation characteristics of the different
MALI qualities under high vacuum conditions, a thermal evapo-
ration chamber equipped with a QCM was used. For each MAI
quality, 0.3 g of material was weighed into a ceramic crucible and
loaded into the thermal evaporator. After reaching the base pres-
sure of 3 x 10”® mbar in the process chamber, the crucible was
heated to 130°C and held at this constant temperature for
45 min. The process was performed for each material individu-
ally and the deposited layer thickness was recorded with the
QCM for the entire time. Figure 2a shows the source tempera-
ture profile and the QCM reading for the three different MAI
qualities. After 45 min the QCM sensor displays a thickness
of only 25nm for high purity MAIL. For MAI with medium
and low purity, the thickness reading is 140 and 200 nm, respec-
tively, and thus significantly higher. Despite the same tempera-
ture profile being used for the three MAI powders, different
amounts (mass) of the precursor material were deposited on
the QCM at the same time. That the thickness on the QCM dif-
fers between the high purity (no MAH,POs) and low purity
(MAH,PO; containing) is well in line with the publication of
Borchert et al., showing a reduced adherence of high purity
MAI to the QCM.”* Interestingly we observed a strong
difference even between the high and medium purity MAI (both
contain no MAH,PO3), which cannot be attributed to the phos-
phorus contamination alone. This might be caused by the differ-
ent amounts of water observed in the powders. Interestingly, the
temperature of the first detectable deposition rate decreases from
high via medium to low purity MAI. Therefore, it is not surpris-
ing that the thickness of the deposited materials after 45 min dif-
fered. Nevertheless, the order of magnitude is striking, as the
thickness of high purity MAI is reduced by a factor of eight
in comparison to the low purity MAIL To understand whether
this difference can be explained by the offset in evaporation tem-
perature, the experiment was repeated but all the material in the
crucible was sublimed until the rate dropped to zero and the

© 2022 The Authors. Solar RRL published by Wiley-VCH GmbH

85UB017 SUOLULLIOD aA e8I 8(qedljdde ay) Aq peusenob afe sajoiie YO ‘8sh JO 3|t o) ARig 1T 8UIUO AB|IM UO (SUONIPUOD-pUR-SWLRWI0D" AB | I ARe.q Ul uo//:SdnL) SuonIpuoD pue swie | ay1 88s *[220z/ZT/ST] uo Arigiauliuo A|iIm ‘Ind uljleg wnnuez-zljoyweH Aq 005002202 410S/200T 0T/I0p/wodAs 1M Ae.q 1 pul|uoy/:sdny woi) pepeojumoq ‘0T ‘2202 ‘X86T.L9EC


http://www.advancedsciencenews.com
http://www.solar-rrl.com

ADVANCED
SCIENCE NEWS

; ‘RRL

www.advancedsciencenews.com

(@)

high purity "H-NMR

9 8 7 6 5 4 3
Chemical Shift in ppm

high purity 3'P-NMR

[ R

100 -100

0
Chemical Shift in ppm

J b purity "H-NMR
T T I
8

()

9 7 6 5
Chemical Shift in ppm

low purity 3'P-NMR

1(|)0 (I) -1|00
Chemical Shift in ppm

(d)

Water Content in ppm

www.solar-rrl.com

(b)

medium purity 'H-NMR

9 8 7 6 5 4 3
Chemical Shift in ppm

medium purity 3'P-NMR

o

100 -100

0
Chemical Shift in ppm

Min~Max

1800 I
¢ Mean ==

1600 I
1400
1200
1000
800 -

K
600 -

high Ipurity mediurrl1 purity low ;3urity

Figure 1. "H-NMR spectra (top) and *'P-NMR spectra (bottom) measured in deuterated dimethyl sulfoxide (DMSO-D6) for: a) high purity methylam.-
monium iodide (MAI), b) medium purity MAI, and c) low purity MAI. d) Water content of MAI powders determined by Karl-Fisher titration. For each MAI

purity, the maximum, minimum, and average water content is displayed.

Table 1. Lot numbers of MAIs from three different suppliers used for the
experiments.

Supplier Name Lot number
Tokyo Chemical Industry High purity CMZ8)-FF
Sigma-Aldrich Medium purity MKCG0372

Luminescence Technology Corp. Low purity $9126-201 910038

crucible was completely empty (only for low purity MAI a brown
residue was observed in the crucible). As before, the resulting
layer thickness is recorded by a QCM sensor. The deposited layer
thickness on the QCM, obtained from 0.304 g MAI of each purity
is displayed in Figure 2b. The results are remarkably consistent
with those of the previous experiment. Significant higher thick-
nesses were obtained for low and medium purity MAI than for
high purity MALI. The yield, i.e., the layer thickness obtained per
gram of material evaporated/removed from the crucible, varies

Sol. RRL 2022, 6, 2200500 2200500 (3 of 9)

considerably between the different MAI qualities. Overall, the
trend observed for the layer thickness at the QCM correlates with
the purity of the used MAL

To gain a better understanding of how the MAI quality affects
the evaporation characteristics, we further studied the material
vapor using mass spectrometry. Therefore, a home build subli-
mation setup, displayed in Figure S2, Supporting Information,
was used. This assembly consists of a glass sublimation vessel
with a funnel-shaped water-cooled finger, a Pfeiffer Vacuum
quadrupole mass spectrometer, an Alcatel Drytel high vacuum
pumping system, and a Pfeiffer Vacuum total pressure
vacuum meter. An oil bath connected to a hot plate was used
as the heating source. For each of the three different MAI quali-
ties, 0.30 g of powder was individually sublimed using similar
bath temperature profiles. Due to the glass components, the sub-
limation can be visually monitored and photographs of the glass-
ware after sublimation have been taken. We observed that the
condensate films covering different areas of the setup deepened

© 2022 The Authors. Solar RRL published by Wiley-VCH GmbH
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Figure 2. Layer thickness measured with the quartz crystal microbalances (QCM) sensor when: a) MAI is heated for 45 min in high vacuum and b) if
0.304 g of MAI powder is completely evaporated until the rate drops to zero. The different colors correspond to different MAI purities.

on the MAI quality used (Figure S3, Supporting Information):
the low purity MAI only condensed onto the cooling finger
and the lower vessel wall, in contrast, the high purity MAI
was distributed throughout the entire setup. Even a 90° angle
in the glassware, which excludes any direct evaporation cone
(direct material flux), was no barrier. The medium purity mate-
rial was as well distributed in the sublimation setup, but not to
the same extent as the high purity material. The direction of the
material flux seems to depend on the purity of the MAL
Based on the decomposition products (Table S2, Supporting
Information) described in the literature,?>?>3" the following
mass to charge ratios (m/z) were monitored over the entire pro-
cess: 31 (CH3NH,"); 127 (I); 128 (HIY); 142 (CH,IH).
Furthermore, the total pressure and the mass to charge ratio
159, which corresponds to the molecule ion of MAI (CH3NH;1™)
were constantly measured. As no signal with m/z 159 was
detected for any of the MAIs used, it is not included in
Figure 3. The absence of m/z 159 means that no detectable
MALI vapor was reaching the mass spectrometer, which is in line
with the results reported by Bakbo et al.?? Figure 3a—c shows
the signal of the tracked m/z values during evacuation to base
pressure (with background) and heating (light red background)
for the three different MAI qualities. When the high purity MAI
(Figure 3a) was heated a strong increase in pressure and the m/z
values of the decomposition products 31 (CH;NH, "), 127 (I7),
128 (HI"), 142 (CH,I™) were clearly visible. In comparison, the
pressure increase and also the m/z signals of the decomposition
products were considerably lower for medium purity MAI. For
low purity material (c), most of the signals were even smaller,
only the signal for m/z = 31 did not follow this trend. The strong
signal for m/z =31 might be attributed to the special contami-
nation MAH,PO; found in low purity MAI. According to
Levchuk et al. and Borchert et al.?>?®l MAH,PO; can decompose
to H3PO, at temperatures above 30 °C and form a light brown
powder. This brown powder was observed as a crucible residue
during the sublimation of low purity MAI (Figure S4, Supporting
Information). During the decomposition of MAH,PO; methyl-
amine was released, causing the intense m/z = 31 signal.

Sol. RRL 2022, 6, 2200500 2200500 (4 of 9)

As the same quantity (0.30 g) was used for all MAI qualities and
the material was completely sublimed (Except for the brown resi-
due in case of low purity MAI), the peak areas of the observed m/z
ratios correlate to the amount of decomposition products formed.
The direct comparison of the peak areas displayed in Figure 3d
highlights that the amount of decomposition products decreases
significantly from high via medium to low purity MAL This trend
is inverted to the trend in layer thicknesses on the QCM (Figure 2b)
obtained in the previous experiment and to the overall amount of
the impurities in water and MAH,PO; present in the material.

To investigate the influence of these decomposition products
on the co-evaporation process, a glass/indium tin oxide (ITO)
substrate coated with about 600 nm thermally evaporated Pbl,
was placed into the sublimation setup for further experiments.
The substrate was positioned at a maximum distance from
the MALI source, directly at the transition point from stainless
steel to glass, to ensure that there is no direct effusion path
between MAI and the PbI, coated substrate. After the individual
sublimation of all three MAI powders, the glass/ITO/Pbl, sam-
ples were analyzed by X-ray diffraction (XRD) and absorbance
measurements. The corresponding data and a photo of each sam-
ple after sublimation are shown in Figure 4. For high purity MAI
a) the substrate coated with PbI, has turned completely black.
The absorption edge, which was 520 nm for Pbl, and well agreed
to literature values,®” was ~770 nm after sublimation of MAI
and corresponds to that of MAPDI;.*® A similar picture was
obtained for the medium purity MAI b), except that the absorp-
tion edge at ~770 nm was less pronounced for the converted
film. For low purity MAI c), color and absorbance are unchanged
compared to the pure PbI, reference film. The observation that
with increasing amounts of decomposition products, more Pbl,
is converted into perovskites was also confirmed by XRD results
displayed in Figure 4d. For high purity MAI, we observed a sig-
nificant difference between the XRD pattern of the Pbl, sample
and the XRD pattern of the converted film. The reflex at 12.7°,
which is typical for Pbl,, completely vanished, instead character-
istic signals for MAPbI; are present for example at 14.1°.3°
Due to the decomposition products formed during MAI
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Figure 3. Mass spectrometer study for the evaporation process of 0.30 g high a), medium b), and low c) purity MAI, including evacuation phase (white
background) and heating phase (light red background). Displayed are the pressure in mbar (black line corresponding to the left axes) and the ion current
signals (corresponding to the right axes) observed by mass spectrometry for the monitored mass to charge values as function of time. d) Comparison of

the peak areas extracted for each material.

sublimation, the 600 nm thick PbI, layer was almost completely
converted into perovskite. For the medium purity, the intensity
of the Pbl, signal at 12.7° in the XRD pattern was still present.
This indicates that the PbI, film was not completely converted
into perovskite. For low purity MAI, the XRD pattern exhibited
no indication of conversion to perovskite, only the presence of
the ITO peak at 22.4° in the XRD pattern differs from the
Pbl, reference. The fact that this ITO peak was so clearly visible
is most likely due to micro scratches in the Pbl, layer, which
resulted from mounting the sample into the setup. The trend
observed here is in line with the overall content of impurities
and the amount of observed decomposition products of MAI
in mass spectrometry. The conversion of the PbI, layer into
perovskite without a direct effusion path is, therefore, strongly
connected to the presence of the MAI decomposition products.
The reaction that takes place on the PbI, film can be understood
as the reformation of the MAI and a subsequent formation of
perovskite. For the synthesis of perovskites from lead iodide
at normal pressure, this reaction can also be used on purpose.**l
Overall, we observed that with increasing purity of the MAI the

Sol. RRL 2022, 6, 2200500 2200500 (5 of 9)

thickness measured with the QCM reduces, while the amount of
decomposition products and therefore the transition of the PbI,
film to perovskite increases.

Our results indicate that MAI heated in a high vacuum can
decompose or sublime, as shown in Figure 5. The extent of
the decomposition reaction is depending on the purity of the
MAL For high purity MAI (Figure 5a) the main path is the
decomposition into methylamine and hydrogen iodide. These
decomposition products are at room temperature gaseous and
diffuse through the setup and can reach the mass spectrometer
or form solid MAI via the reverse reaction during this path.
For the reverse reaction to MAI, both HI and CH;NH, need
to be present at the same time and place. Thus, the probability
of the back reaction is rather low and the decomposition products
are widely distributed in the chamber, causing the omnidirec-
tional spread of material. As only solid MAI is detected by the
QCM, the tracked rates and the final thickness are low for high
purity MAIL In contrast, low purity MAI (Figure 5b) is mainly
subliming without decomposition. The desublimation of gas-
eous MAI is a simple phase transition and can take place on every

© 2022 The Authors. Solar RRL published by Wiley-VCH GmbH
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before and after MAI evaporation.
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Figure 5. Schematic illustration of sublimation and decomposition processes occurring when MAI is heated in vacuum. For high purity MAI: a) the main
path (indicated by thick arrows) is the decomposition into methylamine and hydrogen iodide. For low purity b) is the main path the sublimation and

desublimation.

Sol. RRL 2022, 6, 2200500 2200500 (6 of 9)

© 2022 The Authors. Solar RRL published by Wiley-VCH GmbH

85UB017 SUOLULLIOD aA e8I 8(qedljdde ay) Aq peusenob afe sajoiie YO ‘8sh JO 3|t o) ARig 1T 8UIUO AB|IM UO (SUONIPUOD-pUR-SWLRWI0D" AB | I ARe.q Ul uo//:SdnL) SuonIpuoD pue swie | ay1 88s *[220z/ZT/ST] uo Arigiauliuo A|iIm ‘Ind uljleg wnnuez-zljoyweH Aq 005002202 410S/200T 0T/I0p/wodAs 1M Ae.q 1 pul|uoy/:sdny woi) pepeojumoq ‘0T ‘2202 ‘X86T.L9EC


http://www.advancedsciencenews.com
http://www.solar-rrl.com

ADVANCED
SCIENCE NEWS

; ‘RRL

www.advancedsciencenews.com

cold surface. As no decomposition products, which diffuse
through the setup are formed and MAI is a solid material at room
temperature, the sublimation is more directional and the
detected rates, as well as the final thickness on the QCM, are
much higher.

As both physical sublimation with a subsequent
desublimation and chemical decomposition with a following
reverse reaction can lead to solid MAL, it is difficult to distinguish
these two processes. This problem is also known from other
salts, e.g., ammonium chloride (NH,Cl), which can thermally
decompose into ammonia and hydrogen chloride (HCl) and
can also be synthesized via the gas phase reaction of NH; and
HCLP®% Whether the material decomposes completely when
heated or if it sublimes to a certain extent is discussed in the
literature.**=# Interestingly, for the heating of MAI in a high
vacuum the purity determines to which extent the material is
transported via physical sublimation followed by desublimation
or via chemical decomposition followed by a reverse reaction. To
answer the question of how the impurities influence the evapo-
ration mechanism, we will discuss two possible explanations. As
the decomposition of the impurity MAH,POj; leads also to the
formation of methylamine, this extra amount of methylamine
might shift the chemical equilibrium of the decomposition of
MAI (see step 3 in Figure 5) toward molecular MAIL Also, the
impurity water might change the kinetic of the decomposition
reaction, for example, it was shown that water vapor can act
as a catalyst for the formation of NH,Cl from gaseous NH;
and HCLP® Both impurities could, therefore, ensure that more
MALI is present in the gas phase, and explain why higher thick-
nesses are measured on the QCM. Besides this possibility, the
impurities could also change the sublimation temperature of
the MAL If sublimation and decomposition temperature are
close to each other in a high vacuum, decomposition and
sublimation will compete with each other. Higher amounts of
impurities might reduce intermolecular interaction in the MAI
bulk and thus the energy required for sublimation. Due to the
lowered sublimation temperature, the sublimation will become
energetically preferable to decomposition. The intermolecular
interactions influenced by impurities are plausible and studies
about other salts (NaCl and KCl) indicated that impurities can
increase sublimation rates and in parallel decrease the activation
energies for sublimation.?**% The lowering of the sublimation
temperature of a material by crystal engineering is also used to
avoid thermal degradation when depositing temperature-
sensitive organic light-emitting diode (OLED) materials.!*?! In
Figure 2, we observed that the presence of impurities (water
and methylammonium phosphite) reduces the temperature of
the first detected rate on the QCM.

To verify if this results from a higher sublimation temperature
or is related to a better traceable rate for low purity MAI, a
thermogravimetric analysis (TGA) was performed for the three
different MAI qualities (Figure 6). In comparison to the experi-
ment with the QCM shown in Figure 2, the TGA directly meas-
ures the amount of material leaving the crucible instead of the
material arriving at the oscillating quartz above the source. For all
three MAI qualities, the same temperature profile displayed in
Figure 6 as a red line was used. The first detected mass loss (loss
of about 1%) for high purity MAI is observed after 64 min. For
medium and low purity MAI, this time reduces to 42 min and
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Figure 6. Thermogravimetric analysis (TGA) of MAI powders with differ-
ent purities under reduced pressure. The red line corresponding to the left
axes displays the used temperature profile. The right axes shows the mass
of the material in the TGA crucible in percent for the three different MAI
purities.

38 min, respectively. In parallel, the time and temperature
needed to remove all the material from the TGA-crucible are
reduced from high to low purity MAI. These results support
the explanation that impurities change the sublimation temper-
ature of the MAI material. Overall, our results suggest that
decomposition and sublimation are in concurrence when MAI
is heated under vacuum, therefore lowering the temperature
required for sublimation by impurities favors the sublimation
and thus directional evaporation of MAI. However, as the tem-
perature needed for decomposition and sublimation are esti-
mated to be close to each other both processes are not
completely separated from each other and run in parallel.
Therefore, the reaction of PbI, into perovskites during a
co-evaporation process is potentially caused by the MAI formed
via the gaseous decomposition products as well as by the direct
sublimed MAI flux. How perovskites formed from decomposed
MALI differ from perovskite formed via the reaction of sublimed
MALI has not been investigated in detail so far. However, Borchert
et al. demonstrated comparable PSCs efficiencies for pure MAI
(which we found to decompose stronger) and impure MAI
(which according to our findings evaporates more directly).l?*)
Nevertheless, literature and our results prove that MAI powders
with lower purity allow for better process control with QCMs.!**!
Our findings are particularly important for the reproducible
vapor-phase deposition of highly efficient perovskite solar cells,
where MALI plays a decisive role and almost all published solar
cell efficiencies above 20% have been achieved using MAI-
containing perovskite compositions. 12144274

3. Conclusion

In this work, the influence of impurities on the evaporation
behavior of MAI was studied. Using nuclear magnetic resonance
spectroscopy and Karl-Fisher titration, we identify water and
methylammonium phosphite as important impurities in com-
mercially available MAI powders. During thermal evaporation

© 2022 The Authors. Solar RRL published by Wiley-VCH GmbH
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experiments, we noticed a strong correlation between the evapo-
ration characteristics of MAI and the quantity of these impurities
present in the material. We demonstrated that the thickness mea-
sured with a QCM was significantly higher for low purity than for
high purity MAI, although the same amount of material was
removed from the crucible. Using a dedicated sublimation setup
including in situ mass spectrometry, we observed a connection
between MAI purity and the presents of decomposition products.
With increased purity of the MAI precursor, more decomposi-
tion products have been detected during sublimation. By XRD
and transmission measurements, we demonstrated that these
decomposition products can interact with lead iodide and form
perovskite. We proved that MAI heated in high vacuum can
either undergo a sublimation with a subsequent desublimation
or a chemical decomposition with a following reverse reaction
leading to solid MAI in both cases. High purity MAI mainly
decomposes, therefore the material is omnidirectionally
distributed and the evaporation rate is hard to track by QCMs.
In contrast, low purity MAI mainly sublimes which results in
a directional and by QCMs observable evaporation behavior.
We suggested that the impurities reduce the sublimation
temperature of MAI, which means that sublimation becomes
energetically preferable to decomposition. Our results reveal
why for the deposition of MAI extreme chamber pressure rise,
low rate-stability over time, and poor adhesion to the QCM have
been constantly described as problems in the literature.
Furthermore, the insights about the influence of impurities
can serve as a guideline for the precursor material selection
and will help to increase the reproducibility of the evaporation
process.

4. Experimental Section

A CreaPhys “PEROvap” thermal evaporation tool integrated into a glove
box (MBraun) filled with nitrogen atmosphere was used for the evapora-
tion experiments. The temperature of the inner shielding, which is sur-
rounding all evaporation sources and passively cools the QCM, was set
to —25 °C for all processes. For the preparation of the lead iodide films,
Pbl, (99.99%, trace metals basis) from TCl and ITO substrates purchased
from Automatic Research GmbH were used. The suppliers and lot num-
bers of the MAI powders used for the experiments are displayed in Table 1.

For absorbance measurements, a PerkinElmer Lambda—1050 UV/VIS/
NIR double beam spectrophotometer with an integrating sphere was used.

XRD patterns were recorded with a Bruker D8 diffractometer in
Bragg—Brentano geometry. For all measurements, the Cu K-alpha radia-
tion emitted from an X-ray tube operated at 40 mA and 40 kV acceleration
voltage was used.

"H-NMR and *'P-NMR spectra were recorded on an Avance Il 500
("H: 500 MHz, *'P: 202 MHz) spectrometer from Bruker. The measure-
ments were carried out at room temperature. The DMSO-D6 was
purchased from Deutero. The residual proton signal of the deuterated sol-
vent (delta=2.50 ppm) was used as an internal reference for "H-NMR
experiments.

The mass spectrometry experiments were performed using a
home-built setup, which consists of a glass sublimation vessel with a
funnel-shaped water-cooled finger, an Alcatel Drytel high vacuum pump-
ing system, and a Pfeiffer Vacuum total pressure vacuum meter. The
Pfeiffer Prisma QMS 200F quadrupole mass spectrometer is equipped
with a Faraday detector. All measurements were controlled with the
Quadstar 32-bit software. A voltage of 70V was used for the cathode
of the ion source. After each experiment, the filament was cleaned using
the auto degas function.
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The water content of the MAI powders was determined by Karl-Fisher
titration. The method is based on the reaction of sulfur dioxide with iodine,
which only takes place in the presence of water and is a standard analytical
method for water determination.) The measurements have been
carried out as a contract analysis in the external laboratory “ASG
Analytik-Service AG.”

TGA was performed with a TG 209 F1 Iris system coupled with a QMS
403 Aéolos Quadro from Netzsch. The measurements and the analysis
was done using the Proteus software. For all experiments, 85 pL open
Al,O3 ceramic crucibles filled with about 30 mg MAI powder were used.
For the baseline correction, a clean and empty crucible of the same fabri-
cate was used. The experiments were performed with the option “vacuum
on during measurement” leading to a pressure lower than 1 x 1072 mbar.
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