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ABSTRACT: Lead halide perovskites have emerged as a highly promising
class of materials for solar cells. Nevertheless, suitable procedures to analyze
the exact composition of the perovskite films are rare and are not generally
applicable. Here we show a simple and fast method to determine the absolute
composition of mixed metal halide perovskites through a combination of
nuclear magnetic resonance and total reflection X-ray fluorescence spectros-
copy. The method is validated on powder mixtures and applied to thin film
samples prepared by coevaporation of formamidinium iodide (FAI), CsI, PbI2
and PbBr2, allowing correlation between film composition and solar cell
performance. We show that the rates of the individual precursors do not always
translate linearly into film composition and that the preparation of the hole
transport layer MeO-2PACz strongly influences the incorporation of FAI. Our
work highlights the importance of compositional analysis and demonstrates
how the developed method provides new insights into the complex coevaporation process in perovskite solar cells.

Metal halide perovskite solar cells have gained significant
attention over the past decade due to their low-cost

fabrication methods and high efficiency potential. Typically,
perovskite films are prepared by solution-based deposition
techniques, which allow for rapid deposition and a wide variety
of compositions.1 However, achieving conformal coverage on
textured surfaces, which is particularly important for industry-
relevant monolithically integrated perovskite/silicon tandem
solar cells, can be challenging with these techniques.
Additionally, creating compositional gradients, for example,
to form graded Fermi Levels in the absorber material, is also
complicated when using solution-based depositions. These
limitations can be overcome by coevaporating the perovskite
precursor materials.2−5

To form perovskite absorbers with band gaps of 1.65 to 1.70
eV, well suited for perovskite/silicon tandem solar cells,
typically mixtures of formamidinium, cesium, lead, bromide
and iodide precursors are used in vapor deposition
processes.6−8

In contrast to solution-based deposition processes where the
stoichiometry is dictated by the concentration of the individual
precursors in the solution, the composition in coevaporation
processes is typically governed by the evaporation rates of the
precursors, conventionally measured using quartz crystal
microbalances (QCMs).9 However, accurately determining
the composition from these rates is challenging as the

formation of the perovskite involves complex chemical
reactions, which highly depend on a variety of parameters.
For example, it was shown that substrate temperature,10,11

surface properties of the underlying charge selective con-
tact,12,13 pressure in the evaporation chamber as well as purity
of the precursor materials can change the composition of the
perovskite prepared with nominally identical evaporation
rates.14−16 The larger the number of materials simultaneously
evaporated, the more complex the estimation of the
composition is based on the evaporation rates. Therefore,
the subsequent analysis of the perovskite composition is of
decisive importance.
However, analyzing the composition of perovskite films is

rather challenging due to the limited amount of material
resulting from the low layer thickness of typically 500−600 nm.
In addition, the mixture of light elements such as (C, H, N)
and heavy elements such as (Pb, I) complicates the analysis
with a single method.17 Scanning electron microscopy, coupled
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with energy-dispersive X-ray spectroscopy (SEM-EDX), X-ray
fluorescence (XRF), and inductively coupled plasma mass
spectrometry (ICP-MS) have been reported to determine the
heavy elements, especially the lead to iodine ratio, of different
perovskites.18−21 These methods are not well suited for
determining very light elements,22−24 and even for the
inorganic components of the perovskite, each method has its
specific set of challenges. For example, in ICP-MS measure-
ments the quantification of halides is not trivial,25,26 as the
frequently used elemental standards typically contain nitric
acid and can cause oxidation reactions and thus a change in
composition.27−29

In XRF, the typical excitation depth is, depending on density
of the material, in the range of 1 to 2 μm. Due to the typical
perovskite film thickness of 500−600 nm in PV applications,
this can lead to strong background signals from the substrate
and therefore to rather high detection limits.30 For total
reflection X-ray fluorescence spectroscopy (T-XRF) an
incidence angle below the total reflection angle is used.31

This reduces the level of penetration of the primary radiation
into the substrate and consequently improves the signal-to-
noise ratio. In contrast to conventional XRF, the quantity of an
element in thin samples is directly proportional to the
respective fluorescence signal.32 Therefore, for T-XRF the
absolute quantification can be easily done using internal
calibration standards.30,32

In order to analyze the organic part of the perovskite,
hydrogen nuclear magnetic resonance spectroscopy (1H
NMR) can be used.5,17 Pareja-Rivera et al. demonstrated a

method in which the perovskite material is scraped off the
substrate, and the obtained powder is scaled. Afterward, the
perovskite powder was dissolved in an internal standard
solution (1,2,4,5-tetrachloro-3-nitrobenzene in DMSO). From
the absolute mass of the sample in combination with the
amount of organic precursors (FAI and MAI) quantified by
NMR, the total amount of cesium was calculated. The method
requires perovskite in a phase-pure stochiometric
(CsxFAyMAzPbI3 with x + y + z = 1) form, free of
inhomogeneities and impurities, as only the total mass and
the amount of FA and MA are directly measured. Another
limitation of the method is the large amount of sample material
required for accurate weighing. Approximately 15 mg of
perovskite powder is necessary, which corresponds to about 15
films with an area of 6 cm2.17

X-ray photoelectron spectroscopy (XPS) allows for the
determination of both the organic (C, N) and inorganic
components of the perovskite. XPS is an established method
for measuring the composition of perovskites.13,33,34 Unfortu-
nately, the measurement takes place in a high vacuum under X-
ray irradiation, which can lead to degradation of the material
and can cause changes in the perovskite composition.35−37

Furthermore, XPS is highly surface-sensitive, probing only a
few nanometers of the top and thus making the quantification
of the composition for bulk materials very difficult.
All in all, despite various applied techniques, the composi-

tional analysis of metal halide perovskites is not trivial, and
well-established methods are missing. Here we present a
simple and fast procedure to determine the absolute

Figure 1. Schematic illustration of the developed procedure to determine the absolute composition of mixed metal halide perovskites. The
perovskite film on the sample is dissolved in a reference solution, containing two internal standards, DMSO2 for the 1H NMR analysis and
Ni(NO3)2·6H2O for the T-XRF measurements.
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composition of mixed metal halide perovskite thin films and
powders. By using a combination of nuclear magnetic
resonance spectroscopy (NMR) and total reflection X-ray
fluorescence spectroscopy (T-XRF), we can quantify all
components of the perovskite material. Using a standard
solution consisting of two internal standards simplifies the
sampling process, allowing for the use of the same solution in
both measurements. With the developed method we analyze
perovskite samples prepared by coevaporation of formamidi-
nium iodide (FAI), CsI, PbI2 and PbBr2. We show how the
evaporation rates and the preparation of the underlying hole
transporting material [2-(3,6-dimethoxy-9H-carbazol-9-yl)-
ethyl]phosphonic acid (MeO-2PACz)38 are influencing the
composition of the films. We correlate the results with
structural and optoelectronic properties of the resulting p-i-n
solar cells and show the importance of compositional analysis
for optimizing the coevaporation process.
A major problem with some of the existing methods for

absolute compositional quantification is that the perovskite
material must be scratched from the substrate and carefully
scaled to determine the absolute composition.17 In order to
simplify the sampling process, we developed a method in
which the perovskite film is dissolved and removed from the
substrate. Figure 1 shows a schematic of this method. First, two
commercially available chemicals, dimethyl sulfone (DMSO2)
and nickel(II) nitrate hexahydrate (Ni(NO3)2·6H2O), are
scaled and dissolved in a known amount of dimethyl sulfoxide
(DMSO) to obtain a reference solution. Here the DMSO2 is
used as a standard for the 1H NMR spectroscopy, and the
nickel acts as standard for the T-XRF measurements. In
principle, other chemicals can also be used for the reference
solution, but it is important to ensure that no oxidizing
standards are used. Otherwise, the halides such as bromide and
iodide will be oxidized, resulting in a visible change in color
due to the formation of highly volatile bromine and iodine
(Figure S1). This restriction means that classic ICP-MS and T-
XRF standards, which often contain nitric acid,29 are
unsuitable for the analysis. To transfer all of the perovskite
material into solution, the sample is extracted several times
with a defined amount of the reference solution. Here the
entire sample can be dissolved, and no scraping or scaling of

the perovskite is needed. The sample solution is afterward
analyzed by 1H NMR spectroscopy and the signals of the
methine group (CH) of FAI and the methyl (CH3) groups of
the DMSO2 are integrated. As the integrated peak area of each
signal is directly proportional to the number of protons, the
amount of FA+ in the solution can be determined using the
known amount of CH3 in the standard.
Due to differences in the chemical environment, two

separate proton signals can be seen for FAI in the 1H NMR
spectrum. In principle, both signals, the CH functions (∼3
ppm) and the signals of the NH2/NH2

+ groups (∼8.7 ppm),
can be used for quantification, but due to exchange processes
that result in peak broadening of the NH2/NH2

+ signals, the
use of the CH signal is preferred. As the sample solution
remains unchanged during the 1H NMR measurement, it can
be directly used to determine the amount of the inorganic
components by T-XRF spectroscopy. For this purpose, a
defined quantity of the sample solution is deposited on a
sample carrier. As soon as the drying process is complete, the
T-XRF analysis is carried out using an excitation energy of
∼17,5 keV (molybdenum). Due to the known amount of
nickel on the sample carrier, originating from the standard
solution, the masses of Cs, Pb, I, and Br can be determined.
With this simple method, both the organic cations and the
inorganic components of the metal halide perovskites can thus
be absolutely quantified. More details of the compositional
analysis procedure, including the calculation, are shown in the
experimental section of the Supporting Information.
To determine the accuracy and spread of the developed

method, we analyzed different test samples containing known
amounts of perovskite precursors. Therefore, four different
combinations of up to five precursor powders were carefully
scaled and afterward dissolved in reference solutions. It is
important to note that we did not use certified reference
chemicals but common lab chemicals, which may deviate from
the nominal composition. For lead iodide for example it was
shown that the Pb to I ratio can range between PbI1.84 and
PbI2.1.

39 Consequently, the test sample composition is also
prone to errors as only standard chemicals were manually
weighed. Figure 2 displays the results of the analysis for the
mixture of FAI, CsI, PbI2, and PbBr2 which we denoted as

Figure 2. Analysis of the FACs Mixed Halide test sample containing a mixture of 40.1 mg of FAI, 74.5 mg of CsI, 152.4 mg of PbI2, and 63.4 mg of
PbBr2. Dashed red lines indicate the scaled amount and the light red shaded areas represent a ±15% tolerance range around it. Individual data
points for repeated measurement of the test sample solution are shown as black dots, and colored squares mark the arithmetic mean value. Relative
standard deviation (Rel. STD (Mean)) based on the arithmetic mean and relative median absolute deviation (Rel. MAD (Scaled)) based on the
scaled amount are displayed in the legend.
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FACs Mixed Halide. The content of FA+ was determined by
1H NMR spectroscopy, while all other elements were
quantified by T-XRF measurements. For all components of
the test sample, the measured values are in good agreement
with the content expected from scaling the powders. For FA+

the spread between the single measurements is represented by
the relative standard deviation (Rel. STD (Mean)) is, with
1.2%, very low, which confirms the high reproducibility of the
1H NMR measurements. Also, the deviation from the scaled
amount, represented by the relative median absolute deviation
(Rel. MAD (scaled)), is with 6.7%, which is reasonable,
especially when considering that no certified reference

materials were used to prepare the test samples. Rel. STD
(Mean) and Rel. MAD (scaled) values are also below 10% for
all other components, which indicates a high accuracy of the
method. Compared with the values of Pb and Br, the
measurements of Cs and I have a slightly higher Rel. STD
(mean). This might be attributed to a small superposition of
the I and Cs signals in the T-XRF spectrum, as the emission
energy of Cs (Lα1 ∼ 4.29 keV) and I (Lα1 ∼ 3.94 keV) are in
the same range. In addition to the FACs Mixed Halide sample,
we also analyzed FAI + MABr, PbI2 + CsBr and Triple-cation
test samples. These results are shown in Figures S2−S4. For all
tested samples, the Rel. STD (mean) and Rel. MAD (scaled)

Figure 3. (A) Schematic illustration of the coevaporation process. ITO substrates covered with MeO-2PACz after deposition and after an
additional solvent treatment (“washing”) step as HTL are used. (B) Characteristic performance parameters of at least 10 different solar cells per
group prepared on glass/ITO/MeO-2PACz (red) and washed MeO-2PACz (blue) substrates. The boxes are determined by the 25th and 75th
percentiles, the squares represent the mean values, and the horizontal lines represent the median. (C) XRD patterns of perovskite films prepared on
MeO-2PACz (red) and washed MeO-2PACz (blue). The displayed relative composition was determined by using the combination of 1H NMR
and T-XRF. Therefore, the absolute values were normalized to the amount of lead. (D) Corresponding EQE spectra of solar cells prepared on the
two differently prepared HTLs.
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values are smaller than 10%, indicating a high accuracy
independent of the perovskite precursor mixture.
In the next step, we use the developed method to determine

the composition of perovskites prepared by coevaporation of
PbI2, PbBr2, CsI and FAI. In Figure 3A a schematic of the
coevaporation process is shown. As substrates, we use indium
tin oxide coated glass covered with MeO-2PACz as a hole
transporting layer (HTL). If the MeO-2PACz layer is first
deposited via spin coating and afterward washed with its
former solvent (ethanol), unbound molecules are removed,
and a proper self-assembled monolayer is formed. If washing
after spin coating is omitted, then unbound molecules with free
phosphonic acid groups remain. Both the washed case and the
pristine MeO-2PACz case are displayed schematically in
Figure 3A. Further details of the two different ways to prepare
the MeO-2PACz layer are described in the experimental
section in the Supporting Information. Figure 3B shows how
the preparation of MeO-2PACz influences the corresponding
solar cell performance. All solar cells have been prepared in the
same coevaporation process and use the same solar cell layout
with an active area of 0.16 cm2. On pristine MeO-2PACz a
maximum power conversion efficiency (PCE) of 16.8% is
reached, while the highest PCE on washed MeO-2PACz is
limited to 13.7%. However, the spread of the solar cell PCE
values is significantly lower on washed MeO-2PACz. The most
significant differences can be observed in open circuit voltage
(VOC) and short-circuit current density (JSC). The cells on
pristine MeO-2PACz have a Voc of approximately 1.09 V, while
the cells on washed MeO-2PACz reach a Voc of about 1.14 V.
The solar cells prepared on pristine MeO-2PACz have a
considerably higher Jsc. For pure FAPbI3, it has already been
shown that the deposition method of MeO-2PACz can
influence the performance of coevaporated perovskite solar
cells. This is attributed to a different growth process and an
associated change in perovskite composition.40,5 In particular,
it was observed that the FAI rate during the coevaporation
process must be reduced by approximately 30% to achieve
similar solar cell efficiencies on pristine MeO-2PACz
compared to washed MeO-2PACz.40

With the combination of NMR and T-XRF, we measured
the composition of the perovskites used in solar cells. The Cs
content of the samples normalized to lead is with 0.13 and 0.15
mol rather comparable. In contrast, the FA+ fraction of the
perovskite normalized to lead is considerably different with

0.41 mol on washed MeO-2PACz and 0.59 mol on pristine
MeO-2PACz. This difference in FA+ content agrees well with
the change in FAI incorporation for pure FAPbI3 observed in
the literature.40 Figure 3C shows XRD patterns of films
prepared on MeO-2PACz (red) and washed MeO-2PACz
(blue). Both films contain an excess of PbI2, which can be seen
from XRD and as well from the (Cs+FA+)/Pb ratio below 1. In
comparison to pristine MeO-2PACz, the XRD pattern on
washed MeO-2PACz shows a significantly higher intensity
ratio of lead iodide (peak at 12.6°) to perovskite (peak at
14.0°), which fits well to the measured composition. Overall,
XRD and composition analysis prove that the altered
incorporation of FAI observed for pure FAPbI3 also applies
to the more complex coevaporation of PbI2, PbBr2, CsI and
FAI. Interestingly, the observed differences in FAI incorpo-
ration directly influence the Br/I ratio. The Br/I ratio on
MeO-2PACz (0.14) is smaller than that of the washed MeO-
2PACz (0.18). This is a consequence of the lower
incorporation of FAI into washed MeO-2PACz. The different
Br/I ratios are directly reflected in the band gap of the
perovskite. Figure 3D displays the EQE spectra and illustrates a
band gap difference of 0.08 eV between PSCs prepared on
washed and pristine MeO-2PACz. The strong impact of the
MeO-2PACz preparation on the perovskite growth has so far
only been observed for coevaporated perovskites. Figure S5
shows a comparison of pristine MeO-2PACz and washed
MeO-2PACz for perovskites prepared by spin-coating. The
composition analysis showed no significant differences
between pristine and washed MeO-2PACz. In comparison to
coevaporated perovskites, the band gap and solar cell
performance parameters are very similar on washed MeO-
2PACz and pristine MeO-2PACz. A possible reason for this is
that in spin-coated perovskite films, the unbound MeO-2PACz
molecules are dissolved by the DMF/DMSO in the perovskite
precursor solution and do not strongly influence the interface
and the growth of the perovskite. In contrast, the growth of the
perovskite during coevaporation has been proven to be very
sensitive on the substrate and transporting layer.2,11−13,40−43

A particular advantage of the developed method is that the
absolute composition of the perovskite is directly accessible.
Figure 4 shows cross-sectional SEM images of perovskite films
on MeO-2PACz (red) and washed MeO-2PACz (blue). The
text below the image reports the mass of each material
component obtained from a 2.5 × 2.5 cm2 large perovskite

Figure 4. Cross-sectional SEM images of perovskite films prepared by coevaporation on (A) washed MeO-2PACz and (B) MeO-2PACz. The
absolute mass for the 2.5 × 2.5 cm2 samples was quantified by the newly developed method using NMR and T-XRF.
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film, analyzed with the new method presented here.
Morphologically, there are pronounced differences among
the films. On washed MeO2-PACz small and porous grains are
formed, while large columnar grains are visible for pristine
MeO-2PACz. Furthermore, the perovskite layer grown on
washed MeO-2PACz is about 10% thinner in comparison to
pristine MeO-2PACz. The overall mass (sum of each
component in Figure 3) of perovskite is 1.296 mg for washed
MeO-2PACz and 1.423 mg for pristine MeO-2PACz. This
difference fits well with the observed variation in the layer
thickness.
The absolute amount of Pb is comparable between that of

MeO-2PACz and that of washed MeO-2PACz. A strong
difference is present for FA+ and I. This shows that during
coevaporation on washed MeO-2PACz, not only less FAI is
incorporated into the perovskite lattice (as implied by changes
in EQE and XRD), but the total amount of FAI that is present
on the substrate is significantly lower. Interestingly, slightly
higher Cs and Br contents can be seen on washed MeO-
2PACz. Presumably, the lack of FAI favors the incorporation of
Cs and Br to fill the anion and cation vacancies. As the amount
of Pb is almost the same on pristine and washed MeO-2PACz
and as precursors PbI2, PbBr2, CsI, and FAI are used, some
halide exchange reactions need to happen during the
coevaporation process.
To understand how variations in the evaporation rate

influence the perovskite composition, perovskite films from
two additional processes (Processes 2 and 3) were analyzed
and compared to a reference process (Process 1). The data
presented above (Figures 3 and 4) originate from films
prepared via the reference Process 1. Process 2 features only a
higher FAI rate as compared to the reference Process 1, while

in Process 3 both FAI and CsI rates were increased. Figure
5A−C highlights all evaporation rates of the three processes as
a bar chart. In Figure 5D−F the composition of the films, as
determined from NMR and T-XRF, is displayed for perov-
skites on pristine (red) and washed (blue) MeO-2PACz. A
comparison between Process 1 (Figure 5A,D) and Process 2
(Figure 5B,E) shows that the 50% increase in FAI rate directly
results in an increase in the I− and FA+ content of the film.
Furthermore, it is striking that the increased incorporation of
FAI for pristine MeO-2PACz, observed in Process 1, is also
valid for Process 2, even though a 50% higher FAI rate was
used and one might expect a saturation of the FAI
incorporation. In solar cells (Figure S6A) the higher FAI
rate of Process 2 leads to an increased efficiency on washed
MeO-2PACz. However, for pristine MeO-2PACz the high FAI
rate causes a considerable drop in efficiency to ∼6% (Figure
S6A). This indicates an excess of FAI, which is consistent with
the absence of PbI2 in the XRD pattern (Figure S6C). Both the
Cs and Br contents decreased slightly in Process 2, although
the same evaporation rates of PbBr2 and CsI as in Process 1
were used. This indicates that due to the higher evaporation
rate of FAI, cesium and bromide are partially replaced by FA+

and iodide. When comparing Process 1 (Figure 5A,D) to
Process 3 (Figure 5C,F) the most striking feature is that,
although the FAI rate was increased by 25%, less FA+ can be
found in the films compared to Process 1. Apparently, the
small increase from 0.4 to 0.5 Å/s in the CsI rate strongly
influences the incorporation of FA+. This indicates a change in
the reaction kinetics and shows that Cs and FA+ are competing
to occupy the A-side position in the perovskite. The slightly
higher Cs content leads to a higher band gap in comparison to
Process 1, visible in the EQE (Figure S7D). The solar cells of

Figure 5. (A−C) Evaporation rates of three different coevaporation processes. (D,E) Composition of the resulting perovskite films normalized to
lead. For all processes a comparison of perovskite composition measured by 1H NMR and T-XRF on pristine MeO-2PACz (red) and washed
MeO-2PACz (blue) is shown. The solar cell performance for process 1 is shown in Figure 1 while the data for processes 2 and 3 are displayed in
Figures S6 and S7.
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Process 3 reach a higher PCE on pristine MeO-2PACz
(∼18%) than on washed MeO-2PACz (∼13%) (Figure S7A).
Overall, the increased incorporation of FA+ on pristine

MeO-2PACz is observed for all processes, even for Process 2,
where the very high FAI rate leads to an excess of organic
precursors in the films. The comparison of the three different
processes shows that changes in the evaporation rates influence
the composition of the resulting films to a great extent.
However, changes in the evaporation rates are not always
transferred linearly into corresponding changes in perovskite
stoichiometry, which complicates the optimization of coevapo-
ration processes and makes the composition control based on
evaporation rates measured by QCMs challenging. Our new
method, which allows to determine the exact composition of
the perovskite material, can help to improve the understanding
of the coevaporation process and to further optimize the
vacuum-based deposition of perovskite solar cells.
In this work, we developed a straightforward and efficient

method to analyze the absolute composition of hybrid metal
halide perovskites. With a combination of nuclear magnetic
resonance spectroscopy (NMR) and total reflection X-ray
fluorescence spectroscopy (T-XRF) we can quantify all
elements of the perovskite material. Using a mixture of two
internal standards allows us to simplify the sampling process, as
the perovskite film can be directly dissolved, and no scratching
and scaling of perovskite powder is necessary. Initially, the
accuracy and repeatability of the method are evaluated using
different precursor powder samples. For all tested samples, the
deviations (relative standard deviation and relative median
absolute deviation) remain below 10% irrespective of sample
complexity, from binary systems such as FAI + MABr to triple-
cation mixtures. Subsequently, we use the developed method
to investigate the coevaporation process of formamidinium-
cesium mixed-halide perovskites. We show that the preparation
process of the underlying hole transport material MeO-2PACz
has a strong effect on the resulting perovskite composition: for
all tested process conditions, perovskite films prepared on
washed MeO-2PACz contain a smaller amount of FAI than
films on pristine MeO-2PACz. The differences in FAI
incorporation directly influence the Br/I ratio and, therefore,
the band gap of perovskite films. All in all, the film
compositions determined by 1H NMR and T-XRF show a
good agreement with the perovskite stochiometry inferred
from XRD and EQE measurements. A comparison of different
coevaporation processes shows that the evaporation rates do
not always have a linear impact on the composition of the film.
For example, a small increase in the CsI rate strongly reduces
the level of incorporation of FA+, indicating that Cs+ and FA+

are competing to occupy the A-side position in the perovskite.
Our results highlight the importance of compositional analysis
to gain insight into the complex coevaporation process and
underscores its crucial role in achieving high-performance
perovskite solar cells.
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Viktor Škorjanc − Department Perovskite Tandem Solar Cells,
Helmholtz-Zentrum Berlin (HZB), 12489 Berlin, Germany

Wander Max Bernardes de Araujo − Department Perovskite
Tandem Solar Cells, Helmholtz-Zentrum Berlin (HZB),
12489 Berlin, Germany

Matthew Leyden − Department Perovskite Tandem Solar
Cells, Helmholtz-Zentrum Berlin (HZB), 12489 Berlin,
Germany

Lars Korte − Department Perovskite Tandem Solar Cells,
Helmholtz-Zentrum Berlin (HZB), 12489 Berlin, Germany;
orcid.org/0000-0002-9207-9048

Stefan Seeger − Bundesanstalt für Materialforschung und
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