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A new approach to in situ analysis of the composition of
photosensitive metal halide perovskite-based materials for
gas sensor has been developed. The concentration of Cs, Pb,
Br and | in the ZnO layer was determined by in situ micro
X-ray fluorescence method using inductively coupled plasma
mass spectrometry for calibration. The relationship
‘synthesis conditions—composition—photoresponse’ of the
sensor has been established based on the results obtained.
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Metal halide perovskites are described by the general formula
ABX,, where A is an alkali metal cation (for example, Cs), B is
a divalent metal cation (most often Pb or Sn) and X is a halide
anion (CI, Br, 1). Such compounds are widely used in
optoelectronics and photovoltaics. Metal halide perovskites have
shown great potential in photovoltaic and optoelectronic devices
due to their luminescence, characterized by high brightness,
defect tolerance, tunable emission wavelength, high color purity
and increased quantum yield.!* The combination of light
absorption in the visible region, a high-located excited energy
level and suppressed nonradiative recombination of photoexcited
electron-hole pairs makes nanocrystals of lead halide perovskites
promising materials for use in light-emitting devices,® solar
cells,® ionizing radiation detectors’ and visible light-activated
semiconductor gas sensors.® It has been shown®13 that the gas
sensitivity of semiconductor metal oxides can be activated by
ultraviolet radiation at room temperature without additional
heating, which is a promising way to reduce the energy
consumption of semiconductor gas sensors. Increasing sensitivity
of sensor materials to visible light is usually achieved by
combining wide-band metal oxides with photosensitizers such as
organic dyes or semiconductor quantum dots.814-21

The optical properties of photosensitive materials based on
wide-band oxides and semiconductor quantum dots strongly
depend on the photosensitizer composition and the photosensitizer/
semiconductor matrix ratio. It is known'22 that significant
deviations from the stoichiometric ratio Cs : Pb =1 : 1 in cesium
lead halides CsPbX; result in a high density of donor or acceptor
states in the band gap of CsPbX; due to the appearance of various
point defects. These effects ultimately lead to the weakening and
broadening of spectral lines.2® At the same time, the use of solid
solutions CsPbCly_,Br, and CsPbBr, 1, makes it possible to
accurately control the absorption and photoluminescence spectra
in the range of 400-700 nm.2* For the development and scalable
production of light-activated gas sensors, it is necessary to
conduct a non-destructive analysis of the composition of the
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sensitive layer containing the photosensitizer on a ready-to-use
sensor. Such an analysis is non-trivial and requires the
development of specific analytical procedures.

Therefore, it is necessary to develop approaches for the reliable
in situ determination of the composition of CsPbX; nanocrystals
and their distribution over the surface of a ready-to-use sensor
layer to establish the ‘composition—functional properties’
relationship. Energy-dispersive X-ray analysis is commonly used
to characterize new materials.?>-2” However, the accuracy of this
method can depend on various factors such as sample surface
morphology and matrix composition. Some of them can be taken
into account if certified reference samples are available, but there
are no such samples for new materials. Total reflection X-ray
fluorescence spectroscopy has recently been proposed to determine
the bulk composition of lead halide perovskite nanocrystals.?8
Nevertheless, this method is inconvenient for in situ analysis
because the ready-to-use sensor’s sample preparation is required.
X-ray fluorescence is a widespread analytical method for
determining the elemental composition of bulk materials.
However, nowadays, with focusing optics available, micro X-ray
fluorescence (micro-XRF) can also be performed with laboratory
instruments. The advantage of the new micro-XRF technique is
the fast, high-resolution analysis of element distribution.?® For
example, the uniformity of the Cs : Pb ratio has been proven by
micro-XRF mapping over the entire surface of a CsPhBr; crystal
deposited on a platinum electrode.3°

In this work, we propose a novel approach to the chemical
characterization of ZnO-CsPbBr; and ZnO-CsPbl; materials
deposited on a microelectronic chip. The approach is based on
a modern high-sensitivity version of micro-XRF" for
determining the distribution of metal halide perovskites on the
surface of a ready-to-use sensor and quantifying Cs, Pb, Hal
and Zn. The method of inductively coupled plasma mass
spectrometry (ICP-MS)" was developed to analyze ZnO-

T For details, see Online Supplementary Materials.
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CsPbBr; and ZnO-CsPbl; powders and is used as a reference
analytical technique for verifying results obtained by the micro-
XRF method in the absence of standard reference samples.

ZnO-CsPbBr; samples were prepared’ and analyzed by the
ICP-MS method. According to the published data, the
quantitative determination of Cs, Pb and Br is possible separately
in acidic solutions without any cross interference using the 1CP-
MS method.3132 The quantification of bromide in an acidic
medium by ICP-MS is reported to have high quantification
limits. The reason for this is polyatomic interferences: the
40Ar,tH* signal overlaps with the 81Br signal, and the °Ar38 ArlH*
signal overlaps with 7°Br.3334 We have checked the validity of
the results using the ‘introduced—found’ method since the
simultaneous determination of Cs, Pb and Br by the ICP-MS
method had not been previously described. The results are shown
in Table S1.

The synthesized perovskite compounds and the sensitive layer
of the ready-to-use sensor were analyzed separately after
dissolution. CsPbBr; quantum dots with a hydrophobic shell were
dissolved in DMF, and then in 2% HNO;. The active layer of the
sensor was dissolved in HNO5. The results are shown in Table S2.
More than the expected amount of bromide was found in the
material. The CsPbBr, sample may be contaminated with Br-
during the synthesis. Therefore, to obtain the desired stoichiometry,
additional purification of the sample from excess bromide ion is
required. We have shown that additional purification by
recrystallization from a non-polar solvent makes it possible to
obtain a material of a certain composition. The composition of
CsPbBr, in the ZnO matrix of the sensor’s sensitive layer was
determined with a relative standard deviation of 0.05, 0.03 and
0.07 for Cs, Pb and Br, respectively. We can assume the existence
of a pure CsPbBr; phase since the Cs : Pb ratio has been proven to
be 1: 1. It has been found that accurate simultaneous quantification
of Cs, Pb and Br is possible using 2% HNO;.

The analysis of ZnO-CsPbl, samples' turned out to be more
complicated compared to their bromo analogs. According to the
known data, the iodide ion determination in an acidic medium is
impossible due to HI formation. Therefore, alkaline solutions of
NaOH and tetramethylammonium hydroxide (TMAH) were
used for determination.3®% The results of the simultaneous
determination of Cs, Pb and I in model solutions of 0.4% NaOH
and 2% TMAH by ICP-MS are presented in Table S3. We noticed
the loss of Pb in the NaOH solution, which is probably associated
with the precipitation of hydroxide, and the loss of I~ due to
possible disproportionation. It was impossible to account for the
lead loss in NaOH solution even when using an adequate
reference solution for calibration. An increase in NaOH
concentration to 2% for forming a soluble lead complex also did
not reduce the analyte loss. Nevertheless, in the TMAH solution,
we were able to determine all the elements accurately. The
probable reason for this is the formation of an ionic associate of
the TMAH cation with iodide.3” Besides, in this case, the
concentration of OH~ ions is sufficient for the formation of Pb!!
hydroxo complexes. The use of TMAH solution may reduce the
limit of quantification for analytes reaching C;,, values of 0.5,
0.1 and 5 ppb for Cs, Pb and I, respectively. The results of the
analysis of a ready-to-use sensor in the TMAH solution are
presented in Table S4. Stoichiometry of CsPbl;; has been
established in the sensitive layer of the sensor. We attribute the
excessive amount of iodide to contamination during synthesis.

The distribution of elements in the sensitive layer of the
ready-to-use sensor was analyzed using micro-XRF mapping
without sample preparation (Figure 1). For this, the sensor was
placed in dry boric acid to reduce the background effect. The
data obtained demonstrate that Zn, Cs, Pb, Brand | are distributed
over the sensor surface slightly unevenly (Figure 2). The excess

Figure 1 Photograph of aZnO/CsPbBr; sensor consisting of (1) a sensitive
layer and (2) contacts, which was placed in (3) boric acid for micro-XRF
measurements.
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Figure 2 Element distribution maps of sensitive layers in the ZnO/CsPbl,
sensor for (a) Zn, (b) Cs and (c) | and in the ZnO/CsPbBr; sensor for (d) Cs,
(e) Pband () Br.

amount of iodide was detected by the ICP-MS method and was
obviously caused by iodine impurities in the substrate used to
prepare the perovskite compound [Figure 2(c)]. The characteristic
Pt L,—Mj, lines in the spectra are induced by wire material
emission. Fe and Ni contaminants indicated by the emerging
emission of the Fe K-L; and Ni K-M; lines were probably
visualized due to the fluorescence of the sensor base material
[Figures 3(a),(b)]. The composition of the sensitive layer can be
determined using point spectra instead of mapping in the case of
a uniform distribution of the perovskite compound.

The results of element quantification by ICP-MS in sample
solutions after decomposition were used once as an external
standard for micro-XRF results. Then the obtained coefficients
were used for calculations. To solve this complex problem, we
proposed the following approach. We used only four samples
with different content of CsPbX; quantum dots (QDs) to calibrate
the results of micro-XRF because the ratio of elements in the
sample is almost constant, and their content changes
synchronously with an increase in the concentration of QDs. For
the elements of each sample, the correlation coefficients with the
ICP-MS results (atomic moles, n) are calculated from the areas
of the corresponding micro-XRF peaks after their normalization
to the Cs peak intensity. We assume that the samples have the
same thickness since the Cs peak intensity is approximately
proportional to its content in the sensor layer. The conversion
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Figure 3 XRF spectra of the sensor surfaces consisting of (a) ZnO/
CsPbBr; and (b) ZnO/CsPbl .
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Figure 4 Photoresponse (0/0gsy) 0Of (1)—(4) ZnO/CsPbBr; sensors with
different CsPbBr; content (c; > ¢, > ¢; > ¢,) and (5) non-sensitized ZnO
under blue light illumination (1,5 = 470 nm, 8 MW cm™2) in air.

coefficients k were found to converge within an error of 10% for
different contents of QD elements. We noted that applying the
fundamental parameter approach to calculating element ratios
leads to incorrect results for such samples. Substance amounts
(atomic moles, n) were calculated for the micro-XRF results as
(normalized peak area) x k. The proposed approach allowed for
rapid in situ chemical characterization of sensors using micro-
XRF to establish the ‘composition—properties’ relationship.

The proposed approach was used to determine the composition
of ZnO/CsPbBr; composites in situ using non-destructive micro-
XRF analysis and investigate the ‘composition—functional
properties’ relationship (Figure 4). It was found that the
photoconductivity of ready-to-use sensors under visible light
exposure depends on the CsPbBr; concentration in the ZnO/
CsPbBr; sensitive layer.

Thus, a novel approach to the in situ chemical characterization
of sensors based on metal halide perovskite compounds is
proposed. The approach involves a combination of micro-XRF
with mapping and ICP-MS in solutions after sample
decomposition. The mapping function visualized the distribution
of components over the sensor surface, and its partial uniformity
was established. The data obtained by ICP-MS was used to
quantify Zn, Cs, Pb, Br and | in the ZnO matrix, confirm
CsPbBr3/CsPbl; stoichiometry and calculate coefficients for
quantitative micro-XRF analysis in the absence of reference
samples. The method for quantitative calculation of X-ray
fluorescence analysis data is based on statistical correlation with
the ICP-MS results. It is pretty simple and does not require any
additional tools. It is noted that using the method of fundamental
parameters leads to incorrect quantitative results.

This work was supported by the Russian Foundation for Basic
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