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Top-Down Approach to Study Chemical and Electronic
Properties of Perovskite Solar Cells: Sputtered Depth
Profiling Versus Tapered Cross-Sectional Photoelectron

Spectroscopies

Chittaranjan Das,* Waqas Zia, Claudiu Mortan, Navid Hussain, Michael Saliba,*

Jan Ingo Flege, and Matgorzata Kot*

A study of the chemical and electronic properties of various layers across
perovskite solar cell (PSC) stacks is challenging. Depth-profiling photoemission
spectroscopy can be used to study the surface, interface, and bulk properties of
different layers in PSCs, which influence the overall performance of these devices.
Herein, sputter depth profiling (SDP) and tapered cross-sectional (TCS)
photoelectron spectroscopies (PESs) are used to study highly efficient mixed
halide PSCs. It is found that the most used SDP-PES technique degrades the
organic and deforms the inorganic materials during sputtering of the PSCs while
the TCS-PES method is less destructive and can determine the chemical and
electronic properties of all layers precisely. The SDP-PES dissociates the chemical
bonding in the spiro-MeOTAD and perovskite layer and reduces the TiO,, which
causes the chemical analysis to be unreliable. The TCS-PES revealed a band
bending only at the spiro-MeOTAD/perovskite interface of about 0.7 eV. Both the
TCS and SDP-PES show that the perovskite layer is inhomogeneous and has a
higher amount of bromine at the perovskite/TiO, interface.

1. Introduction

between interface design and the performance of solar cells.

short investigation time. The outstanding
outcome of PSCs encourages the commu-
nity to upscale and commercialize this
technology. Rapid developments in
PSCs came from the possibilities to tune
the absorber layer’s optoelectronic prop-
erties by changing the chemistry and
the selective contact layers in these devi-
ces. For high performance, tandem solar
cell technology and long-term stability, an
experimental study on the correlation of
layers and interface chemistry is neces-
sary. However, long-term stability related
to bulk and interface chemistry is still an
issue for this technology, which is often
overlooked.

Various methods have been used to
improve the PSCs’ efficiency and stability.
The chemistry of interfaces has been often
modified to improve their performance and
stability.'™ For example, the authors have

already tried to understand the correlation
2]

Organic—inorganic hybrid perovskite solar cells (PSCs)
achieved a remarkable performance of 25.5% efficiency in very

They found that the interface chemistry and band alignment
depend on the interface design.!”! The electronic and chemical
properties of the film in the bulk and at interfaces in the
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PSCs are often studied directly using various microscopic and
spectroscopic methods.>®! In particular, time of flight secondary
ion mass spectroscopy (ToF-SIMS), transmission electron
microscopy (TEM)”™'% and field emission secondary electron
microscopy (FESEM)™! are used. The distribution of organic
and inorganic cations has been determined over the whole thick-
ness of the mixed cation-based PSCs using ToF-SIMS. Ducati
et al. carried out TEM measurements on PSCs to determine
the films’ quality concerning chemical homogeneity, morphol-
ogy, and efficiency.’?** Both, TEM and ToF-SIMS methods,
effectively study bulk and interfaces’ chemistry but without giv-
ing any information about the electronic properties of the PSCs
stack. The microscopic techniques such like Kelvin probe force
microscopy (KPFM) and scanning tunneling microscopy (STM)
are useful for addressing the device’s charge dynamics at inter-
faces.®1577) However, KPFM and STM are not sensitive to the
chemistry of the layers.

A method of choice that can determine the chemistry of the
layers with their electronic properties at interfaces is PES.['®!
PES studies have been mostly done on the single crystal surfa-
ces or at the interface using the sequential deposition of over-
layer film.>¢192% There are also few studies where a special
type of PES, namely, hard X-ray photoelectron spectroscopy
(HAXPES), and sputter depth profiling PES (SDP-PES), were
used to study bulk of the PSCs. HAXPES uses synchrotron radi-
ation, i.e., a tunable X-ray source, where the photon energy can
be adapted to selectively increase or decrease the surface sen-
sitivity of the measurements. In HAXPES studies, Philippe
et al. have found in state-of-the-art Rb-doped triple cation
(Cs, formamidinium [FA], methylamonium [MA]) that perov-
skites have higher Cs concentration is deep in the film while
the surface is rich in formamidinium iodide (FAI).*!) The
TiO,/perovskite interface studied by HAXPES revealed that
the conduction band minima (CBM) and valence band maxima
(VBM) of the TiO, film are located 0.4 and 2.1eV below the
perovskite CBM and VBM, respectively.*?! Despite these find-
ings at the surface and in the perovskite bulk HAXPES is lim-
ited to a thickness of around 50 nm at maximum only, which is
still far from the thickness of PSCs devices. Another disadvan-
tage of the HAXPES method is that currently these measure-
ments can essentially only be carried out at synchrotrons,
resulting in very limited availability.

Next, to study chemical and electronic properties from top to
the bottom contact of the PSCs SDP-PES has been used.*
Noél et al. have shown that the chemical distribution of
perovskites can be studied with SDP-PES; however, the sputter-
ing process degrades the material itself, inducing the formation
of metallic lead,”>** causing ambiguities in the analysis. In
another work, Eom et al., have studied the interfaces of PSCs.!*”!
The modification of the electron transporting layer due to sput-
tering, especially of the TiO,, made the analysis unreliable.
To overcome the substrate degradation caused by sputtering,
recently the mechanical process of etching has been tried by var-
ious groups to study the chemistry of the entire PSCs.[*”"!

In this work, we used two different top-down processing
approaches to analyze the chemical and electronic properties
of the PSC stack. Low Ar™ sputtering energy SDP-PES is com-
pared with the mechanically prepared tapered cross-sectional
PES (TCS-PES). It is found that the low energy SDP-PES method
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alters the chemistry of the perovskite and TiO, layers and their
electronic properties. The TCS-PES method does not change the
chemistry of the films and thus the band alignment can be inves-
tigated properly, but carbon, nitrogen, and oxygen, as contami-
nations adsorbed on each layer surface, are present across all
films in the PES spectra and for the chemical analysis these spec-
tra need to be fitted carefully and exclude the effect of contami-
nation. The TCS-PES partially destroys the device and retains the
chemical and electronic properties of the PSC stack while the
SDP-PES is able to define the point of layer transition in
the PSC stack and the elemental concentration in each layer.
Therefore, we recommend the use of both methods to fully
understand the chemical and electronic properties of the inves-
tigated PSCs.

2. Results and Discussion

2.1. Spectral Analysis

A classical n-i—p-type structure of the PSC was used in this study.
Going from the PSC bottom to the top one can distinguish:
n-type TiO, (200nm), perovskite (450nm), spiro-MeOTAD
(150 nm), and Ag (100nm) used as electron-transport layer
(ETL), absorber, hole-transporting layer (HTL), and metal
contact, respectively. Each of this top-down approach to measure
various layers of PSC takes 5-6 h. Such a prolonged X-ray expose
may cause a change in chemical properties of the perovskite layer
itself. However, in our previous studies, we found that the perov-
skite is stable under X-ray exposer under the vacuum unless any
external factor such as heat, moisture, or visible light is provided
to the system,[1923:3034

The same PSC composition was once investigated using SDP-
PES (Figure la) and once using TCS-PES (Figure 1b). In
Figure 1, on all abscissae, the binding energy of the selected
chemical element’s core level is shown. On the abscissae in
the SPD-PES results, the etching time (Figure 1la), and in the
TCS-PES the depth (Figure 1b) are shown. The color scale going
from black to white marks the intensity of the respective element,
while black stands for the zero/or minimum and white for the
maximum intensity.

In the SDP-PES study (Figure 1a), a PSC stack was sputtered
with Ar" ions having an energy of 500 eV, and subsequently the
SDP-PES spectra were collected. Each sputter step lasted for 200
s. The red lines through the contour plots mark the main peak
binding energy of each core level. As can be seen, after the metal-
lic contact has been sputtered, the peaks shift initially toward
higher and then toward lower binding energy. In general, the
binding energy shift may originate from different sources such
like X-ray illumination (charging) and/or the electronic proper-
ties of the layers. We will discuss this in detail hereafter.

The binding energy of the Ag3ds, is located at 368.2 eV con-
firming that the Ag contact is metallic.**! The binding energy
position of the Ag3ds,, can be considered as the reference level
for further analysis of other spectra. The intensity of the Ag3ds,
decreases after about 20 min of sputtering and almost vanishes
after around 40 min being slightly detected until about 55 min.
The binding energy of the Cl1s is located at 285.4 eV and can be
attributed to the organic carbon.*®! After the first sputtering step,
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Figure 1. Contour plot representation of the Ag3ds,, Cls, N1s, Pb4f;, 13ds,,, Br3ds,,, Cs3ds,, Ti2ps,2, and Ols core-level spectra investigated using
a) SDP-PES (left) and b) TCS-PES (right) methods and plotted along the depth of the PSC stack. The vertical axes show the electron binding energy of the
individual spectra; a) the horizontal axes either denote the etching time or b) the measured points on the tapered cross section. The color scale shows the
core-level intensity going from minimum or zero (black) to the maximum (white). The red lines in all contour plots highlight the peak positions of

respective core level determined from the fitting of individual spectra.
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the Cls intensity starts to increase and decreases after 60 min.
The N1s has a steady intensity till 60 min of sputtering and after
that it decreases until 100 min reaching again steady intensity
until the end of sputtering. The N1s has a binding energy located
at 400.0eV at the surface and it continues till sputtering of
60 min which resembles the nitrogen contribution from the
spiro-MeOTAD (see Figure S1, Supporting Information).[37]
After 100 min of sputtering, another intense peak appears at
the binding energy of 397.0eV. This peak at 397.0eV could
be related to a new species or sputtering related damage, which
will be discussed hereafter. The Pb4f;,, and I3ds,, spectra have
already very low intensities on the Ag side that start to increase
after etching for 20 min. The Pb4f;, has two clearly visible peaks
located at 138.9 and 137.7 eV that correspond to the Pb** and Pb°
states.***?) The 13ds, spectra have a binding energy at around
619.5eV corresponding to the iodine in perovskite (see
Figure S1, Supporting Information).***!! The intensity of the
Cs3ds), and Br3ds,, core levels starts to increase after 50 min
of sputtering and decreases after 100 min. The binding energy
of the Cs3ds,, and Br3ds); (723.9 and 68.6 eV) is attributed to
the binding energy of the investigated perovskite film shown
in Figure S1, Supporting Information.*”) The Ti2ps, and Ols
intensities start increasing at around 90 min of sputtering and
get highest intensity after 100 min of sputtering. The Ti2ps,
spectrum is very broad, making it difficult to assign any binding
energy position and rendering peak deconvolution necessary.
Such a broad Ti2p peak presumably indicates changes in the oxi-
dation state of titanium by sputtering as this effect was also
observed in other Ar*-sputtered TiO, films in the literature.?**"!
The most intense O1s peak exhibits a binding energy of 530.3 eV
after 100min of sputtering that corresponds to the Ti—O
bond,*>™** but it gets also broader with the sputtering time.
In addition to that, a peak having lower intensity but higher bind-
ing energy (532.6 eV) is visible at the early stage of sputtering and
can be attributed to the adsorbed —OH groups on the surface.

The interfaces between the different layers of the PSC’s stack
can be identified analyzing the spectral intensity of all core levels
in the collected SDP-PES data. Namely, a decrease in the peak
intensity related to an overlayer is accompanied by an increase
in the peak intensity related to the layer underneath and their
interface. In our SDP-PES studies, the first interface reached
is between Ag and the spiro-MeOTAD layers. The Ag3ds,, peak
intensity decreases and the Cls and N1s intensities increase after
about 20 min of sputtering. The Cls and N1s spectra do not
change their intensity until about 50 min of sputtering, as
expected by the presence of the spiro-MeOTAD layer. The paral-
lel increase in intensities of Pb4f; , and 13ds, after about 50 min
marks the interface to the perovskite layer underneath. The
strong intensity of the Br3ds,, and Cs3ds, peaks starts a bit later
(after 60 min) and can be related to the lower sensitivity of the
PES to these core levels or different concentration of those ele-
ments at the interfaces. Interestingly, a high 13ds, intensity is
also observed at the Ag layer as well as lower intensity across
it and spiro-MeOTAD film. Indeed, iodine is known to migrate
into the PSC stacks.*>™*"1 The perovskite/TiO, interface seems to
be rather broad. The signal related to the perovskite core levels
seems to sharply decrease after 90-100 min, but the strong Ti2p
or Ols arises 10-15 min later. This shows that after 90 min of
sputtering the mesoporous perovskite-TiO, interface is reached
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and on further sputtering (after 110-115 min) a compact TiO,
layer is found. The SDP-PES shows that the interface of Ag/spiro,
spiro/perovskite, and perovskite/TiO, is reached after 20, 50, and
90 min of sputtering, respectively. However, unlike conventional
approach of interface measurement by X-ray photoelectron
Spectroscopy (XPS) here the exact interface determination is
not possible due to the preferential etching of various layers.
The SDP-PES shows that the interface of Ag/spiro, spiro/perov-
skite, and perovskite/TiO, is reached after 20, 50, and 90 min of
sputtering, respectively. However, unlike conventional approach
of interface measurement by XPS here the exact interface deter-
mination is not possible due to the preferential etching of various
layers. The SDP-PES shows that the interface of Ag/spiro, spiro/
perovskite, and perovskite/TiO, is reached after 20, 50, and
90 min of sputtering, respectively. However, unlike conventional
approach of interface measurement by XPS here the exact inter-
face determination is not possible due to the preferential etching
of various layers.

In Figure 1b, the core-level spectra of the Ag3ds,,, Cls, N1s,
I3d5/2, Pb4f7/2, Bl’3d5/2, CS3d5/2, Ti2p3/2, and Ols collected on
the tapered cross-section of a complete solar cell stack are shown.
The TCS-PES measurement was carried out along the solar cell
stack going from the Ag top to the TiO, bottom contact. The
Ag3ds); peak measured with TCS-PES is also located at the bind-
ing energy of 368.2 eV that corresponds to the metallic Ag.*>*! As
expected, the Ag intensity is higher on the surface (point 1) and
starts to decrease after measurement point 3. Ag3ds,, peak van-
ishes completely around measurement point 5. The C1s peak is
already visible in the surface-sensitive measurement, which is
typical for a sample that was briefly exposed to air and stored
in a glovebox before the PES measurement. The Cls spectral
intensity starts to rise after the measurement point 3, where
the Ag3ds, starts to decrease. The C1s spectrum has three main
peaks located at 284.0, 286.0, and 288.6 eV. These binding ener-
gies may correspond to spiro-MeOTAD, perovskite, and/or to an
adsorbed carbon on the sample.*”*¢*¢] The Nis, I3ds,, and
Pb4f;, have main peak binding energies located at around
399.1, 619.5, and 138.4eV(also see FigureS2, Supporting
Information, for a pristine perovskite film). Similar binding ener-
gies on the TCS-PES have been observed in previous
reports.””?%) The N1s intensity starts to increase just after the
first measurement point and maintains a constant intensity par-
allel to the intensity profile of Cl1s until point 25, which can be
related to the adsorption of C and N on the TCS-PSC surface and/
or from the perovskite layer. 13ds,, and Pb4f;,,, which are ele-
ments of the investigated perovskite film, start to increase at
point 5, which continues until point 17. Within the point interval
from O to 5, the Pb4f; ; has a negligible intensity where the 13ds,
has certain intensity which might have come from the iodide
migration to the metal contact.*”) The parallel change in the
intensity of I and Pb elements shows that the point 5 is the start-
ing point of the perovskite layer on the tapered cross section.
Unlike the SDP-PES, the PbP state is absent on the TCS-PES sug-
gesting that the sputtering causes the reduction to metallic lead.
The Br3ds,, peak located at the binding energy of 68.5 eV from
measurement point 5 until point 20 shows the presence of Br
from the solar cell. Looking at the data shown in Figure 1D, it
is observed that the Br intensity rises abruptly just after the
Ag intensity. The Cs3ds,, has a binding energy of 724.7 eV

© 2021 The Authors. Solar RRL published by Wiley-VCH GmbH
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and a very low signal-to-noise ratio. This may come from the low
concentration (0.05) of Cs in the investigated perovskite. Even if
the concentration is low, the TCS-PES is able to detect the pres-
ence of Cs in the perovskite film. The intensity increase in Cs3ds,
, starts around point 5 and continues until point 17. The O1s and
Ti2p core level spectral intensities start to increase at point 15 and
continue to increase until point 25. The Ti2p;,, core level is very
sharp and is located at 459.8 eV corresponding to the binding
energy of TiO,.°>*!" The O1s has two peaks located at 530.0
and 532.6eV. The higher binding energy (532.6eV) peak is
found all over the TCS profile, whereas the lower binding energy
peak appears at around point 15 along with the Ti2p.
Interestingly, the higher binding energy O1s peak has binding
energy at around 532.2 eV at Ag interface, which can come from
the spiro-MeOTAD layer!*®! whereas the higher binding energy
O1ls at the TiO, end can be attributed to the —OH groups
absorbed on the surface.’? In the TCS-PES (Figure 1b), the con-
tour plot shows that the Ag/spiro-MeOTAD interface is located at
around measurement point 3, the spiro-MeOTAD /perovskite at
around point 5 and the perovskite/TiO, at around the measure-
ment point 15.

2.2. Elemental Distribution across the PSCs

The distribution of all elements across the PSC stack can be
determined from the analysis of both the SPD- and TCS-PES
data. The elemental analysis identifies different interfaces and
shows how the chemistry of individual layers changes across
the PSC stack. In Figure 2, the atomic concentration of various
elements present in the investigated PSC stack is determined
from the SDP- (Figure 2a) and TCS-PES (Figure 2b) data shown
in Figure 1.

The elemental distribution of the chemical elements deter-
mined from the SDP-PES results (Figure 2a) shows that the
metal contact surface, in addition to silver is also rich in carbon
(22 at%) and iodine (10 at%). Also here, it is worth to mention
that the XPS method is very surface sensitive and can inform

www.solar-rrl.com

about 6-10 nm of depth from surface. However, what is absorbed
on the surface will strongly contribute to the spectra without any
sputtering. In a case of sputtering, the surface layer is removed
and the layer underneath is measured. The elemental concentra-
tion of various layers in the SDP-PES is shown in Figure 2a. The
XPS method is also able to determine the PSC cross-sectional
elemental composition when a taper cut from Au to TiO, layer
is made. However, the cross-contamination during the sample
preparation causes certain uncertainties in the quantification
of the relative C and N concentrations in the PSC stack A list
detailing the concentration of each element in certain depths
is shown in Table 1. Generally, the presence of carbon on any
substrate surface is not surprising as one can always find carbon
in the PES spectra, when samples are taken from ambient envi-
ronment to vacuum.*®! But, the presence of iodine suggests that
the iodine ions have migrated through the spiro-MeOTAD film
toward the surface. After 20 min of sputtering the Ag concentra-
tion sharply decreases, whereas the carbon concentration
increases to 60% showing the interface of Ag/spiro-MeOTAD.
Nitrogen, one of the main components in the spiro-MeOTAD,
should have a similar concentration like carbon. However, after
20 min of sputtering nitrogen exhibits a very low concentration,
and also the nitrogen concentration remains very low until the
end of the sputtering step through the perovskite. After
40 min of etching, carbon decreases sharply while the concentra-
tions of the other elements from the perovskite (Pb, I, Br, and Cs)
increase and then, after 63 min of etching, start to decrease
again. The titanium and oxygen contributions start to increase
after 73 min of etching showing the presence of perovskite in
the mesoporous TiO,. In addition, the carbon concentration
gradually decreases across the perovskite film (40-90 min).
Around 63 min, the I, Pb, Br, Cs, and N concentrations amount
to 35.5, 30.3, 13.1, 4.4, and 0.4 at%, respectively. The ideal rela-
tive concentrations of I, Pb, Br, Cs, and N in the mixed perovskite
[CS0.05(FAo.83MAo 17)0.05Pb(Io.s3BT0.17)3] are 33.2, 13.3, 6.8, 0.7,
and 23.0 at%, respectively. The XPS measurement on the surface
of the perovskite film shows a relative ratio of 7.2, 21.3, 4.5, 21.1,

[—s—Ag3d —e—C1s —&—N1s —+—01s ——Pb4f —é—I3d —>—Br3d —e—Cs3d ——Ti2p |
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Figure 2. The elemental concentration across the PSC from Ag to TiO; layer determined from the a) SDP-PES and b) the TCS-PES data shown in Figure 1.
A schematic structure of a solar cell presented on the top of each figure shows the equivalent positions of elements in the complete solar cell.
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Table 1. The atomic concentration of PSC over from Ag to TiO, contacts obtained by SDP-PES and TCS-PES.

Atomic percentage (%) of elements

Elements Ideal at% in perovskite Etching time (min) in SDP-PES Measured points on TCS-PES
0-30 30-55 55-100 100-160 0-4 4-15 15-20 20-25

Ag 40-9 9-0 62-5 5-0
Pb 133 0-3 8-27 27-14 14-5 0-5 5-14 14-3 3-4
I 332 17-15 15-27 27-16 16-7 10-1 1M-21 21-4 4-3
Br 6.8 0-4 4-11 11-9 9-3 0-5 5-12 12-2 0
N 23.0 0-3 3-1 1-2 2-1 5-11 1-8 8 8

23.0 24-53 53-17 17-3 3-2 14-43 43-31 31-35 35
Cs 0.7 0 4 1.2 0-0.8 0.8 - 0.9
Ti 0-34 34-52 - - 2.8-10 10-3
(0] 2 2 2-17 17-27 0-10 10-8 10-17 17-3

37.1, 0.5, and 8.3 for Pb, I, Br, N, C, Cs, and O. The elemental
concentration differs from the ideal values due to the fact that the
samples are exposed to air and can absorb oxygen and carbon
form the atmosphere. The SDP-PES shows that the PDb, Br,
and Cs concentrations are higher than the expected values,
whereas I, C, and N are far below the ideal concentration. The
unexpected concentration of chemical elements in the perovskite
film indicates that the sputtering process might have caused dam-
age to the chemistry of the layers. Toward the front of TiO, contact,
the atomic concentration of Ti and O shows a wrong ratio of about
2:1 between them. The elemental concentration in the SDP-PES of
PSC shows that the organic components and iodine are removed
from the solar cell quickly during sputtering.

The atomic concentration across the PSC stack (shown in
Figure 2b) from TCS-PES shows the presence of carbon and
iodine on the silver surface amounting to 15% and 12% as well
as across the Ag and the spiro-MeOTAD layers. The carbon con-
centration increases just after the first measuring point and stays
almost unchanged throughout the measurement. Moreover,
nitrogen exhibits the same trend as carbon. Deviating from
the nominal solar cell stack composition, this unexpected consis-
tency in carbon and nitrogen concentrations across the whole
PSC stack originates from the cross-contamination during the
TCS preparation. After measurement point 5, the relative con-
centrations of the perovskite elements (Pb, I, Br, and Cs)
increased to 14.0, 21.0, 12.0, and 0.8 at%, respectively, and
remained unchanged until point 15. The Pb, I, and Cs concen-
trations are closer to the ideal concentration of the perovskite
studied here, whereas Br has higher contents. In our previous
studies also, it was found that the mixed halide perovskite has
a higher Br concentration in the perovskite.””**'The stoichio-
metric presence of perovskite elements at point 5 and onward,
shows this point can be interpreted as the transition point from
Ag to perovskite through the spiro-MeOTAD. The Ti and O
atomic concentrations start to increase after point 15 until point
20. At point 20, the Pb, I, and Br concentrations vanish, thereby
marking the starting point of the compact TiO,. Therefore, point
15 remarks the start of the perovskite/mesoporous TiO, interface
with substantial intermixing; from point 20 onward the compact
TiO; layer of the PSC stack has been reached. Concluding this
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section, the atomic concentrations of the various elements on
TCS could easily be quantified including the identification of
the respective interfaces. Also, the process does not modify or
even destroy the perovskite or any other layer of the PSC stack.
Here, we would like to mention that the XPS method being
surface sensitive is able to determine the PSC cross-sectional ele-
mental composition when taper cut from Au to TiO, layer.
However, the cross-contamination during the sample prepara-
tion causes certain uncertainties in the quantification of the
relative C and N concentrations in the PSC stack.

2.3. Elemental Composition of the Perovskite and TiO, Layers

The atomic ratio of different elements in the device can help us to
understand the material chemistry in the layer. In the previous
section in Figure 2, we discuss about the elemental concentration
determined from the SDP- and TCS-PES measurements. Here,
we want to focus on the chemical properties of the perovskite and
TiO, layers in the device.

In the TiO,, the Ti:O ratio in the SDP-PES results is found to
be around 2, which is far away from the ideal ratio of 1:2 (shown
in Figure 3a). In the perovskite precursor, the Br:I ratio is 0.2:1
(so 0.2). In an ideal case, this ratio shall be maintained in the
perovskite film. However, the Br:I ratio (Figure 3b) in the
SDP-PES method shows a gradual increase from 0.27 to 0.5
toward perovskite/TiO, interface. This means that the back con-
tact (spiro-MeOTAD/perovskite interface) has a higher concen-
tration of iodine, whereas the front contact (perovskite/TiO,
interface) has a higher bromine concentration. In our previous
studies, we have observed similar trends in the mixed perovskite-
based solar cells.””?%) In the SDP-PES results, the atomic ratio of
lead to halide (Figure 3c) is found to be about 6-2 from top (Ag)
to bottom (TiO,) contact. From Figure 3c, it is evident that the
halide concentration is lower than the expected value for the
investigated perovskite film. This lower concentration of
iodine could come from the sputtering-induced degradation
of the perovskite film in the PSC stack.

In the TCS-PES method, the lead to halide ratio (Figure 3f) is
found to be about 1:3.2 to 1:2.9, which is close to the ideal ratio of
1:3. The Pb:(I + Br) does not change much from point 5 till point
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Figure 3. The atomic ratio of a,d) Ti:O, b,e) I:Br, and ¢,f) Pb to halide [Pb:(l + Br)], in the a—c) SDP and d-f) TCS-PES.

17 showing the exact place of the perovskite layer on the TCS. In
Figure 3e, the Br:I ratio on the TCS is found to increase gradually
from back (0.3) to front (0.6) contact. A similar finding was
reported in our previous work using TCS-PES?”?% to investigate
mixed perovskite film, which showcases the reproducibility of
this technique in different laboratories and of the samples pre-
pared by different groups. At the front contact, the Ti:O ratio
(Figure 3d) on the TCS is found to be around 0.6, which is close
to the ideal value of 0.5 for stoichiometric TiO,.

When comparing the respective atomic ratios of the individual
elements extracted from the SDP- and TCS-PES results, the
perovskite film has a lower concentration of halide as derived
from SDP-PES. This lower concentration may have evolved from
the sputtering-related degradation causing the perovskite to form
lead halide.®* The Ti:O ratio in the SDP-PES shows that the
sputtering artificially increases the Ti concentration in the
TiO, layer, whereas in the TCS-PES, it is unchanged.

Irrespective of the used investigation method, the bromine
concentration is found to be higher at the perovskite/TiO, inter-
face, whereas the iodine concentration is higher at the spiro-
MeOTAD /perovskite interface.

2.4. Chemical Properties of the Perovskite and TiO, Layers

4950 are the factors

The electronic properties at the interfaces

responsible for the performance of the photovoltaic devices.”*?
These factors are intimately related to the changes in the chem-
istry of the layers at the interfaces, which can be determined with
PES.P>>T In Figure 4a,c, Cls and Pb4f;), core-level spectra are
presented that were collected at the Ag surface, the spiro-

MeOTAD /perovskite interface, and in the middle of the

Sol. RRL 2021, 2100298 2100298 (7 of 13)

perovskite layer using SDP-PES. The Cls peak shape on the
Ag surface (Figure 4a, top) has an intense peak at around
285.0eV corresponding to C—C bond and two other peaks at
286.8 and 288.7eV corresponding to the absorbed carbon,
C=0 and —O—C=0 species, respectively.”® The Cls spectra
at the spiro-MeOTAD /perovskite and in the middle of the perov-
skite film surface look very similar to the one collected on the Ag
surface. Moreover, the detected features do not match with that
of spiro-MeOTAD and/or perovskite. In addition, the carbon
intensity decreases in the perovskite film, contrary to the
expectation, as the perovskite should have a significant carbon
contribution in the film bulk.

Next, the Cls core level investigated with TCS-PES is fitted
with six peaks labeled as A-F in Figure 4b. The C1s spectra have
resemblance with the pure spiro Cls spectra shown Figure S1,
Supporting Information. The peaks are originated from the car-
bon atom bonded to hydrogen, carbon, oxygen, and nitrogen in
the spiro-MeOTAD molecule (see Figure S1, Supporting
Information). The fitted peaks in Cls originated from C—H
(A), spiro C—C (B), C—N (C), aromatic C—O (D), C—O (E),*”)
and C—F (F). Here the Cls spectra related to spiro moved to
lower binding energy due to the doping of spiro-MeOTAD with
LiTFSI.

However, one should not find any spiro-MeOTAD on the thick
Ag layer. The mechanical surface preparation might be respon-
sible for that. Moving further along the tapered cross-section the
main peak shifts to higher binding energy 284.5 eV, which is
caused by the interface band bending from the spiro-
MeOTAD to the perovskite layer.””**) Moving along the TCS
at the perovskite layer, the Cls has three peaks 285.0, 286.8,
and 288.7 eV, which correspond to the Cls spectra of the inves-
tigated perovskite.””) Comparing the Cls from SDP and
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Figure 4. Evolution of the a,b) C1s and c,d) Pb4f;, core-level spectra at the surface (top), spiro-MeOTAD/perovskite interface (middle), and in the middle
of the perovskite film (bottom) investigated using a,c) SDP- and b,d) TCS-PES methods.

TCS-PES one can conclude that the organic part of the solar cell
degrades under the influence of sputtering. The Cls spectra
investigated using SDP-PES have much broader peaks than
using TCS-PES indicating again a destructive influence of the
sputtering on the investigated layers.

In Figure 4c,d, the Pb4f spectra from SDP- and TCS-PES taken
on the surface, interface, and perovskite layer are compared. It
can be seen that in both cases, a small intensity of lead is detected
on the Ag surface. At the interface of spiro-MeOTAD/perovskite,
the intensity of Pb4f; , starts to increase in both cases. In case of
SDP-PES, a peak at lower binding energy (137.4 eV) appears that
corresponds to metallic lead, whereas in case of TCS-PES, this
peak is not visible. In the SDP-PES, the intensity of the metallic
Pb4f;,, peak (137.4eV) increases with sputtering, which clearly
illustrates the degradation of the perovskite.”® That metallic lead

is missing in TCS-PES at the perovskite layer indicates yet again
that sputtering is a destructive method and may lead to a wrong
interpretation of the data.

The a,c) Ti2p and b,d) Ols spectra collected using a,b) SDP-
PES and c,d) TCS-PES methods at the perovskite/TiO, interface
(top) and in the middle of the TiO, film (bottom) are shown in
Figure 5. In Figure 5a, in both investigated places, the Ti2p core
level shows very broad spectrum. The Ti2p spectrum has to be
deconvoluted using four doublets that can be assigned to Ti*",
Ti*", Ti**, and Ti%" states.®®°! The peaks located from 452.0 to
461.0 eV come from the Ti2ps,, spin orbit and the peaks of the
second spin orbit of Ti2p;,, are located from 461.0 to 467.0 eV
(shown in Figure 5a). The appearance of multiple chemically
shifted components in the Ti2p core level clearly shows that
the TiO, underneath the perovskite is reduced to titanium
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Figure 5. Ti2p and OTs from the perovskite/TiO, interface (Interface/TiO,), and from TiO, layer (Mid-TiO;) from a,b) SDP-PES and c,d) TCS-PES.
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suboxides. The reduction of TiO, under the influence of Ar"
sputtering is a well-known phenomenon that is also observed
here even a very low sputter energy of Ar™ ions was used.”*”
Moreover, the reduced species of Ti** to Ti’" in the TiO, film
change the electronic properties and shift the Fermi level toward
lower binding energy.

The Ti2p spectra from TCS-PES at both the interface of perov-
skite/TiO, and TiO, layer have a single, strong Ti2ps,, peak at
458.9 eV corresponding to TiO,.1**! The Ti2p intensity increases
from the perovskite/TiO, interface toward the TiO, layer showing
the ability of TCS-PES to reach the front contact. Moreover, the
Ti2p binding energy does not change from the interface to TiO,
layer showing that there is no band bending at the perovskite/
TiO, interface, in agreement with the literature.?®***! The
O1s spectra as measured by SDP-PES show a single peak at
around 530.4 eV at the perovskite/TiO, interface whereas two
peaks are observed at around 530.4 and 532.5eV for the TiO,
layer corresponding to the metal oxide and metal hydroxide,
respectively.*” In the O1s spectra taken with TCS-PES, two peaks
located at 530.0 and 532.7 eV are visible and are attributed to the
Ti—O bond in TiO, and to the —OH/—CO bonds.[***! Here
again, the adsorbed —OH or —CO groups are known to be present
on the investigated sample surface using this method.””!

2.5. Electronic Properties

The PSC stack has combination of metal and semiconducting
material layers. In the present case, the Ag is the metallic contact
on the top and FTO at the bottom side where as the spiro-
MeOTAD, perovskite absorber, and the TiO, are p-type, intrinsic,
and n-type semiconducting layers, respectively. Difference in
Fermi levels and chemical nature in all these layer cause changes
in the chemical and electronic properties at the interface of each
layer. Therefore, in the following section, we will discuss the elec-
tronic properties determined from the SDP- and TCS-PES
measurements.

Figure 6 shows the contour plot of the Ag3ds,,, Cls, Pb4f;,,
Ti2p, and Ols core-level spectra with binding energy position
marked in red of the main peaks investigated with a) SDP-
PES and b) TCS-PES. In addition, yellow dashed lines mark
the deviation in the binding energy position across the PSC stack.
The Au/spiro interface makes an interface between the metal
and p-type semiconductor. Depending on a type of contact
(ohmic or Mott—Schottky) there can be a band bending at this
interface. To explore the electronic properties of the Ag/spiro
interface, we study the change in Ag3d and C1s binding energy
shift from the surface toward the bulk of the solar cell.

In SDP, the binding energy of the Ag3ds,, peak does not
change with the sputtering time showing that it has no effect
on the Ag film. Therefore, the Ag3ds,, binding energy can be
used for the evaluation of the band bending at the Ag/spiro-
MeOTAD interface. The binding energy of Ag3ds, from the sur-
face toward the bulk does not change. However, the sputtering
changes the chemistry of the carbon (C1s) from spiro-MeOTAD
(see Figure 4).

In the following, the Cls and Pb4f core levels are used to
understand if the band alignment at the spiro-MeOTAD /perov-
skite interface can be analyzed in the case of SDP measurements.

Sol. RRL 2021, 2100298 2100298 (9 of 13)
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In the SDP-PES contour plot in Figure 6a, it can be seen that the
C1s binding energy does not change till 40 min of sputtering; also
the Cls core-level spectra, from the very first step of sputtering,
loses the spectral features related to spiro-MeOTAD and the perov-
skite (see Figure 4a). In a case of SDP-PES, it is not possible to dis-
tinguish between the carbon spectra from spiro-MeOTAD and
perovskite. Moreover, with prolonged sputtering, the metallic Pb
states start to appear from the degradation of the perovskite at
the spiro-MeOTAD /perovskite interface rendering the determina-
tion of the electronic properties of this interface ambiguous.
Moving deeper from the spiro-MeOTAD/perovskite interface, the
Cls peak first shifts to a higher binding energy and after 60 min
of sputtering to a lower binding energy. A similar shift in binding
energy is found in Pb4f, 13d, and Cs3d (Figure 2a and 6a) for SDP-
PES. The shift here can be related to the chemistry of the intermixed
spiro and perovskite layers. However, the spectral shape and feature
show that the organic spiro and perovskite are destroyed by the Ar"™
during sputtering. Therefore, toward the TiO, layer the C1s shift to
a higher binding energy may originate from the degradation of the
perovskite, including the formation of lead halides.*" The shift
toward lower binding energy after etching for 60 min is caused
by the substrate effect. At this sputtering point the perovskite film
gets thinner and the TiO, underneath gets reduced. The reduction
of TiO, forms TiO, which in turn changes the Fermi level of the
layer and hence the position of the Ti2p position too. It shifts to
lower binding energy (see Figure 5a). The spiro-MeOTAD/perov-
skite and perovskite/TiO, interface cannot be determined from
the SDP-PES method because, as we already described earlier, sput-
tering changes the chemistry and electronic properties of the
organic and oxidic films.

In the TCS-PES results, it can be seen, that at point 4 in
Figure 6b, where the spiro-MeOTAD is supposed to start, the
C1s binding energy changes from 283.8 eV to higher binding
energy (284.5eV) toward the perovskite film. This means that
the spiro-MeOTAD has a downward band bending of 0.7 eV
toward perovskite (binding energy of C1s in spiro-MeOTAD bulk
is 284.5¢eV, and at the spiro-MeOTAD /perovskite interface is
283.8eV). However, the presence of carbon contaminations
may raise ambiguity in demeaning the band bending at spiro-
MeOTAD /perovskite interfaces. The Cls has a binding energy
around 285.0eV that comes from carbon contamination.
Considering possibility of similar amount of carbon contamina-
tions on the tapered cross-section, the Cls peak at 285.0eV
should be visible throughout the complete tapered cross-section
starting from Ag to TiO, layer. Surprisingly, the C1s on Ag and at
spiro-MeOTAD layer has no strong intensity at 285.0eV (see
Figure 4) which shows that the external carbon contamination
is minimal and that the C1s signal from respective layers is dom-
inating. Therefore, we believe that the C1s spectra can be used as
a signature for a band bending alignment across investigated
device (starting from Ag/spiro-MeOTAD interface to perov-
skite/TiO, interface). This shows that there is a band bending
at spiro-MeOTAD /perovskite interface.

Also when moving from perovskite toward spiro layer the
Pb4f;,, peak shift toward lower binding energy by 0.7 eV con-
firming the downward band bending. Therefore, both the Cls
and Pb4f show a downward band bending of 0.7eV at the
spiro-MeOTAD/perovskite interface. In the perovskite layer,
the positions of both the C1s and Pb4f; , peaks (138.5 eV) remain
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across the PSC stack.

constant until the perovskite/TiO, interface is reached (point 15).
A similar band bending has been reported by both TCS-PES and
the classical sequential deposition interface experiments.[%7?
At the front contact a sharp Ti2ps,, peak can be seen at 459.3 eV,
and it does not change from the perovskite toward the TiO, layer
(Figure 6b) confirming that there is no band bending at the
perovskite/TiO, interface. Therefore, the TCS-PES shows that
there is a downward band bending at the spiro-MeOTAD/perov-
skite interface and that the perovskite/TiO, interface is flat.

3. Conclusions
In summary, we have investigated the same PSC stack using two

different top-down PES approaches. Namely, the SDP-PES and

Sol. RRL 2021, 2100298 2100298 (10 of 13)

TCS-PES were used to study the chemistry and electronic prop-
erties of the films and interfaces. Each of them has its advan-
tages, but also disadvantages. The SDP-PES has an advantage
over TCS-PES in terms of accuracy in layer-by-layer analysis.
However, our research has shown that when using sputtering,
even as gentle as 500 eV, to test the organic and oxidic materials
that make up the PSC, we introduce artifacts. Namely, sputtering
destroys the spiro-MeOTAD and perovskite layers, and changes
the oxidation state of TiO,. When using TCS-PES, we are limited
by the dimension of the X-ray beam and spatial resolution. Also
the TCS-PES probes the unaltered interior of a single layer giving
better-quality results. No destructive ions are used for TCS-PES
research; however, the method of preparation causes cross-
contamination, and carbon, nitrogen, and oxygen appear in
the PES spectra across the whole PSC stack. As in the PES
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spectra, each chemical compound has its own binding energy, it
is relatively easy to separate peaks that belong to the components
of the PSC stack from those related to the contamination of the
tested surface. The interfaces between the Ag/spiro-MeOTAD,
spiro-MeOTAD /perovskite, and perovskite/TiO, layers can be
identified with both methods.

Yet, the chemical and electronic properties of the interfaces
can be investigated properly only using TCS-PES. The
TCS-PES method shows that the band bending occurs only at
the spiro-MeOTAD /perovskite interface, which exhibits a down-
ward bending of about 0.7 eV toward the perovskite. Not shown
in this study, but in our previous one,**! the TCS-PES is also able
to investigate the chemical and electronic properties of the PCSs
in operando.

Both methods have consistently revealed that the iodine
migrates across the spiro-MeOTAD and accumulates in the
Ag electrode. Also, it is found that the Br concentration is higher
in the perovskite at the interface with mesoporous TiO, layer
than with spiro-MeOTAD layer. Nevertheless, sputtering causes
the creation of new chemical components in the investigated
films. Also, the stoichiometry of the chemical elements in the
individual layers is far away from the expected values in the
SDP-PES results caused by the sputtered induced degradation.
The atomic concentration of the chemical elements in the
individual films agrees well with the expected values when the
TCS-PES is used.

The TCS-PES can identify chemistry of the layers and
interfaces and their electronic properties while the SDP-PES
can identify the layer transition easily. For both chemical and
electronic properties study of PSCs stack a combination of
TCS-PES and SDP-PES will be more beneficial than the single
method alone.

4. Experimental Section

Device Preparation: FTO substrates were first cleaned with 2%
Hellmanex solution in water using a tooth brush and then sonicated in
the same Hellmanex solution for 30 min. Then after substrates are rinsed
with de-ionized water and were further sonicated in ethanol and isopro-
panol for 10 and 15 min, respectively. At the end of the cleaning process,
each substrate was shortly rinsed in acetone and dried using a nitrogen
gun. The substrates were further treated with UV—ozone for 15 min.

(a) (b)
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cTio2* m-Ti02
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A 30 nm compact TiO, layer was deposited via spray pyrolysis using a
precursor composed of 0.4 mL of acetylacetone and 0.6 mL of titanium
diisopropoxide bis(acetylacetonate) stock solution (75 wt% in isopropa-
nol) diluted in 9 mL of ethanol (Total 10 mL precursor solution for 30 sub-
strates). The precursor solution was sprayed once the substrates reached a
temperature of 450 °C and after spraying, the substrates were kept at this
temperature for 45 min. Next to that, around 150-200 nm-thick mesopo-
rous TiO, layer was spin coated at a speed of 4000 rpm for 20 s with a
ramp of 2000 rpms ™", using a suspension of 30 nm TiO, particles paste
in ethanol. After deposition, the substrates were dried at 120 °C followed
by sintering at 450 °C for 30 min. The mesoporous TiO, layer was then
doped with Li by spin coating 0.1 M solution of Li-TFSI in acetonitrile
at 3000 rpm for 10s and once again, the substrates were sintered at
450°C for 30 min. The substrates were then quickly transferred to the
glovebox once they were cooled down to 150 °C.

The perovskite precursor solution was prepared by mixing FAI (1 m),
Pbl, (1.1m), MABr (0.2m), and PbBr, (0.2m) in anhydrous
Dimethylformamide (DMF):Dimethyl sulfoxide (DMSO) 4:1 v:v. Csl solu-
tion of concentration 1.5 M was added in DMSO to this mixed perovskite
precursor solution to obtain the desired triple cation composition. The
composition used for these experiments was Csgos(FAo.83MAo.17)0.95
Pb(lo.s3Bro.17)3. Sixty microliters of this perovskite solution was deposited
on each substrate using a single-step program at 3000 rpm for 30s.
Hundred microliters of anisol was poured on the spinning substrate dur-
ing the last 10 s. The substrates were then annealed at 100 °C for 45 min in
a nitrogen-filled glovebox.

After the annealing step, the substrates were cooled down for few
minutes and a spiro-OMeTAD solution (70 mm in anisol) was spin coated
at 4000 rpm for 20 's. Spiro-MeOTAD was doped with bis(trifluoromethyl-
sulfonyl)imide lithium salt (Li-TFSI) and 4-tert-butylpyridine (TBP). The
molar ratios of additives for spiro-OMeTAD were 0.5 and 3.3 for
Li-TFSI and TBP, respectively. After this, the substrates were kept over
the night in a dry air atmosphere. Next day, 100 nm-thick silver electrodes
were thermally evaporated under high vacuum to complete the device.

PES Characterization: The top-down PES investigation was done using
the conventional SDP-PES and newly developed TCS-PES. For PES meas-
urements, Thermo Fisher Scientific K-alpha system was used. The samples
were excited with Al K-alpha X-ray (1486.6 eV) source. The data collection
and the analysis were done using Avantage software from Thermo
Fisher Scientific. For determination of binding energy of peak, the core
level from SDP-PES and TCS-PES were fitted using Avantage and
casaXPS software. During measurements, the Ag metal contact was
grounded to the spectrometer leaving the TiO; of the solar cell stack float-
ing. As the Ag is ground to the spectrometer the Ag3d can also be used as
a reference for spectra analysis. For determination of atomic percentage,
we used the Al Scofield factor which is of normal practice in XPS
quantifications.

In Figure 7a, a sample after SDP-PES is shown. The SDP-PES was
etched using low-energy (500eV kinetic energy) Ar'-ion sputtering
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Perovskite
m-TiO,/c-TiO,
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WD 7.4mm  14:39:48
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Figure 7. PSC stack view after PES investigation. a) The conventional Ar* ion SPD-PES and b) the TCS-PES method. A cross-sectional SEM image of PSC

is shown in (c).
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system. In each step, 200 s of etching was done, and then the spectra were
collected. In the case of SDP-PES the X-ray illumination spot was
400 x 400 pm?.

A schematic diagram of TCS prepared on PSC is shown in Figure 7b.
The TCS-PES was measured on a tapered cross-section prepared by a
slight modification of the reported earlier method of preparation.?”?%l
We used a drilling machine to drill through the top of the sample using
a conical cotton-polishing head on the drilling head. The diameter of the
conical polishing head is 2.0 mm and a low rotation speed is used for dril-
ling to avoid heating. A photographic presentation is shown Figure S3,
Supporting Information. The soft drilling was done perpendicular to
the surface of PSC, as shown in Figure S3, Supporting Information.
The soft drilling process etched the PSC stack from Ag to TiO, layer
mechanically. Then the sample was purged with argon gas to remove
the dust on it. After the TCS preparation, the sample was taken to the
spectrometer and PES measurement was carried out. Here, the X-ray illu-
mination area was 50 x 50 ym? to make the higher spatial resolution. The
width of the TCS measured was ~23.0 mm. A measured step of 100 pm is
used to avoid any overlapping measurement point along the line.
Photographic image of both the TCS- and SDP-prepared trenches and
the AFM at Ag/perovskite interface, on perovskite and TiO, are shown
in Figure S4, Supporting Information.
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