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ABSTRACT: At present, there is a huge development in optoelectronic ~Evaporation of TIPS-Pentacene
applications using lead halide perovskites. Considering that device performance o Large band bending

is largely governed by the transport of charges across interfaces and, therefore, o

the interfacial electronic structure, fundamental investigations of perovskite - Si2p 7 g"’g?{:ﬁx
interfaces are highly necessary. In this study, we use high-resolution soft X-ray  /Perovskite single crystals % 5'4
photoelectron spectroscopy based on synchrotron radiation to explore the ) b5 \ﬁ'mgm
interfacial energetics for the molecular layer of TIPS-pentacene and lead halide XPrES on new interface £

perovskite single crystals. We perform ultrahigh vacuum studies on multiple raysi, 103 102 101 100 99

thicknesses of an in situ formed interface of TIPS-pentacene with four different - Binding Energy [eV]
in situ cleaved perovskite single crystals (MAPbl;, MAPbBr;, FAPbBr;, and

CsxFAl_beBryI3_y). Our findings reveal a substantial shift of the TIPS-

pentacene energy levels toward higher binding energies with increasing thickness, while the perovskite energy levels remain largely
unaffected regardless of their composition. These shifts can be interpreted as band bending in the TIPS-pentacene, and such effects
should be considered when assessing the energy alignment at perovskite/organic transport material interfaces. Furthermore, we were
able to follow a reorganization on the MAPbI; surface with the transformation of the surface C 1s into bulk C 1s.

B INTRODUCTION and publishing a combined experimental and theoretical core
level and valence band analysis of clean perovskite single-
crystal surfaces. Such a system could be used to determine the
fundamental properties of perovskite single-crystalline surfaces,
and reference spectra for future photoelectron spectroscopy
investigations were obtained.'” In the present work, we go one
step further and study the interface between clean perovskite

Lead halide perovskites with the general formula APbX;, where
A is usually an organic or inorganic monovalent cation and X is
a halogen or a mix of halogens, have been extensively studied
during the last decades due to their unprecedented multifunc-
tional properties. Thanks to their low cost, easy tuneability,

long carrier diffusion lengths, high absorption coefficients, and f d ic t ¢ material. We ch 1
large charge carrier mobilities, perovskite materials have been surfaces and an organic transport material, ¥ve chose a wef-

widely used in energy and environmental applications such as studle.d mqlecule that contains a specific element for Fhe
solar cells, LEDs, and photodetectors. ™ material (Si) and can be evaporated and measured in situ,
) ) M

Perovskite-based optoelectronic devices consist of a perov- P rov1<.11ng the sc1e¥1t1ﬁc c9mmun1ty WIth 2 model sys.tem to
skite active layer sandwiched between different selective contribute to the interfacial understanding of perovskite and

contacts. Considering that surfaces and interfaces play an trall)lsptort mat?gal; )i idel d . lecule f
important role in their stability™® and performance, the entacene Lt 1S @ widely used organic motecu'e for

Lo o . molecular devices such as organic thin-film transistors
scientific community is investing great efforts to study I e ; .
7—11 . (OTFTs), organic light emitting diodes (OLEDs), and organic
them. In this context, photoelectron spectroscopy (PES) . 18 . . -
. . . . thin-film sensors. ® Due to its structure, pentacene is sensitive
is a widely used technique to experimentally study the . . .
. . . . to moisture, UV light, and oxygen and therefore it should
electronic and chemical properties of surfaces and inter- referentially be deposited by evaporation techniques, which is
faces.'”~"* PES provides information with elemental sensitivity p Y p Y evap dues,

and allows us to follow chemical reactions such as degradation a disadvantage for the fabrication of large-area devices. These

or in situ formation of new species.'”'® Most of the reported

experimental work is carried out on polycrystalline thin films, Received: May 8, 2023 S
which do not provide clean perovskite surfaces for study, and Published: September 15, 2023 Inorganic
their surface properties can vary depending on the synthesis Chemistry

method including, for example, unknown contaminations and
solvent molecules. We recently addressed this problem by
measuring in situ cleaved single crystals under UHV conditions
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problems can be reduced by the addition of substituents onto
the aromatic core of pentacene. In 2001, Anthony et al.
reported two bis(triisopropylsilylethynyl)pentacene derivatives
and studied the effect of this functionalization.'® Since then,
6,13-bis(triisopropylsilylethynyl)pentacene, also known as
TIPS-pentacene, has become a widely used organic molecule
for organic thin-film transistors and in photodetection and
imaging applications.””~** In addition, TIPS-pentacene is one
of the most widely studied singlet fission (SF) materials due to
its high SF yield and mobilities.”* >’

In 20185, Kazim et al. fabricated an FTOITiO,IMAPDI,|TIPS-
pentacenelAu solar cell with 11.8% of efficiency (where MA is
methylammonium (CH;NH;")), suggesting that TIPS-penta-
cene could work as a hole transport material in perovskite solar
cells.” In 2019, Beard and co-workers coupled TIPS-
pentacene derivatives to CsPbBr; nanocrystals. They reported
that an efficient triplet generation occurred via SF in the TIPS-
pentacene molecules together with a singlet energy transfer
through a Dexter-type exchange mechanism at the TIPS-
pentacenelCsPbBr; interface.”” Following this line, Lee et al.*’
and Guo et al.’' studied the charge transfer dynamics in a
TIPS-pentacenel MAPDI; bilayer structure by several spectro-
scopic techniques. The different reports are contradictory in
several points, and there is no clear mechanism for this transfer
process. The mismatch of results could be due to different
factors such as the influence of the perovskite/substrate
interface, surface degradation or contamination, accurate level
assignments of HOMO and LUMO of TIPS-pentacene and
valence and conduction bands of perovskite, and fabrication
conditions of thin films. Therefore, these reports show that
detailed investigations of interfaces are needed to give a better
understanding of their energy alignment.

In this work, we study the evolution of the interfacial
energetics of in situ formed interfaces between TIPS-pentacene
and four different in situ cleaved perovskite single crystals
using synchrotron-based high-resolution soft X-ray photo-
electron spectroscopy. The studied perovskite compositions
are MAPbl;, MAPbBr;, FAPbBr;, and Cs,FA,_,PbBrl;_,
where MA is methylammonium (CH;NH;") and FA is
formamidinium (CH;N,"). We measure the energy levels of
both perovskite and TIPS-pentacene together in the same
experiment under the same conditions, being able to present a
detailed analysis of the interface evolution.

B EXPERIMENTAL METHODS

Synthesis of Materials. 6,13-Bis(triisopropylsilylethynyl)-
pentacene (C,,Hs,Si, TIPS-pentacene) was purchased from Ossila
and evaporated without any further treatment.

Single crystals of MAPbI;, MAPbBr;, FAPbBr;, and
Cs,FA,_,PbBr,];_, between 0.5 and 1 cm in diameter were obtained
by inverse temperature crystallization. MAI, FAI, MABr, FABr, and
CsBr were purchased at Sigma-Aldrich; Pbl, and PbBr; were
purchased at TCI. All starting materials were used without any
modification. AX:PbX (1:1) (A = MA/FA and X = Br/I) 1 M
solutions using y-butyrolactone (GBL) for MAPbI,; and dimethylfor-
mamide (DMF) for MAPbBr; and FAPbBr; as solvents were prepared
and stirred at room temperature until all precursors were dissolved. In
the case of Cs,FA,_,PbBr,I;_, 1:1 FAL:PbI, and 1:1 CsBr:PbBr, 1 M
solutions were prepared using DMF as the solvent, and once the
precursors were dissolved, both solutions were mixed in a ratio of
1:0.1 FAPDbI;:CsPbBr; and stirred at room temperature. All final
solutions were filtered through a 0.45 ym PTFE filter and transferred
to an open glass vial. The vials were heated to 100 °C for MAPbI; and
80 °C for the rest of the compositions. After approximately 1-2 h,
selected crystals were transferred to a new solution that was already at

the desired temperature depending on the composition. This process
was repeated as many times as it was needed until crystals with the
desired size were obtained. The best crystals were selected to be
characterized by PES. The remaining crystals from the same batch
were ground using a mortar and pestle and characterized by powder
X-ray diffraction analysis. As can be seen in Figure S2, all synthesized
materials are single-phase, without any impurity and in agreement
with the single-crystal XRD profile.

Single crystals were transported to the FlexPES beamline at the
MAX 1V facility, located in Lund, Sweden and to the CoESCA
endstation at the UE-52 PGM beamline at the BESSY II electron
storage ring, located in Berlin, Germany for measurements. EPO-TEK
H20E two-component epoxy was used to mount the crystals on
sample plates. The sample plates were heated to 100 °C under
ambient conditions for 1 h. Once the epoxy was cured, single crystals
were introduced in a vacuum chamber and cleaved under a pressure of
around 107° mbar. After being cleaved, samples were immediately
transferred to the main chamber. All measurements were done under
a pressure of around 107'° mbar. TIPS-pentacene layers were
evaporated sequentially on the clean single-crystal surfaces without
breaking vacuum using an alumina-coated tungsten coil high-
resistance homemade evaporator. Before the first evaporation, the
chamber was pumped down to 107 mbar and the source was
degassed to avoid exposure to contaminants.

Photoelectron Spectroscopy Measurements and Analysis.
PES measurements were carried out at the FlexPES beamline® at the
MAX 1V facility and at the CoESCA endstation at the BESSY II
electron storage ring.>’ At FlexPES, the X-rays were generated by a
linearly polarized undulator with a period length of 54.4 mm and
monochromated using a plane grating monochromator (modified
Zeiss $X700). The X-ray intensity was controlled by adjusting the exit
slit to 10 pm for all photon energies. To minimize beam damage, a
defocused beam was used. Photoelectrons were detected by a Scienta
DA30-L (W) analyzer in normal emission from the samples. The
energy pass was 100 eV for the core levels and 50 eV for valence band
characterization. The step size was 0.05 eV in the valence band region
and 0.1 eV in the core-level measurements. At the CoESCA
endstation, the single-bunch X-rays were generated using a UE-52
undulator by pulse picking by resonant excitation (PPRE)** and
monochromated using a plane grating monochromator. The exit slit
was set to 100 um for all photon energies, and normal incidence on
the sample was used. Photoelectrons were detected using a Scienta
ArTOF2-EW (S56° angular acceptance) spectrometer (angle-resolved
time-of-flight spectrometer), mounted at an angle of 54° relative to
the X-rays. With the use of the angle-resolved time-of-flight (ArTOF)
spectrometers,®® effects of beam damage and sample charging are
avoided. The high spectrometer transmission allowed measurements
with a low X-ray flux, high signal intensities, and short measurement
times. Perovskite compositions containing bromide showed some
beam damage at the FlexPES beamline, which could be minimized at
the CoESCA endstation. Despite this advantage, the CoESCA
endstation presents some drawbacks such as a less exact energy
calibration due to the use of an ArTOF spectrometer instead of
having a hemispherical analyzer (e.g., FlexPES beamline). The energy
scale of the ArTOF spectrometer was calibrated by setting the binding
energy difference of I 4d and I 3d to 569.9 eV, as was successfully
done in our previous work.'® The measurements were carried out at
535 eV. Additionally, a photon energy of 758 eV was used for
measuring the time of the O 1s. At the CoESCA endstation, the signal
intensities varied between different measurements, and therefore, the
intensities of measurements after different evaporations could not be
directly compared.

The photoelectron spectra of the core levels were fitted using a
pseudo-Voigt function™ with a linear or Herrera-Gomez et al.*
background as needed. An asymmetrical peak shape was used to fit
the C 1s and N 1s signals of FA-based perovskites.”” The binding
energies were energy-calibrated by measuring the Au 4f,,, core level
from a grounded clean Au foil and placing it at 84.0 eV. For a
comparison between data obtained at CoESCA and at FlexPES, an
internal calibration against Pb 4f was used (described in the text).
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Figure 1. Photoelectron spectra of the Pb 4f, C 1s, N 1s, I 4d, and Si 2p core levels recorded from a MAPDI; single crystal cleaved under a vacuum
(blue line) and after several TIPS-Pen evaporations (other lines). All core levels were measured using the FlexPES beamline at the MAX IV
synchrotron with a photon energy of 535 eV. Binding energies were energy-calibrated against Au 4f;,, at 84.0 eV.

Inelastic mean free paths (IMFPs) for emitted electrons were
estimated using the TPP-2M equation.’®* To calculate the IMFP
in TIPS-pentacene layers, a density of 1.10 g/cm? molar weight of
639 g/mol, number of valence electrons of 238, and an optical band
gap of 1.70 eV*”*" were used in the calculations.

X-ray Diffraction (XRD). XRD was measured under ambient
conditions using a Siemens DS000 X-ray diffractometer using Cu Ka
(1 = 1.5406 A) radiation generated at 40 kV and 30 mA. The scans
from 2 theta were collected between 10 and 45° using a step size of
0.01°.

B RESULT AND DISCUSSION

MAPbI;, MAPbBr;, FAPbBr;, and Cs,FA,_PbBr];_, single
crystals were in situ cleaved in vacuum at both beamlines, and
their surfaces were characterized by photoelectron spectrosco-
py (PES) using different photon energies (130, 535, and 758
eV). After their characterization, a TIPS-pentacenelperovskite
interface was in situ formed by the evaporation of different
amounts of TIPS-pentacene (C,,Hs,Si,, from here referred to
as TIPS-Pen). Once the desired amount of TIPS-Pen was
successfully evaporated, perovskite single crystals were
immediately transferred to the measurement chamber without
breaking the vacuum and N 1s, C 1s, Pb 4f, Si 2p, Cs 4d, Br 3d,
I 4d, and Pb 5d core levels and valence band were measured.
This methodology allows us to follow the chemical changes
and band alignment at interface with different TIPS-Pen
thicknesses.

Figure 1 shows a representative example of the MAPDI;
results obtained at the FlexPES beamline using a photon
energy of 535 eV. Additionally, the O 1s core level was
recorded on the pristine perovskite and after every evaporation
using a photon energy of 758 eV. As shown in Figure S3 in the
Supporting Information, no O 1s signal could be detected,
confirming the absence of oxygen contamination during all the
experiments. To keep track of possible degradation due to X-
ray damage in the MAPbI; sample, we also measured C 1s and
Pb 4f core levels in a different spot on the same single crystal
with less X-ray exposure. Both spots showed the same results
(Figure S4 in the Supporting Information).

As can be seen in Figure 1, intensities of all MAPDbI; core
levels decrease when the amount of evaporated TIPS-Pen
increases. The intensity of C 1s and N 1s perovskite core-level
signals fell below the detection limits of the measurement after
the second evaporation, while Pb 4f and I 4d core levels still
could be detected also at the largest thicknesses. The addition
of TIPS-Pen can be monitored by the appearance of the C 1s
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and Si 2p TIPS-Pen core levels after the first evaporation and
its subsequent increase in intensity. More detailed information
was obtained from curve fitting of all core levels (Figures S5
and S6, Supporting Information). Details of the fitting
procedures are given in the Experimental Methods section.
As an example, the Pb 4f core-level intensity decreases by 47%
after the first evaporation and by 97% after the third
evaporation, while the intensity of Si 2p increases by more
than 200% from the first to the last evaporation. By modeling
the system as a uniform two-layer system and by assuming that
the X-ray intensity is constant for all measurements at one
photon energy and that all core-level intensity changes
therefore stem from the TIPS-Pen deposition, equations,
describing how the relative core-level intensities depend on the
inelastic mean free path (IMFP), can be written (see the
Supporting Information for details). These equations can then
be used to estimate the film thickness of the TIPS-Pen layer in
calculations based on the intensity changes of the different core
levels.

Based on this model, the decrease in Pb 4f and I 4d
perovskite core-level intensities relative to the pristine
perovskite was used to estimate the following thicknesses
after each evaporation: 0.9, 2.0, 5.4, and 6.0 nm (using an
average of changes in Pb 4f and I 4d core-level intensities;
Table S1). In addition, two further calculations with the same
model were used to double-check these values (see the
Supporting Information for details). One assumes that the last
evaporation measured leads to the formation of a uniformly
thick layer of TIPS-Pen. This assumption is not totally correct
as a very small perovskite signal is still observed after the last
evaporation, but it is considered a good approximation as the
C Is signal increases by only a small amount between the last
two evaporations. The intensities of the TIPS-Pen core levels
in previous evaporations relative to the final one were then
used to estimate the TIPS-Pen thickness (Table S1). Similar
values were obtained for the thickness of the first two layers
compared with the values calculated from the I 4d and Pb 4f
intensities. Finally, the thickness of the first evaporated layer
was also estimated from a calculation using the relative
intensities of the TIPS-Pen C 1s and perovskite C 1s core
levels (Table S1). All three calculations give similar results for
the thickness of the first evaporated layer. While the
assumption that evaporation leads to a uniform layer-by-layer
growth of TIPS-Pen is unlikely to be completely correct, the
agreement between the different calculations suggests that the

https://doi.org/10.1021/acs.inorgchem.3c01482
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Figure 2. C s core-level spectra of pristine MAPbI; single crystals (left) and after the first TIPS-Pen evaporation (right). Both spectra were
measured at 535 eV and calibrated against Au 4f. Both spectra were fitted with three contributions. Two contributions related to MAPbI;:MA"
carbon toward the bulk (green) and MA* carbon at the surface (blue) and one contribution related to adventitious carbon on the pristine
perovskite (pink) and TIPS-Pen carbon after the first evaporation (yellow).

model used and the thickness estimations are reasonable.
Furthermore, the almost complete disappearance of the N 1s
core-level signal after two evaporations indicates that no
significant fraction of the perovskite surface remains uncovered
after two evaporations.

As can be seen in Figure 1 and Figure S5, Supporting
Information, the Pb 4f and I 4d core levels show one spin—
orbit doublet with a full width at half-maximum (FWHM)
below 0.8 eV for both core levels. No signal of Pb° was
detected, which would appear at 137.0 eV binding energy.*”
The N 1s core level can also be fitted with a single peak but is
wider than Pb and I core levels (FWHM = 1 eV). All relative
positions for the perovskite core levels match with what is
described in our recent paper.'” After TIPS-Pen evaporation,
the binding energy positions of the perovskite core levels
remain similar and shift less than 0.1 eV.

The C 1s core level is more complex. In agreement with our
recent results, the MAPbI; C 1s core level has two different
contributions from the methylammonium cation (Figure 2,
left), one at lower binding energies, related to the bulk, and the
second one at higher binding energies, which is related to the
surface carbon from the perovskite. The relation between those
contributions is Cg¢/ Cpp= 0.72, which in agreement with our
previous results su§gests that the surface is mostly but not fully
MAI-terminated.'” A minor contribution of adventitious
carbon around 285.0 eV can also be detected, which is
minor and is expected to have limited effects on the results
here presented. In this work, we not only detect both MAPbI;
C 1s contributions, but we are also able to follow their
evolution while the TIPS-Penlperovskite interface is forming.
After the first TIPS-Pen evaporation (Figure 2, right), a new C
Is contribution from TIPS-Pen appears at a binding energy of
284.9 eV. Despite that, both C 1s contributions for the
perovskite can still be resolved and deconvoluted, obtaining a
Court/ Coux = 0.40. The change in the ratio indicates a
reorganization of the MAPDI; surface, where the preferential
orientation of the MA surface carbon is changing and
becoming more like bulk carbon with the addition of TIPS-
Pen. After the second evaporation, no perovskite C 1s
contribution could be detected and these effects could not
be analyzed further. To follow possible chemical changes on
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the perovskite after the evaporations, the I 4d/Pb 4f ratio after
each evaporation can also be analyzed. As the decrease in the I
4d and Pb 4f core level suggested very similar thicknesses of
the TIPS-Pen layer, this suggests that the iodide to Pb ratio at
the perovskite surface does not change upon evaporation and
we can conclude that no chemical reactions occur upon TIPS-
Pen deposition.

Focusing our attention on the TIPS-Pen core levels (C 1s
and Si 2p) presented in Figure 1, we can see that their
intensities increase and their peak positions are shifted to
higher binding energies after each evaporation. A difference of
more than 0.5 eV in the C 1s and Si 2p TIPS-Pen core-level
positions was obtained by comparing the binding energies after
the first and the third evaporation, suggesting a substantial shift
in the energy alignment and may be interpreted as large band
bending in the TIPS-Pen. Fits after the first and third
evaporation are shown in Figure S6, Supporting Information.
As reported by Griffith et al,”’ the TIPS-Pen shows a similar
shift to higher binding energies on a Au substrate. This was
discussed as a charging effect at a large thickness of more than
20 nm. In our study, we exclude charging effects related to the
photoemission process at thicknesses below 6 nm because we
observed a consistent shift to higher binding energies of TIPS-
Pen core levels with increasing thickness at all measured
photon energies as well as at two different beamlines (FlexPES
and CoESCA) with different setups and X-ray fluxes (see the
Experimental Methods section). We therefore assign the
observed shifts mostly to change in the energy-level alignment
upon the deposition as a consequence of a redistribution of
charges, described as band bending. However, we exclude the
thickest evaporated layer from the valence band analysis as the
large shift observed between a thickness of 5.4 and 6.0 nm
might contain charging effects.

To investigate the frontier electronic structure more directly
at the interface, the valence band region was characterized by
using a photon energy of 130 eV. Figure 3a shows the valence
band region of MAPbI, pristine perovskite (blue line) and after
each TIPS-Pen evaporation (red, yellow, and purple lines). It
can be seen how the Pb Sd core level related to the MAPDI,
perovskite (19.9 eV binding energy) decreases in intensity after
the different evaporations maintaining the same position
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Figure 3. Valence band region of MAPbI; (blue line) and after
different TIPS-Pen evaporations (red, yellow, and purple lines)
measured at 130 eV at the FlexPES beamline. (A) Full-range valence
band data (zoom on the HOMO region). (B, C) Valence band
spectra with perovskite contribution subtracted after the first and
second evaporation (zoom on the HOMO region) and MAPbI,
spectrum after the third evaporation (5.4 nm), same as in panel (A).
(A, B) Valence band region energy-calibrated to the Fermi level.
Intensities shown are as measured. (C) Spectra are normalized to a
maximum intensity of 1 and are aligned in binding energy to overlap.

within 0.09 eV. By normalizing and calibrating the pristine
perovskite spectrum to the Pb 5d intensity and position of the
spectra after evaporation, we can remove the perovskite
contribution from the valence band spectra by subtracting the
spectrum of the pristine perovskite. Figure 3b shows the same
region but after the subtraction of the perovskite contribution
(blue line) to each TIPS-Pen evaporation, with the energy
calibration versus the Fermi level. The highest occupied
molecular orbital (HOMO) and the core levels of TIPS-Pen
show similar shifts after each evaporation, confirming a
substantial band bending in the TIPS-Pen. After the first
evaporation, the HOMO of TIPS-Pen can be observed above
the MAPDI, valence band edge (Figure 3b). After the third
evaporation (5.4 nm), the HOMO of TIPS-Pen is shifted to
higher binding energies close to the valence band edge of the
perovskite.

To facilitate a comparison of the TIPS-Pen contribution to
the valence band, the spectra in Figure 3¢ show only the TIPS-
Pen contribution to the valence band region normalized to the
first evaporation and shifted in energy to overlap. As can be
seen, all TIPS-Pen contributions to the valence band after each
evaporation are generally rather similar regardless of the
thickness of the layer, confirming the success of evaporating
TIPS-Pen. However, small changes are observed in the
structure of the HOMO levels (1—2.5 V) indicating specific
interactions between the molecule and the single-crystal
substrate. This is further supported by a broadening of the C
1s and Si 2p peaks of the TIPS-Pen at low thickness compared
to the thicker layers, showing values of 0.78 eV (Si 2p) and
1.07 eV (C 1s) for the first evaporation (0.9 nm), 0.77 eV (Si
2p) and 1.03 eV (C 1s) for the second evaporation (2 nm),
and 0.68 eV (Si 2p) and 1.00 eV (C 1s) for the third and last
evaporations (5.4 and 6 nm. respectively).

To follow the band alignment evolution with different
thicknesses of TIPS-Pen, an energy diagram at the TIPS-Penl
MAPDI; interface was constructed using the data from Figure 1
and is presented in Figure 4. The MAPbI; valence edge of the

1 Energy diagram MAPbI , | TIPS-Pen

S'-05¢ cB
o MAPI LUMO TIPS-Pen_,
> O — = — — - — — —_——
g Fermi level
c 05
5}
2 1 S
° N S HOMO TIPS-Pen_,
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2
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TIPS-Pen thickness [nm]

Figure 4. Energy-level diagram including the MAPbI; valence band
and conduction band (black lines) and summarizing the TIPS-Pen
HOMO and LUMO band bending obtained by Si 2p shifts. The
dashed line represents the Fermi level. Blue lines present the data
obtained by fitting the TIPS-Pen HOMO edge.

pristine single crystal (blue line; Figure 3) was fitted using a
logarithmic fit (Figure S7, Supporting Information), obtaining
a value of 1.35 eV versus the Fermi level for the MAPDI,
valence band (VB) edge position (bottom black line; Figure
4), a value that is in agreement with the literature.”* The
binding energy of the TIPS-Pen HOMO edge was determined
using the data from the third evaporation (purple line; Figure
3). A value of 1.89 eV for the TIPS-Pen HOMO position was
obtained by a linear fit of the HOMO edge (Figure S8), which
is a method commonly used to determine the HOMO position
of TIPS-Pen.**>*¢

The MAPbI; conduction band (CB) edge and TIPS-Pen
lowest unoccupied molecular orbital (LUMO) binding
energies were calculated by using the materials’ reported
optical band gaps (1.55 eV for MAPbI;*" and 1.70 eV for
TIPS-Pen*”*"). Our estimation of the HOMO—LUMO gap in
the TIPS-pentacene is based on the optical gap value. This
band gap is lower than the electronic band gap by the excitonic
binding energy (tyg)ically around 0.3—0.5 eV) exhibited by
organic molecules.””*” The MAPbI, conduction band (CB) is
placed 0.34 eV above the Fermi level, showing the n-type
behavior of MAPbI,. The TIPS-Pen LUMO (third evapo-
ration) is placed 0.04 eV above the Fermi level. The increased
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electronic band gap would shift the LUMO level of TIPS-Pen
to lower binding energies further away from the Fermi level
compared with how it is represented in Figure 4.

A combination of the core level and the valence band
measurements described above was used to estimate the band
alignment at the interface after each evaporation. If one
assumes that the deposition of the molecular layer does not
give rise to any specific material changes, then the shifts
between the VB and core levels are expected to be constant.
Therefore, as further described by Kraut et al,>® the binding
energy of the VBM/HOMO can be estimated from their
binding energy difference with the core levels. C 1s and Si 2p
core-level positions after each evaporation were obtained
through fitting, and their individual shift was calculated using
the third evaporation as a starting point. Under the assumption
that the distance HOMO TIPS-Pen core level is constant after
each evaporation and will not be affected by any doping or by
the position of the Fermi level, the TIPS-Pen HOMO position
of each evaporation was calculated using the difference
obtained by the core level fitting. Both the TIPS-Pen C 1s
and Si 2p core levels gave the same results within 0.03 eV.
Figure 4 shows a scheme with the data obtained from the Si 2p
TIPS-Pen core-level shift, and a comparison with C 1s shifts
can be seen in Figure S9.

Our results show how the HOMO level of a thin layer of
TIPS-Pen has a lower binding energy compared to the binding
energy of the HOMO level of a thicker layer (Figure 4).
Therefore, the photogenerated holes may be trapped in the
interfacial regions where TIPS-Pen molecules are in contact
with MAPDbI;. These results suggest that TIPS-Pen is not a
good hole transport material in a PV device when used
together with a MAPbI; single crystal. In the case of very thin
layers of TIPS-Pen, the holes could potentially be extracted
from the perovskite.

The opposite behavior can be found if we focus on the
TIPS-Pen conduction band. At smaller thicknesses, TIPS-Pen
will act as an electron blocker, but with larger thicknesses, the
LUMO of TIPS-Pen places below the conduction band of
MAPDI; enabling the possibility of electron transfer from the
perovskite to the TIPS-Pen.

Our results demonstrate how the energy levels of TIPS-Pen
vary when comparing the layer directly adsorbed on the
perovskite with different thicknesses of multilayers. Since we
did not observe any chemical changes, the variations in the
observed binding energies are a direct result of the
redistribution of charges at the interface. This can be explained
by the TIPS-Pen film giving electrons to the MAPbI;
perovskite. An undoped organic layer is expected to have a
low carrier density, and charge transfer can therefore lead to a
large change in the energy levels. On the other hand, we do not
observe a significant shift in the perovskite core levels upon
interface formation. This suggests that the perovskite is able to
compensate for the charge redistribution across the interface,
either due to larger charge density or due to ion movement.
Due to the dependence of the TIPS-Pen shift on the film
thickness, we refer to this phenomenon as energy-level bending
in the molecular layer, as discussed in papers such as refs 51
and 52. Alternatively, in the research area of inorganic solid-
state physics, it is often referred to as band bending, which, in
many inorganic cases, extends for much longer distances. The
characterization of TIPS-Pen energy-level alignment and
bending is crucial when understanding transfer processes
including those described by Lee et al.”’ and Guo et al.’’

where they propose an electron transfer from TIPS-Pen to
MAPDI; perovskite following singlet fission processes.

We further compared the impact of the perovskite
composition on the redistribution of charges at the perovskite
TIPS-Pen interface. These experiments were performed at the
CoESCA endstation, UE-52 PGM beamline at the BESSY II
synchrotron. With the use of a high transmission spectrometer,
a low X-ray flux could be used to minimize the effects of beam
damage and sample charging (see the Experimental Methods
section for details).

The core-level spectra of MAPbI;, MAPbBr;, FAPbBr;, and
Cs,FA,_,PbBr];_, single crystals obtained at the CoESCA
beamline using 535 eV photon energy are presented in Figure
S10 in the Supporting Information. Additionally, the O 1s core
level was recorded on the pristine perovskite, and after every
evaporation using 758 eV photon energy, no O 1s signal could
be detected, confirming the absence of oxygen contamination
during all the experiments. It is worth noting that MAPbBr;
showed the formation of some Pb® due to X-ray exposure with
shifts in the perovskite core levels of around 0.2 eV.

The absolute signal intensity was not constant between
different measurements at the CoESCA endstation, and we
were therefore not able to estimate the thickness after each
deposition. Furthermore, a different ratio between the C 1s
and Pb 4f intensities for the pristine perovskites was obtained
at CoESCA and at FlexPES (because of different measurement
geometries and spectrometers, see the Experimental Methods
section). We therefore used the TIPS-Pen C 1s to perovskite
Pb 4f intensity ratio as a proxy for the thickness to compare the
results obtained at different beamlines: The C 1s TIPS-Pen
area was calculated after each evaporation and divided by the
Pb 4f area from the same measurement. Considering that the
ratio of C/Pb in a pristine perovskite single crystal is the same
at both synchrotrons and should be equal to 1, the C 1s TIPS-
Pen/Pb 4f perovskite ratio is normalized by the C 1s/Pb 4f
pristine perovskite intensity ratio, obtaining a C 1s TIPS-Pen/
C Is perovskite ratio. The ratios for all measured single crystals
are presented in Table S4 and will be referred to as the TIPS-
Pen/perovskite ratio.

Figure 5 and Figure S11 present the shifts of TIPS-Pen Si 2p
and C 1s core levels, respectively, as a function of the TIPS-
Pen/perovskite ratio. Binding energy positions are internally
calibrated by placing the Pb 4f;,, core level at 138.54 eV.
TIPS-Pen core levels show a shift to higher binding energies

—(O— MAPbI FlexPES @ MAPbl, @ FAPbBr,
©®— Cs,FA, PbBrl @ — MAPbBr,

3, 138:(21 . Si2p 5356V
©100.6
100.8
101
101.2
101.4
10° 10" 02 10°
TIPS-Pen / Perovskite ratio

Binding energy

Figure S. Binding energy shifts of the Si 2p TIPS-Pen core level after
several evaporations on different in situ cleaved perovskite single
crystals. All positions are internally calibrated against the Pb 4f core
level. The dashed line represents data obtained from FlexPES
beamline, and continuous lines represent data obtained at the
CoESCA endstation.

https://doi.org/10.1021/acs.inorgchem.3c01482
Inorg. Chem. 2023, 62, 15412—15420


https://pubs.acs.org/doi/suppl/10.1021/acs.inorgchem.3c01482/suppl_file/ic3c01482_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acs.inorgchem.3c01482/suppl_file/ic3c01482_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acs.inorgchem.3c01482/suppl_file/ic3c01482_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acs.inorgchem.3c01482/suppl_file/ic3c01482_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acs.inorgchem.3c01482/suppl_file/ic3c01482_si_001.pdf
https://pubs.acs.org/doi/10.1021/acs.inorgchem.3c01482?fig=fig5&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.inorgchem.3c01482?fig=fig5&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.inorgchem.3c01482?fig=fig5&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.inorgchem.3c01482?fig=fig5&ref=pdf
pubs.acs.org/IC?ref=pdf
https://doi.org/10.1021/acs.inorgchem.3c01482?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

Inorganic Chemistry

pubs.acs.org/IC

for thicker TIPS-Pen layers regardless of the perovskite
composition, indicating a downward band bending in the
TIPS-Penlperovskite interface. Our shifts show similar
behavior to those reported by Griffith et al. with TIPS-Pen
on the gold substrate.” This suggests that upon interface
formation, TIPS-Pen transfers electrons to gold in a similar
way for the different perovskite compositions studied.

Moreover, Gao and co-workers used X-ray and ultraviolet
photoelectron spectroscopy to study the energy-level align-
ment at the pentacenelMAPbI; interface using thin films.” In
agreement with their results, we found no clear energy-level
shifts, as would be expected from substantial redistribution of
charges on the perovskite side. On the other hand, they report
a 0.2 eV band bending to lower binding energies together with
a 0.1 eV interfacial dipole shift related to the evaporated
pentacene, which is in the opposite direction of the shift found
by Griffith et al. on a pentacenelgold interface.”” In our case,
we report a substantially larger redistribution of charges
leading to an energy-level bending of the TIPS-Pen levels
toward higher binding energies, which exceeds 0.55 eV. These
results suggest that the interface between any of the studied
perovskites and TIPS-Pen does not give rise to a perovskite/
hole conductor interface with an electronic structure that
favors efficient charge separation. To expand this outcome to
other families of materials, more experiments with several
thicknesses of TIPS-Pen deposited on different surfaces can be
performed.

B CONCLUSIONS

We were successfully able to synthesize and in situ cleave
MAPbI;, MAPbBr;, FAPbBr;, and Cs,FA,_,PbBr];_, perov-
skite single crystals. Clean surfaces were characterized by using
high-resolution soft X-ray photoelectron spectroscopy. We
were able to evaporate several thicknesses of TIPS-Pen in situ
and successfully follow the interface formation and evolution
with four different perovskite compositions. The reproduci-
bility of experiments was tested by repeating the measurements
on two different beamlines.

We follow the redistribution of charges in TIPS-Penl
perovskite interfaces, which is detected by a large shift (over
0.55 V) on TIPS-Pen energy levels. These shifts indicate that
there is an electron transfer from the TIPS-Pen toward the
perovskite leading to a downward band bending in the TIPS-
Pen at the interface for all measured perovskite compositions.
On the other hand, no shift on any perovskite core level was
detected for any composition. This indicates that TIPS-Pen
does not create significant band bending or new chemical
bonds on the perovskite substrate. However, we were able to
detect the reorganization on the MAPDI; surface with the
transformation of the surface C 1s into bulk C 1s.

Our results show that energy-level realignment in organic
transport layers can be significant and has to be considered
when designing interfaces for electronic devices with perov-
skite materials. Our study presents a method to analyze this
realignment in situ through the use of cleaved perovskite single
crystals and an evaporated transport material. This method
should be used further in the future to compare interfacial
charge redistribution between perovskite surfaces and promis-
ing transport materials for gaining an improved fundamental
understanding of the interaction between perovskites and
transport materials. While the specific results show why TIPS-
Pen is not a good hole conductor in perovskite solar cells, any
further studies of the interfacial charge dynamics of the

perovskite/TIPS-Pen system should be motivated by means
that affect the energy matching and bending, e.g,, by controlled
surface modification of the perovskite or by the addition of
dipole molecules shifting the relative matching between the
perovskite and TIPS-Pen.
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