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ABSTRACT: The molecular orientation of organic semiconductors on a solid surface could be an indispensable factor to
determine the electrical performance of organic-based devices. Despite its fundamental prominence, a clear description of the
emergent two-dimensional layered material—organic interface is not fully understood yet. In this study, we reveal the molecular
alignment and electronic structure of thermally deposited N,N’-dibutyl-3,4,9,10-perylene-dicarboximide (PTCDI-C4) molecules
on natural molybdenum disulfide (MoS,) using near-edge X-ray absorption fine structure spectroscopy (NEXAFS). The average
tilt angle determination reveals that the anisotropy in the 7* symmetry transition of the carbon K-edge (284—288 eV range) is
present at the sub-monolayer regime. Supported by ultraviolet photoelectron spectroscopy (UPS), X-ray photoelectron
spectroscopy (XPS), and resonant photoemission spectroscopy (RPES) measurements, we find that our spectroscopic
measurements indicate a weak charge transfer established at the PTCDI-C4/MoS, interface. Sterical hindrance due to the C4
alkyl chain caused tilting of the molecular plane at the initial thin film deposition. Our result shows a tunable interfacial alignment
of organic molecules on transition metal dichalcogenide surfaces effectively enhancing the electronic properties of hybrid
organic—inorganic heterostructure devices.
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B INTRODUCTION

be a key step to unlock their potential via surface and interface
chemistry.

The electronic structure of two-dimensional layered material
such as transition metal dichalcogenides (TMDCs) plays an
important role in determining its optical and electrical
performance. It can be modified through adsorption of organic
compounds on their surfaces that offer a broad range of
applications from optoelectronics to gas sensing.'~* To achieve
a convenient control of the optical and electrical properties of
TMDCs, recent attempts have attempted to chemically dope
the TMDC:s using gas,5 metallic nanoparticle,6 or large organic
molecules.” Thus, a controllable functionalization of these
peculiar layered materials by means of molecular dopants could
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A few studies have demonstrated that a small contribution of
the dispersion force is attributed to the presence of alkyl chains
in organic molecular semiconductors.”” However, the inter-
action between perylene-based semiconductors and TMDC:s is
largely unexplored. It is of utmost importance to understand

the physical origin and electronic structure behind the energy-
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level alignment near the Fermi energy, Eg, at hybrid organic/
transition metal dichalcogenides interfaces'”'" for organic-
TMDCs device performance using organic—inorganic hetero-
interfaces.'

The perylene derivative family is one of the most extensively
studied organic semiconductor molecules.">™"" In the field of
organic electronics, perylene-based molecules are considered
good candidates for optoelectronic and photovoltaic device
applications due to their ability to form well-ordered assemblies
on many surfaces.”'*"** In the previous work of Kampen et
al,,” the orientation of PTCDI molecules was found to be tilted
by about 50° with respect to the GaAs surface. Hiroshiba and
co-workers”* evaluated perylene molecules with long alkyl
chains (PTCDI-C8) and observed a preferential flat-lying
configuration when thermally deposited on a SiO,/Si surface
using X-ray reflection (XRR) measurements. This leads to the
question of how the alkyl functional group influences the
surface molecular orientation on solid surfaces.

It is of fundamental interest that the RPES measurements of
organic molecules on surfaces provide relevant access to gain
better physical insight into the charge-transfer dynamics
phenomena on surfaces. For instance, Jong et al> initiated
the implementation of the RPES technique on the femtosecond
charge transfer dynamics study of Fe(II)-tetraphenylporphyrin
molecules on MoS,. In addition, our predecessors have
contributed to the field by exploring the peculiar finding in
the adsorption of the homologue perylene molecule 3,4,9,10-
perylene-tetracarboxylic-dianhydride (PTCDA) on the respec-
tive Au(111)”° and TiO,(110)*” substrates. In the latter case, it
is of importance to realize that even in such a considered planar
molecule, it turns out that the evolution of RPES spectra as a
function of PTCDA coverage exhibited a different electronic
coupling that originates from a chemical coupling between the
substrate and the PTCDA molecules. Therefore, it is appealing
that the current interest to investigate the homologue perylene
molecules (PTCDI-C4) seems largely unexplored.

In the past decade, recent studies have mainly concentrated
on understanding the relationship of the molecular orientation
of the organic molecule on the device performance.”** A
detailed understanding of the charge-transfer event of z-
conjugated organic semiconductors on a solid surface could
become a limiting factor to achieve a highly efficient electrical
performance of an organic-based device. In particular, the
proper control of molecular arrangement on the semi-
conducting substrate can be tailored by manipulating
predetermined molecular alignment in the edge-on (orthogo-
nal) or face-on (parallel) configuration. An intriguing question
may arise as to whether the outcome of the organic-based
device performance is significantly affected if, hypothetically,
the oriented molecules could lie between these two well-
defined configurations.

In this work, PTCDI-C4 molecules were evaporated on top
of freshly mechanically exfoliated natural molybdenum disulfide
(MoS,) to investigate the molecular orientation and energy
level alignment at the hybrid organic/inorganic interface.
Transition metal dichalcogenides are materials of current
interest, especially in 2D van der Waal heterostructures, due
to their band gap tunable properties.”’™** In addition, this
material is chosen owing to its relatively low cost, high earth
abundance in natural or geological form, and good optoelec-
tronic response.’*® The physical interaction between organic
molecules and the outer layer of MoS, consisting of a sulfur—
molybdenum—sulfur atom layered structure is scientifically

interesting and potentially useful for device applications
involving similar 2D materials. We thermally deposited
PTCDI-C4 molecules on MoS, by varying the deposition
times to form different molecular coverages from a few layers to
multilayer thick films. The molecular orientation study of
PTCDI-C4 molecules on the MoS, substrate is determined by
performing angular-dependent NEXAFS measurements. To
understand the charge transfer dynamics, the RPES acquisition
data were systematically performed on three respective samples.
As a result, a weak resonant enhancement of the photoemission
signals close the K-edge absorption edge is present at the initial
formation of PTCDI-C4 thin films on MoS,. This finding
brings us one step closer to understanding the role of molecular
orientation to promote an efficient charge-transfer event on
emergent two-dimensional layered materials such as the MoS,
surface.

B EXPERIMENTAL SECTION

Sample Preparation. The natural MoS, used here was purchased
from HQ_ graphene.”” The samples were mechanically exfoliated to
obtain a freshly cleaved surface. The sample was immediately
outgassed in a deposition chamber overnight prior to the molecular
deposition procedure. PTCDI-C4 molecules were thoroughly
degassed for several hours prior to the thermal sublimation procedure
using a deposition temperature of 235 °C with growth times of 40 s, 1
min, 3 min, and 5 min, respectively.

NEXAFS Measurements. C K-edge NEXAFS experiments were
performed at the Surface, Interface, and Nanosctructure Science
(SINS) beamline of Singapore Synchrotron Light Source (SSLS)
equipped with a Scienta R4000 electron energy analyzer.”® The
samples discussed here were deposited in a separate preparation
chamber and transferred ex situ to the SINS beamline. Prior to the
synchrotron measurements, all of the samples were annealed to
minimize adsorbed contaminants. All spectroscopic measurements
were performed in an ultrahigh vacuum (UHV) chamber with a base
pressure of 1 X 107'° mbar. The incident photon energy was calibrated
using a sputter-cleaned gold foil in electrical contact with the sample.
The energy spectra were referenced to the Au 4f;,, core level peak at
84.0 eV. The C K-edge NEXAFS spectra were measured in total
electron yield (TEY) mode by collecting the sample current with a
photon energy resolution of 200 meV. The linear polarization factor of
the X-ray beam was determined to be >90%.

AFM Inspection. The morphology of thermally deposited PTCDI-
C4 molecules was characterized using a commercial atomic force
microscopy (AFM, BRUKER Dimension FastScan) (see the
Supporting Information, Figure S1). A standard cantilever with a
spring constant of 40 N/m and a tip curvature <10 nm was used as a
probe.

XPS and UPS Measurements. XPS measurements were carried
out within the same SINS facility with the error limit for the XPS
instrument of 0.1 eV. All photoemission spectra were collected at
normal emission. The least-squares peak fit analysis was performed
using Voigt photoemission profiles to deconvolute the spectra. The
UPS experiments were carried out to measure the work function using
60 eV as the photon energy with a —7 V bias was applied to the sample
to overcome the work function of the analyzer.

RPES Measurements. RPES spectra were collected at the valence
band region with photon energy swept from 280 to 290.3 eV across
the C 1s — 7 resonances. Thus, the spectra were plotted on a
binding energy scale with respect to the substrate Fermi level (Eg).
The presented spectra have been normalized using the incident
photon intensity.

B RESULTS AND DISCUSSION

We first oriented the incoming photon beam at low grazing
angle (20°) with respect to the sample surface to obtain
angular-dependent NEXAFS spectra. In this case the photon
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Figure 1. Carbon K-edge NEXAFS spectra of PTCDI-C4 film as a function of molecular thicknesses. Spectra were taken at (a) 1 min, (b) 3 min, and
(c) S min of deposition time. The inset in panel a displays the enlargement of the photon energy range spectra of the respective deposition time
centered at 286—290 eV. This energy range is associated with the participating 7#* transition symmetry analysis. The angular dependent
measurements were taken with 20° (black line), 40° (red line), 60° (blue line), and 90° (pink line) incidence angles. (d) Chemical structure of
PTCDI-C4 molecule with the estimated dimensions from the gas phase structure calculation. (e) The left side is a schematic illustration of the
NEXAFS geometry used in this study, where 6 is the incidence angle. The right side illustrates the molecular conformation with respect to the MoS,

substrate. « is the average tilt angle.

polarization (E) is mostly out-of-plane with respect to the
sample surface. Panels a, b, and ¢ of Figure 1 show carbon K-
edge NEXAFS spectra at different photon incidence angles of
the PTCDI-C4 film as a function of molecular thicknesses with
1, 3, and S min deposition times, respectively. The chemical
structure of the PTCDI-C4 molecule is presented in Figure 1d.
The experimental geometry and the molecular conformation
are schematically depicted in Figure le. To acquire the angle-
dependent measurements, we change the incoming photon
beam from 20°, 40°, and 60° to normal incidence (90°).

The NEXAFS spectra at different molecular coverages exhibit
distinct peak enhancements due to respective transition
resonance states. It is well understood that the resonant
intensity is strongly sensitive to the E vector. The intensity is
enhanced when E is parallel to the molecular orbital vector.
Conversely, the intensity is suppressed when E is perpendicular
to the molecular orbital vector.””*’ In this analysis, we assign
the peaks in accordance to the two regimes (7z* and o*
electronic transitions) that are commonly found in the 283—
290 eV energy range.

The origin of the resonance peak in the NEXAFS spectrum
below 285.4 eV corresponds to the 7 resonances due to the
electronic transitions from the initial states into the unoccupied
7* molecular orbitals (LUMOs), whereas the 292.4 eV feature
is attributed to the 6 resonances transition into LUMOs. The
respective resonance peaks are given in Table 1.

We first discuss the data for the PTCDI-C4 molecule with 1
min deposition time on HOPG (the NEXAFS spectra can be
found in the Supporting Information, Figure S2). The
assignments of the resonance states are referenced to published

Table 1. Resonance Transition Peaks of PTCDI-C4
Molecules on Different Substrates with Different Deposition
Times”

sample m* (eV) m* (eV) m* (eV) o (eV) o,* (eV)
1 min on HOPG 282.8 285.3 287.7 292.6 295.3
1 min on MoS§, 284.9 287.9 288.1 2934 299.9
3 min on MoS, 284.1 285.5 287.9 292.8 295.8
S min on MoS, 284.9 287.9 288.5 293.2 301.2

“Uncertainly in binding energy values is +0.05 eV.
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literature.*' ~* We note that the resonance peak positions are
consistent with the aforementioned literature. We did not
observe any significant angular dependence variation when
comparing the 7* perylene core versus 6* core intensities at
different angles of incidence. Thus, we deduce that the PTCDI-
C4 molecular orientation is most likely disordered.

In contrast, we find that there is pronounced angular
polarization dependence in the NEXAFS spectra of PTCDI-C4
molecules deposited for 1 min on the MoS, substrate as
depicted in Figure la and its enlargement in the inset. The 7*
perylene core resonance states are merged into one peak at
284.9 eV for all incidence angle data. On the other hand, the #*
imide group shows a peak centered at 288.0 eV at 20° incidence
angle. Surprisingly, the second #* imide group peak arises at
287.5 and 287.6 eV for 60° and 90° incidence angles,
respectively. These observations are somewhat different from
the sharp 7* resonant peaks in the PTCDI case.””™ We
attribute this difference to the repulsive force caused by sterical
hindrance of butyl chains on the MoS, surface. The o*
transition shows a similar broad resonance feature compared to
previous findings** in which the maximum intensity at 292.6 eV
was reported.

The two NEXAFS spectra displayed in panels b and ¢ of
Figure 1 do not show significant angular dependence as
compared to Figure la. In a multilayer case, intermolecular
interactions dominate and molecule—substrate interactions are
no longer signiﬁcant.35’36 Consequently, the molecules in the
thick films are highly orientationally disordered. To extract the
average tilt angle of the molecular plane at different PTCDI-C4
coverages, we assume random azimuthal orientation between
the molecule plane and the MoS, substrate.””** The angular-
dependent 7* resonance intensity at different incidence angles
can be formulated as™*

IaA X {g[l + %(3 cos’® — 1)(3 cos” a — 1)] + % sin’ a}

(1)

where A is a constant, P = 0.90 corresponds to the linear
polarization factor,”®* and a is the average tilt angle of
molecular backbone normal to the substrate surface. Linear
plots of I versus cos® © were used to extract the slope and
intercept, used to determine the unknown parameter, and the
average tilt angle (). From this analysis, we determined the
average tilt angles to be 62.3 + 0.1°, 55.0 & 0.9°, and 55.8 +
0.3° for 1, 3, and S min deposition times, respectively (further
details can be found in the Supporting Information). For the 1
min sample, we can deduce that the molecule has a stronger
tendency to stand upright with respect to the MoS, surface.
The extracted tilt angles for the other two thicker samples are
close to the magic angle (54.7°),"* implying that a random
PTCDI-C4 molecular orientation exists in the multilayer
samples.

Cao et al. demonstrated that the intensity variation of the 7*
perylene core peaks was also observed in the case of PTCDA
molecular deposition on TiO, (110).””** They deduced that
the electronic coupling is largely enhanced by the conformation
of the PTCDA molecule at different rutile adsorption sites and
that the average tilt angle of PTCDA is influenced by their
interaction with the underlying substrate. Cho et al. found that
the tilt angle of the PTCDA molecule can be as low as 25° on
ITO. However, the molecular tilt angle is increased to 40°
when the PTCDA molecule is adsorbed on rutile. There are
several studies of PTCDI—substrate interactions that also

indicate that the substrate significantly influences the molecular
orientation, and the data iare summarized in Table 2. For

Table 2. Comparative Molecular Orientation of Perylene
Molecules on Different Substrates®

molecular
molecule on surface authors orientation (deg)

PTCDA on ITO Cho et al.*° 25
PTCDA on Au(111) Cao et al®' 27
PTCDA on TiO, (110) Cao et al.*® 40
PTCDI on TiO, (110) Lanzilotto et al.** 35
PTCDI-C1 on GaAs (110) Kampen et al.”* 50
PTCDI-C4 on alkali halide Schlettwein et al.* 0

(001)
PTCDI-C4F7 on SiO, Schimdt et al.** 47
PTCDI-CS on ALO, Chesterfield et al.*’ 90
PTCDI-C8 on SiO, Malenfant et al.*® 90
PTCDI-C13 on poly(a- Rolin et al.*’ 90

methylstyrene)
PTCDI-C4 on MoS, (this Arramel et al. 62.3

work)

“Molecular orientation angle is with respect to the surface.

example, Schlettwein et al.*® found that bulk PTCDI-C4 tends
to be flat on an alkyl halide (001) surface. In contrast, the
longer alkyl substituent perylene derivatives (PTCDI-CS,"
PTCDI-C8,* PTCDI-C13*) exhibit an upright molecular
configuration. Further theoretical simulation studies are
recommended to better understand the tilt angle of PTCDI-
C4/MoS, found in this study.

In our case, we believe that three factors could influence the
molecular orientation of PTCDI-C4 molecules on a solid
surface: the attractive van der Waals dispersion force due to
neighboring alkyl-chain interactions that plays a role in the
initial molecular deposition, the z—m stacking of the
intermolecular perylene core, and the molecule—substrate
interaction strength at the interface. The latter interaction
will be discussed in the following section.

To study the interfacial interaction between PTCDI-C4 and
MoS,, X-ray and ultraviolet photoelectron spectroscopies were
performed. The evolution of the C 1s core level state of the
molecule upon molecular deposition was monitored using XPS
in Figure 2a. The main prominent C 1s core level peak is
shifted from 283.9 eV (1 min) toward a higher binding energy
of 284.1 eV (3 min). Consequently, a chemical shift (~0.2 eV)
toward higher binding energy was clearly observed as the
molecular thickness progressed from a few layers toward thick
films (see further detail of peak fitting results in the Supporting
Information, Figure S7). In comparison, O’Shea et al.”' found a
chemical shift of 0.6 eV to lower binding energy of the imide
carbon atoms for XPS studies of PTCDI molecules on Au(111)
from submonolayer to multilayer thick film. In this case, a non-
negligible interaction might occur between the imide ends of
the molecule with the underlying gold substrate at the initial
first adsorbed molecular layer. Another aspect is found by
Addou et al,*® who proposed surface defects in natural MoS,
can influence the electronic properties of as-exfoliated MoS,.
According to their findings, the native surface sulfur vacancies
led to additional electronic gap states. On the basis of this
information, we could infer that gap states due to sulfur
vacancies could strongly interact with the PTCDI-C4 molecules
via dispersive forces of the butyl chains, consequently mediating
the weak interaction between the molecule and the MoS,
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Figure 2. (a) XPS C 1s core level spectra for different molecular
coverages. The dashed line serves as a guide to show the chemical shift
in these samples. (b) Valence band spectra acquired at different
deposition times. Solid line represents the HOMO level progression
toward higher binding energy from a few layers to multithick films. (c)
Valence bands structure of PTCDI-C4 close to the Fermi level. (d)
Work function variation extracted from the secondary cutoff
measurements: bare MoS, (black); 1 min (red), 3 min (blue), and 5
min (pink) deposition times of PTCDI-C4 molecules.

substrate. Recent studies have shown that the native defect of
MoS, can influence the device performance and interface
electronic properties.”” > Further in situ investigations will be
needed to elucidate the exact nature of defects at the PTCDI-
C4/MoS, interface.

Upon PTCDI-C4 deposition, the highest occupied molecular
orbital (HOMO) molecular level emerged and dominated the
valence band spectra shown in Figure 2b. This broad feature is
completely different from the observed sharp peak close to the
Eg (dashed vertical line) of the bare valence band spectrum of
MoS,. The HOMO of a few layers (1 min) PTCDI-C4 on
MoS, exhibited an asymmetric peak shape at the binding
energy of 1.7 eV. The HOMO position is shifted toward higher
binding energy (2.6 eV for 3 min and 4.7 eV for S min sample)
as indicated by the black solid line. To provide more insight
into the PTCDI-C4/MoS, interface, we discuss the relevant
features close to the Fermi energy shown in Figure 2c.

The interpolation of the respective spectrum from the few
layer to the multilayer case led to the onset difference of about
0.5 eV. Thus, we can use this value for plotting the energy level
alignment in the following passage.

We also explore the evolution of work function upon
PTCDI-C4 adsorption as shown in Figure 2d. The low kinetic
energy cutoff gives a reduced work function where initially the
bare MoS, showed a value close to 4.4 eV. Then it gradually
decreases close to about 4.3 eV for the multilayer case. This
brings us to a work function difference of about 0.1 eV, which
implies that there is weak charge transfer at the interface. The
magnitude of the charge transfer in the PTCDI-C4/MoS,
interface is fairly comparable with the previous investigation
of the hydrogen and lead phthalocyanine molecular adsorption
on MoSZ.56

From the series of surface spectroscopies presented, we
propose that the interaction of insulating butyl chains and the
contribution of sulfur vacancies at the basal plane of MoS,
could facilitate an interfacial dipole as we cross from a few
layers to a multilayer case schematically shown in Scheme la.
To summarize the photoelectron spectroscopic results, we
propose the schematic energy level alignment at the PTCDI-
C4/MoS, interface as shown in Scheme 1b. Because the
governing force in this noncovalent system is a weak molecule—
substrate interaction, no strong overlap hybridization between

Scheme 1. (a) Schematic Illustration of the Proposed Molecular Conformation in Their Respective Cases of Molecular
Thicknesses;” (b) Proposed Scheme of the Energy Level Alignment Diagram at the PTCDI-C4/MoS, Interface
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the molecular state and the defect state within MoS, layers
would be expected to occur.

To examine the previous hypothesis, we have carried out
RPES measurements of the aforementioned samples in our
synchrotron facility shown in Figure 3. The resonant
photoemission spectra for the few layers and multilayer
PTCDI-C4 in Figure 3ab share similar features. Typically,
resonant features with the BE value lower (<8 eV) are
associated with the resonant enhancement of individual
molecular frontier orbitals (HOMO—HOMO-3),”” and their
fashions are relatively discrete in energy. On the other hand,
featureless resonant structures are usually expected at higher BE
(>8 eV), and this event is mostly contributed by the resonant
Auger and normal Auger process.

Let us consider the RPES spectrum shown in Figure 3a at the
photon energy of 283.4 eV. Here it is shown that a weak
HOMO resonant enhancement close to 4 eV (red arrow) and a
subsequent peak at 6 eV (blue arrow) indicate a non-negligible
photoexcited electron has taken part in the participator decay
transition. We note that these features are progressively
decayed as a function of the photon energy considering from
the off-resonance region (280 eV) across the higher photon
energy of 290 eV. Although the HOMO features are somewhat
weaker in the case of the 3 min sample (Figure 3b), profound
evidence of an extra peak close to the on-resonance regime
(285.4 eV) is still observed. It is noteworthy that the second
peak is slightly shifted toward higher BE as a function of
incident photon energy. This can be attributed to the spectator
process in which the emitted photoexcited electron has no
constant BE. In other words, we propose that both participator
and spectator processes exist during the decay of C 1s core hole
in this physisorbed PCTDI-C4/MoS, system. For comparison,
pronounced HOMO peaks were unambiguously detected in
the case of strong chemisorbed PTCDA molecules bound on
rutile TiO, as previously reported by Cao et al.”” It seems that
the physisorption of PTCDI-C4 molecules on MoS, led to a
weak HOMO contribution in RPES signal. This reaffirmed an
intimate interacting atom of the organic molecule and the

underlying substrate is of importance to exhibit strong HOMO
resonance enhancement features at the organic/inorganic
interfaces.

For comparison, the multilayer sample (S min) represents a
typical scenario because the molecules are usually isolated from
the substrate surface. Thus, no significant HOMO enhance-
ment was expected to be observed in the RPES spectra (Figure
3c). According to the previous investigations,”” ultrafast charge-
transfer dynamics of multilayer organic films will mainly be
governed by the hopping events once the ordered molecular
stacks can be realized. On the contrary, our sample here is in a
highly disordered regime and, consequently, a weak electronic
coupling is expected to be realized because the molecular
ordering most likely collapses at the multilayer case. This is in
agreement with the proposed Scheme 1a illustration of a highly
disordered region responsible for the weak electronic coupling
between PTCDI-C4 molecules and MoS,.

B CONCLUSION

We have studied the electronic structure, chemical interaction,
and angular dependence of PTCDI-C4 molecules on natural
MoS, substrates using synchrotron radiation. The carbon
absorption edge of NEXAFS measurements at different
molecular coverages indicates angular dependence in the case
of submonolayer coverage (1 min deposition time). In contrast,
the degree of polarization in the other two cases (3 and S min
deposition times) showed negligible changes in both 7* and o*
electronic transition as a function of incident photon angle. We
propose this is due the highly disordered PTCDI-C4 molecules
in the multilayer film. A proposed contribution of weakly
interacting alkyl chain at the molecular backbone is manifested
in both XPS and UPS results. More importantly, we elucidate
the weak electronic coupling between PTCDI-C4 molecules
and MoS, substrate by the presence of resonant enhancement
in the RPES measurement close to the K-edge absorption edge.
This suggests the nonlocalized molecular state of PTCDI-C4
molecules is weakly coupled to the semiconducting MoS,
substrate. Thus, our finding provides a better understanding
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of PTCDI-C4/MoS, interfacial interactions that could be
important for the future of 2D van der Waals heterojunction
device applications.
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