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Introduction

Terrylene on monolayer WS,: coverage-
dependent molecular re-orientation and
interfacial electronic energy levelsy

Qiang Wang,? Sifan You,” Bjérn Kobin,© Patrick Amsalem,®® Fengshuo Zu, 2 2°
Rongbin Wang, €2 Andreas Opitz, (22 Stefan Hecht, (2 € Lifeng Chi®>° and
Norbert Koch ) *2¢

The electronic, optical, and functional properties of van der Waals heterostructures comprising organic and
two-dimensional inorganic semiconductors depend on the structure of the molecular assembly at and near
the interface. Despite the rising interest in such heterostructures, very little is known about the, potentially
complex, interplay between the structure and resulting (opto)electronic properties. Herein, we demonstrate
with photoemission spectroscopy and scanning tunneling microscopy experiments a coverage dependence
of the molecular assembly of terrylene deposited onto monolayer WS, (with sapphire serving as the
substrate) and show how this impacts interfacial electronic properties. Up to monolayer coverage, terrylene
molecules adapt a flat-lying orientation, which changes to an inclined orientation for higher coverages. This
re-orientation is accompanied with a reduction in terrylene ionization energy by over 400 meV and an
accordingly larger energy level offset of frontier energy levels of the two semiconductors and shift of the
highest occupied molecular orbital energy level away from the WS, valence band. This can, for instance,
reduce the charge-separation efficiency of the heterostructure with molecular multilayer coverage
compared to that with only monolayer coverage. Furthermore, the modification of monolayer WS, excitonic
features through molecular film deposition was evaluated using optical spectroscopy, yielding effective
dielectric constants for a series of Rydberg excitons and exciton binding energies for bare and terrylene-
covered monolayer WS, supported by sapphire. Altogether, these findings allow a comprehensive and
detailed understanding of the (opto)electronic properties of this prototypical van der Waals heterostructure.

the formation of clean interfaces with various other functional
materials via weak vdW forces. The formation of vdW hetero-

van der Waals (vdW) heterostructures comprising n-conjugated
organic molecules and two-dimensional (2D) transition metal
dichalcogenides (TMDCs) have recently gained increasing
attention, notably in view of their applications in advanced
electronics and optoelectronics.™” Layered materials, such as
2D-TMDCs, feature dangling-bond-free surfaces, which support
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structures from organic and 2D inorganic semiconductors may
preserve the intrinsic properties of individual components but
may also facilitate the emergence of distinct novel interfacial
properties and functionalities,? resulting from ground-state or
excited-state charge transfer. In general, interface electronic
properties are strongly influenced by the structural properties
of adsorbed molecular layers. Upon adsorption, many molecular
materials tend to form well-ordered 2D structures, whose details
depend on the fine balance between intermolecular and mole-
cule-substrate interactions.” For instance, on metals or gra-
phene as a substrate, it has been documented that organic
molecules initially form wetting layers, which are characterized
by either a flat-lying or edge-on configuration.” With increasing
coverage, molecules reorient into structures that often resemble
their bulk form. It should be noted that the ionization energy
(IE) and electron affinity (EA) of ordered molecular layers can
vary by several 100 meV depending on their molecular orienta-
tion with respect to a surface or interface owing to the specific
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electrostatic potential landscape created by the molecular
arrangement.®® Molecular orientation thus plays a crucial role
in defining the optoelectronic functionality of heterostructures.
Therefore, in order to develop an improved overall-picture of
heterostructures formed between organic and 2D semiconduc-
tors, a detailed understanding of possible molecular orientation
changes as a function of coverage, and how this impacts other
properties, is highly desirable. To date, studies on organic mole-
cule/TMDC-monolayer vdW heterostructures have predominantly
focused on employing multilayer organic films,**"* and only a
few reports have attended to the structural and electronic proper-
ties of molecular monolayers and few-layers at the interface."””™*

2D materials introduce another level of complexity in semi-
conductor heterostructures compared to their three-dimensional
counterparts, specifically pertaining to the energy levels. Even
when an organic/TMDC interface formation does not involve
covalent interactions or ground-state charge transfer, the energy
level alignment at the interface may not only result from the
difference in the frontier energy levels of the pristine individual
components, because the TMDC’s energy levels may be subject
to renormalization due to the presence of additional dielectric
screening by the organic overlayer."”” This would implicate
deviations compared to the energy level alignment assumed
from the Schottky-Mott limit, which is the usual approach
employed in the literature. This effect of molecular adsorption
on the electronic and optical/excitonic properties of the TMDCs
has so far received little attention."

n-conjugated molecules, in general, offer opportunities for
engineering the properties of interfaces, such as facilitating energy
or charge transfer, or minimizing energy barriers for charge
injection. They are commonly employed to form ordered mono-
or few-layers by self-assembly, as their extended m-conjugated
system facilitates the formation of well-organized and stable
molecular layers.>"” For these molecules, the atomically flat and
dangling-bond-free surfaces of TMDCs can serve as an ideal
template for the formation of ordered self-assembled layers."®

Here, we investigate self-assembled mono- and few-layers of
the m-conjugated molecule terrylene (Cz;oH;6) On monolayer
(ML) WS, supported by different substrates, namely sapphire,
highly oriented pyrolytic graphite (HOPG), and Au(111). The
choice of these substrates was motivated, on the one hand, by
the desire to use an insulating substrate that does not couple
strongly to the semiconductor, and, on the other hand, to allow
contrasting the results with those of conductive substrates and to
facilitate performing scanning tunneling microscopy (STM) experi-
ments. Angle-resolved ultraviolet and X-ray photoelectron spectro-
scopy (ARUPS and XPS) measurements were carried out on the
heterostructures to unravel the evolution of the electronic proper-
ties as a function of the molecular coverage. Complementarily, the
orientation and packing of the molecules were unveiled by STM.
We found that terrylene in the monolayer (1L) on ML-WS, was flat-
lying, while in the multilayer it exhibited tilted orientations in a
dimerized herringbone-like structure resembling that of the single
crystal. This change in orientation was accompanied by a change
in the IE and overall interfacial energy level alignment by
>400 meV, in both situations forming a staggered type-II
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semiconductor heterojunction that should enable interfacial
charge transfer upon optical excitation. Additionally, the impact
of molecular adsorption on the excitonic features of the ML-WS,
was investigated by optical absorption spectroscopy. While no
change in the A and B exciton energies was noticed upon
molecular adsorption, the higher Rydberg states of the A exciton
allowed determining an increased effective dielectric constant for
the terrylene-covered ML-WS, compared to the bare ML-WS, on
sapphire, thereby decreasing the ML-WS, quasiparticle band gap
by ca. 60 meV. The detailed and comprehensive knowledge
obtained in this study constitutes a benchmark for the terrylene/
ML-WS, vdW heterostructure and provides useful insights for
future studies of this system as well as of similar heterostructures.

Results and discussion
Electronic properties

To explore the electronic properties of the terrylene/ML-WS,
interface, sapphire as an isolating substrate was chosen to
avoid direct coupling between ML-WS, and the conducting
substrate and possible charge transfer between the substrate
and the molecular overlayer.>**° The ML-WS,/sapphire sample
was annealed in situ after being introduced into ultrahigh vacuum
to obtain a clean surface for the ARUPS measurements.”’ As
shown in Fig. S1 of the ESI, ARUPS revealed the electronic band
dispersions of ML-WS,/sapphire, with the valence band maximum
located at the K point of the Brillouin zone (BZ), substantiating
the ML nature of the employed WS,. The observation of band
dispersion from an azimuthally disordered polycrystalline ML-
WS, (as used here) was enabled by the dominant photoelectron
intensity coming from the two high-symmetry directions (along
I''K and I'-M), due to the dihedral group symmetry of the
2H-phase WS,.>** The annealed ML-WS,/sapphire, as shown in
Fig. 1a, exhibited a work function (@) of 4.20 eV, as determined
from the secondary electron cutoff (SECO) region, and the valence
band maximum (VBM) was found to be at 1.71 eV binding energy
(BE) below the Fermi level (Eg) at the K point (Fig. 1b). The latter
observation indicated the pronounced n-type character of the
ML-WS,/sapphire. The “native” n-doping resulted in free charge
carriers partially filling the conduction band.>*"** In the present
case, a clear density of states at Er (at the K point) was observed, as
shown in Fig. 1d. We remark that the role of sulfur vacancies to
explain the n-type behavior of WS, or MoS, is still debated,
because theoretically sulfur vacancies should not behave as a
donor state,”® as confirmed by experiments using HOPG or
graphene as a supporting substrate."*** However, when using
sapphire as a substrate, experimental work using ARUPS and
scanning tunneling spectroscopy has reported a partial filling of
the MoS, conduction band together with the formation of sulfur
vacancies.”"*®

Next, terrylene was incrementally deposited onto the ML-
WS,/sapphire and ARUPS measurements were performed at the
I" and K points after each step. For very low coverages of 1-2 A,
as shown in Fig. 1b, an additional state, corresponding to the
highest occupied molecular orbital (HOMO) level, emerged at
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Fig. 1 Nominal coverage-dependent ARUPS spectra of terrylene/ML-WS, on sapphire showing (a) the secondary electron cutoff (SECO) and (b) valence
electron region at the I and K points of the ML-WS,, Brillouin zone. The Fermi level was at zero binding energy. At the K point, the terrylene HOMO level
was clearly visible already from 1 A coverage. (c) Plot of the work function (@) as a function of terrylene coverage. The two regimes (i) and (ii) discussed in

the text are indicated. (d) Zoomed-in valence region near the Fermi level.

ca. 1.5 eV at the K point (ca. 40° emission angle) with its
emission onset at 1.28 eV; this state was noticeable also at
the I point (normal emission), but with a much lower intensity.
Increasing the coverage beyond 2 A led to a more substantial
contribution of the molecules’ features to the valence region
signal at both emission angles. Notably, the HOMO level of
terrylene became more prominent and its onset shifted to a
significantly lower BE, settling at 0.80 eV BE. The first mole-
cular layer (1L) completion was indicated by the attenuation of
the partially filled WS, conduction band signal at Eg, which was
completely suppressed at a nominal 4 A coverage.

ML-WS,/sapphire (b)

2 A terrylene/ML-WS,

For terrylene in the low coverage regime (<4 A), the VB
spectra displayed substantial differences in spectral shape and
intensity at the I' and K points, indicating a pronounced
angular dependence of the photoelectron emission. Notably,
the valence spectra of 2 A terrylene/ML-WS, at the ' point
resembled the momentum-integrated spectrum of bare
ML-WS,. This likely originated from Umklapp processes, in
which photoelectrons emitted from the ML-WS, undergo elas-
tic scattering by the molecular superlattice on top.”***” This is
supported by Fig. 2b, where a momentum-integrated ML-WS,
spectrum and terrylene HOMO spectrum (obtained from the
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Fig. 2 (a) ARUPS map of ML-WS, and EDC curve of momentum-integrated spectra over the I'-M—K direction. (b) Fitting of the VB spectra (Shirley
background subtracted) of the 2 A terrylene/ML-WS, sample at the " and K points. The terrylene HOMO component was taken from the fitting of the
2.5 A terrylene/Au(111) spectrum. (c) Relative intensity of the HOMO peak (1.1-2.1 eV) area. The ratio of the fitting area of emissions at I" and K points is
defined as Shomo /Skomo.
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fitting of terrylene on Au) were used to satisfactorily reconstruct
the 2 A terrylene/ML-WS, spectra at I' and K. At the K point, the
spectral weight of the terrylene HOMO was about three times
larger compared to that at the I" point, as shown in Fig. 2c. Such
a behavior has previously been observed for several n-conjugated
molecules with a flat-lying orientation, and explained by the fact
that the photoelectrons are emitted at angles associated with the
Fourier transform of the real-space distribution of the probed
molecular orbital.*®** The maximum in emission from deloca-
lized m-orbitals is then generally close to 40° for flat-lying
molecules.’>*! This implies, therefore, the formation of a first
(well-ordered) wetting layer of terrylene with a probably flat-lying
orientation. The lack of significant angle-dependence in the
HOMO intensity for higher coverage (>4 A), as evidenced by
the convergence of the HOMO intensity ratio Shomo/SKomo to
1 as shown in Fig. 2c, indicated a change in the molecular
orientation beyond the terrylene wetting layer (1L). We also note
that the density of states from the presumably flat-lying mole-
cules of the 1L with its peak maximum at ca. 1.8 eV remained
discernable as a high BE shoulder of the main HOMO feature in
the 4 A coverage spectrum, while it was totally absent in the 6 A
spectrum (Fig. S2, ESIT). This suggests that the wetting itself may
undergo a reorientation upon increasing coverage, instead of
just being buried below differently oriented subsequent layers;
this presumption is consistent with the findings from the STM
measurements described further below.

The SECO spectra of terrylene with increasing coverage are
shown in Fig. 1a. The work function @ change is depicted in
Fig. 1c and can be divided into two regimes: (i) for coverages up
to 4 A, where a sharp @ decrease from 4.20 eV to 3.97 eV (i.e., by
0.23 eV) occurs; (ii) with further increasing the coverage, @ first
slightly increases then settles at a constant value of about
4.02 eV. The initial ¢ decrease in regime (i) apparently occurs
upon completion of the terrylene 1L and is attributed to the
Pauli pushback effect®** of the ML-WS, with electron density
spilling out of the layer, causing charge redistribution at the
interface, which lowers the sample ®. Beyond the 1L-regime of
terrylene, surface de-wetting or structural defect formation®* in
the organic films might lead to the observed increase in @ in
regime (ii), as shown in Fig. 1c. However, this slight @ increase
was more likely due to a decrease in the pushback effect as the
terrylene molecules change from a flat-lying to inclined orien-
tation when multilayer formation becomes possible (vide infra
for STM support of this presumption). The HOMO onset of the
1L terrylene was determined to be at 1.28 eV BE, giving an
ionization energy (IE) of 5.30 eV for flat-lying molecules. Upon
increasing the coverage beyond 6 A, the HOMO onset shifted to
0.8 eV BE, and with the small ¢ change, an IE of 4.77 eV
resulted for the multilayer terrylene coverage. As explained
previously, such a trend in IE variation upon the molecular
orientation change was expected.®®

Next, we examined the core levels by XPS in order to gain
further insights into the molecule-substrate interaction, the
terrylene growth mode, and the anticipated changes in mole-
cular orientation. Fig. 3a shows the relative XPS intensities of W
af;, (ML-WS,) and C 1s (terrylene) against the nominal film

© 2024 The Author(s). Published by the Royal Society of Chemistry
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Fig. 3 (a) Variation of the relative XPS intensities of W 4f and C 1s of
terrylene/ML-WS; as a function of coverage based on XPS data (Fig. S4,
ESIT). For W 4f (C 1s), three linear decreasing (increasing) intensity regions
could be fitted, with corresponding slope changes (red arrows). (b) W 4f
and C 1s XPS spectra (Shirley background subtracted) of bare ML-WS, and
1L and 2L of terrylene/ML-WS,.

coverage, revealing three distinct linear regions. The W 4f (C 1s)
intensity decreased (increased) linearly up to 2.5 A, from which
point on the slope changed. Another change in slope was
observed at 6 A coverage. These characteristics suggest that
the nominal thicknesses corresponding to 1L and a bilayer (2L)
were 2.5 A and 6 A, respectively. Furthermore, the observed
behavior is reminiscent of the characteristics of the Stranski-
Krastanov growth mode, where the second layer starts growing
only after the closure of the first layer, and weak islanding likely
starts during the growth of the second layer.*>*® As shown in
Fig. 3b, the XPS W 4f spectrum of bare ML-WS, displayed the W
4f,, (33.89 eV) and W 4f;, (36.01 eV) doublet of W** due to the
W-S bonds, together with faint contributions at 37.25 eV and
39.37 eV (3.8% of the spectral weight) corresponding to W°"
belonging to tungsten oxides. For the C 1s, two components were
fitted, the main peak being attributed to the sp” carbons of the
molecule and the higher BE shoulder at 1.95 eV away from the
main peak to a shake-up process, likely corresponding to the
HOMO-LUMO transition. Upon increasing the terrylene cover-
age, the C 1s peak for 2L (284.78 eV) shifted toward a lower BE by
0.47 eV with respect to that of 1L (285.25 eV) (Fig. S3, ESIt). The
observed BE shift supports the molecular reorientation

Mater. Adv., 2024, 5, 9604-9612 | 9607
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suggested above, because the direction and magnitude of the C 1s
peak are the same as the HOMO-onset change, underpinning the
electrostatic origin of the shifts. The W 4f peaks exhibited a
comparably small shift to lower BE by 90 meV upon terrylene
deposition, in line with the improved screening of the final state
by the adsorption of the molecular overlayer, in qualitative agree-
ment with the change in dielectric screening found by optical
spectroscopy in a related molecule/2D semiconductor system.”

Structural properties

To substantiate the molecular orientation changes inferred
from the photoemission results, STM measurements were
performed on ML-WS,/HOPG (note: STM with sapphire as a
support for the heterostructure was not feasible, probably due
to the moderate conductivity of ML-WS, and the high current
density in the STM tip vicinity), which showed a similar
terrylene IE change as observed in photoemission when using
the sapphire substrate as the support (Fig. S5, ESIT).

Prior to terrylene deposition, a well-defined and atomically
clean ML-WS, surface was observed, as shown in Fig. 4a. The
unit cell parameters were measured to be a = (0.315 + 0.006) nm,

View Article Online

Paper

and 0 = 59.5 + 2°, which were consistent with the 2H phase of
WS,.*” As illustrated in Fig. 4b and c, the terrylene molecules
were arranged into distinct layered configurations, with the first
one (1L) displaying an oblique lattice, and the second (2L) and
third layers (3L) featuring hexagonal arrangements. The unit cell
parameters of the 1L [a = (1.10 £ 0.04) nm, b = (1.84 &+ 0.06) nm
and 6 = (60.0 £ 2.5)°] support the flat-lying orientation of closely
packed terrylene molecules, thereby maximizing the substrate
area coverage with the molecular area, a feature also observed
on Au(111) (Fig. S6, ESIf). As shown in Fig. 4e, an inclined
and seemingly dimerized molecular orientation, resembling the
terrylene single crystal configuration (Fig. Séd, ESIt),*® was
suggested by STM for higher coverage (2L and 3L), with unit
cell parameters of @ = (1.93 & 0.04) nm, b = (1.84 £ 0.05) nm, and
6 = (59.0 £ 3.0)°. Such a transition from a flat-lying to inclined
orientation was further supported by the relative height and
corrugation of each layer, as depicted in Fig. 4g. Notably, the
apparent heights with respect to ML-WS, were ca. (3.0 + 0.1) A for
1L, (9.4 £ 0.1) A for 2L, and (19.0 + 0.2) A for 3L, accompanied by
an increase in the in-plane corrugation [0.08 A for 1L, and 0.23 A
for 3L]. We note that the apparent height of a terrylene layer lying

0 10 20 30 40 50 60 70 80 90 100 110 120 130
distance (nm)

Fig. 4 STM images of the orientation change in terrylene multilayer on ML-WS,/HOPG. (a) Clean surface of ML-WS; before terrylene deposition. (b)
Bare ML-WS; surface (black area) next to molecular layers. (c) Multilayer terrylene on ML-WS,/HOPG, with a flat-lying orientation in 1L (first layer), and
inclined dimerized structures in 2L (second layer) and 3L (third layer). High resolution zoomed-in images of 1L (d), 2L (e), and 3L (f) with the corresponding
unit cell marked. Two different configurations are visualized as two distinct symmetries in the STM images. Each figure is 20 nm x 20 nm. (g) Line profile
in (b) and (c), marked as A, B, and C. Lower relative height and small corrugation in 1L transform to a large step height and corrugation in 3L. Set point: (a)

500 mV, 20 pA, (b), (c), and (d)-(f) 3V, 10 pA.
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flat on top of a first flat-lying monolayer was about 3.0 A, as
determined on Au(111) (see Fig. S6, ESIT). Notably, on ML-WS,/
HOPG, the height of the 3L corresponded to twice the height of
the 2L, indicating that 3L likely corresponded to two stacked 2Ls,
while the height of the 2L was about three times that of the 1L.
This therefore suggests that the flat-lying molecules of the 1L
undergo reorientation upon multilayer formation, transitioning to
form part of the 2L with inclined molecular orientation. The STM
analysis thus unambiguously revealed the change in the molecu-
lar orientation and packing from 1L to 2L. Specifically, the results
confirmed a flat-lying orientation for 1L, in contrast to the
inclined configuration observed for 2L and beyond.

To better visualize the molecular arrangement on ML-WS,, a
schematic representation of the molecular configurations, as
derived from the STM data, is depicted in Fig. 5. Upon super-
imposing the unit cells across the interface between 1L and 2L
(Fig. 5a), it was evident that 2L follows the orientation of the
lattice of 1L, albeit with a different periodicity. Specifically, the
volume ratio between unit cells of 1L:2L was 4:7, where the
dimers in 2L adopt a herringbone packing motif.*® The lattice
vectors of the terrylene 1Ls were oriented along the [120] and
[110] directions of the ML-WS, lattice and formed what resem-

bles a (2v/3 x 7v/3)R30° superlattice (Fig. 5b), otherwise
described by the superstructure matrix G = <_27 ‘71) For

the 2L terrylene, the assembly continued along the [120] direc-
tion and changed into a dimerized structure, now resembling
the single crystal structure (Fig. S6d, ESIt), which rearranged

into a (7v/3 x 7v/3)R30° overlayer with G = 7( | %) Based

on the structural model, the calculated molecular densities
of 2L to 1L was 2.3, which corresponds to the thickness
(molecular weight) ratio of 2.4 obtained from the PES data
(Note 2, ESIT).

(b)

top view

side view

()

c;,% wetting layer

Fig. 5
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Optical properties

UV-vis spectroscopy was performed to evaluate the impact of the
molecular adlayer atop the ML-WS, TMDC on its excitonic proper-
ties. Detailed analysis of the spectra shown in Fig. 6 revealed that
the characteristic A exciton peak maxima of ML-WS, without and
with terrylene differed by only ca. 2 meV.*® The spectral features of
Rydberg states (n = 1s-5s) below the ionization threshold were
enhanced by taking the secondary derivatives of the UV-vis
spectra, as shown in Fig. 6. The Rydberg series can be approxi-
mated as s-type hydrogenic excitons,*"** following a characteristic
sequence of 1/(n — 1/2)%. The effective dielectric constant experi-
enced by the excitons, keg, with the overlayer for the nth exciton,
can be calculated as:

= [ue*/8h e, By e — 1/2)]2

1)

A reduced exciton mass p = 0.16 m, for ML-WS, was
adopted.””** The exciton BE (Fj ) was experimentally deter-
mined by the difference between E, and E,. In Fig. 6c, the
quasiparticle E, values were obtained by fitting the Rydberg states
(n = 3-5) with the hydrogenic model, resulting in values of (2.26 +
0.01) eV and (2.20 £ 0.01) eV for the bare and terrylene-covered
ML-WS,, respectively. Correspondingly, the ML-WS, A-exciton BE
(Ebexp) Was found to decrease from 234 meV to 173 meV after
terrylene deposition. As shown in Fig. 6d, the larger exciton size
for the higher n resulted in enhanced dielectric screening from
the surrounding material, causing the k. to decrease and even-
tually stabilize. Notably, the anisotropic screening of the tightly
bound 1s exciton was mainly due to WS,, while the higher-order
(3s-5s) e-h pairs with larger radii were primarily screened by the
surrounding materials as Wannier-type excitons, where ke is
equal to (e°P + £2°U°™)/2, Using &5PPPI™ = 3,18, the ke values for
the A-exciton (n = 1) and higher n were approximately 6.10 and
2.09, respectively. With a terrylene film (64 nm, approx. 17-MLs),
Kz for higher n was fitted to 3.02.

dimerized-structure
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(a) High-resolution STM images for 1L and 2L. The arrangement of self-assembled terrylene in 1L and 2L are marked as white and black lines,

respectively. Set point: 3V, 20 pA. (b) Top view and side view along the [100] direction of a reconstruction model based on STM results, with unit cells of
(2V/3 x 7+/3) adlayer of 1L and (7v/3 x 7v/3) overlayer of 2L on ML-WS,. The unit cell dimensions of ML-WS, are a = b = 0.316, 0 = 120°. (c) Formation of 2L
after the completion of a wetting layer on ML-WS, and Au(111). Blue stands for positive charge and yellow stands for negative charge.
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The corresponding 2D hydrogenic models before or after terrylene deposition are depicted in dashed lines. (d) Calculated effective dielectric constant as

a function of n using the hydrogenic model.

Final heterostructure energy level diagram

We first remark that the ML-WS,/sapphire single-particle
energy gap (E,) could not be determined by ARUPS, because
of the partial CB occupation after annealing in vacuum, i.e., the
E, of ML-WS, without this strong native n-doping would be
above 2 eV. The UV-vis analysis discussed above allowed
estimating E, at ca. 2.26 eV, by summing the optical gap and
the exciton binding energy. This was likely because of air
exposure of the UV-vis samples, which can significantly reduce
the CB filling as oxygen inactivates a large part of the n-doping
behavior in UHV. In Fig. 7, we summarize the energy level
alignment diagram based on our ARUPS data including the
occupied CB states, and use the E, values obtained from the
optical analysis to represent the unoccupied states. The optical

o(A) 0 2 4 6 8 10
“o-1 | | =
ML-WS, / ——
N e—C UVaC
{ [ LUMO
4.20 4.06 3.97 IE
iCB| | ‘ ‘
E
I 0.8 F
1.71 1-218 |
. —
vBM HOMOL . HOMO,

Fig. 7 Schematic energy level alignment in terrylene/ML-WS, hetero-
structures. The energy difference between energy levels and Eg is shown
by arrows and numbers (unit, eV). The partially filled CB in ML-WS; is
indicated by blue shading. Note that the “0-1 ML" region was no longer
present as soon as the 2 ML coverage region has formed because the 1L
flat-lying wetting layer of terrylene was consumed to form the 2L inclined
layer (see Fig. 5 and associated text).
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bandgap of terrylene films was determined to be 1.95 eV on
sapphire, as obtained from a Tauc plot (Fig. S7b, ESIt).
Accounting for a representative value of the exciton binding
energy of conjugated molecules of 0.55 eV,*>***> we obtained a
terrylene electronic Eg of 2.5 eV. The resulting energy level
alignment shows that a type-II heterojunction was formed both
for the mono- and multilayer terrylene films, for which the
HOMO lay at ca. 1.28 eV and 0.80 eV below E, respectively, due
to the transition from a flat-lying to an inclined molecular
orientation when entering the multilayer regime, and including
a reorientation of the first wetting layer, as depicted in Fig. 5b.
In addition, upon increasing the terrylene thickness, dielectric
screening intensified and reduced the E, of ML-WS, by about
0.1 eV, a value which we expect to be a reasonable guidance to
estimate bandgap renormalization due to dielectric screening
by organic semiconductor overlayers. This value was also in line
with the 90 meV shift of the W 4f core levels observed upon the
deposition of terrylene.

Conclusion

In conclusion, we examined the molecular layer thickness-
dependent structural and optoelectronic properties of the
terrylene/ML-WS, interface supported on sapphire, a prototy-
pical insulator, and found a type-II energy level alignment at
this interface. Thickness-dependent ARUPS and STM measure-
ments allowed for correlating the observed change in molecular
ionization energy with the molecular orientation: the reorienta-
tion from flat-lying adsorbed terrylene in the monolayer to the
edge-on orientation in the multilayer film was accompanied by
a reduction in terrylene IE by 0.48 eV. Furthermore, our results
also suggest that the monolayer molecules change their orien-
tation upon multilayer formation in order to form the bulk-like
dimerized structure, which was possibly due to the weak
molecule-substrate interaction. Additionally, we quantified
the change in the TMDC quasiparticle bandgap and exciton

© 2024 The Author(s). Published by the Royal Society of Chemistry
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binding energy resulting from the increased dielectric screen-
ing promoted by the molecular adlayer. The higher-order Ryd-
berg states were found to be strongly affected due to the large
e-h radius, while the 1s exciton remained largely unchanged
due to its small spatial extend. These results demonstrate the
importance of coupling the structural and optoelectronic char-
acterization of these hybrid interfaces in order to extract the
relevant energy level offset occurring upon the formation of
device-relevant organic/TMDC hybrid heterostructures.

Experimental section
Preparation of the ML-WS, samples

The ML-WS, films were synthesized by chemical vapor deposition
using WO3;, Na,WO, and sulfur as precursors on a sapphire
substrate. The as-grown ML-WS, was transferred to a clean
sapphire substrate and freshly cleaved HOPG substrate. The
detailed synthesis and transfer for ML-WS, is described in the
ESIT (note). The after-transfer ML-WS,/sapphire samples were
fixed to a sample holder and electrically connected to ground
with screws fixing the film edges. The ML-WS,/sapphire or WS,/
HOPG samples were loaded into an ultrahigh vacuum chamber
(base pressure of 1 x 10~° mbar) and annealed for 10 h at 350 °C
to remove transfer-induced contamination.

Terrylene synthesis

The synthesis of terrylene was carried out following a route
published previously.*® Final purification was carried out by
multiple subsequent steps of -crystallization from 1,2,4-
trichlorobenzene and sublimation to achieve a purity of 99.5%.

Photoemission measurements

The samples were annealed at high temperature (500-600 °C)
for 1 h in repeated cycles to create enough sulfur vacancies,
prior to transferring to the analyzing chamber equipped with a
hemispherical electron analyzer (SPECS Phoibos 100). The
photoemission spectra were collected using a monochromatic
He Ia source (HIS-13 lamp mounted on a VUV5046 UV mono-
chromator) and Al Ko (1486.6 eV) as the excitation source for
UPS and XPS analyses, respectively, ensuring no sample char-
ging was observed. The overall energy resolution was deter-
mined by a polycrystalline gold sample, to be 0.07 eV and 0.8 eV
for UPS and XPS, respectively. For the ARPES measurements,
the spectra were collected by rotating the manipulator at an
angular step of 2°.

STM measurements

All the samples were prepared with a commercial low-temperature
scanning tunneling microscopy system (Unisoku LT-STM 1500s)
with a base pressure better than 1 x 10 *° torr. The WS,/HOPG
sample was annealed to 823 K for 2 h before the deposition of
terrylene molecules. Terrylene molecules were evaporated at 543 K
for 5 min on ML-WS,/HOPG held at room temperature using a
commercial Knudsen cell (Kentax, Germany). The STM tips were
cleaned by e-beam heating under UHV. All the images were

© 2024 The Author(s). Published by the Royal Society of Chemistry
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acquired at 77 K in the constant current mode. The STM images
were processed using the WSxM software.*’

Optical measurements

Optical absorption spectra were obtained for the large area
(>92% coverage) ML-WS, films on sapphire using a Lambda
950 UV/Vis/NIR spectrophotometer (Perkin Elmer Inc.) under
ambient conditions.

Data availability
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