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ABSTRACT: Crystalline C60 is a molecular solid whose electronic properties
emerge from the interplay of intermolecular hopping, electron correlations, and
electron−vibration coupling. Unlike moire ́ van der Waals heterostructures, where
the interaction strength is commonly tuned by twist angle, molecular materials
offer a complementary route in which the layer number, molecular orientation,
and substrate registry provide experimentally accessible control parameters. Here
we present a systematic thickness-dependent angle-resolved photoemission study
of C60 films, spanning the monolayer to the bulk limit. The HOMO-derived band
exhibits a nonmonotonic evolution: the intermediate-thickness film shows a larger
bandwidth, a reduced effective mass, and a pronounced gap-like and sub-band
features. The experimental trends, together with Holstein-model simulations,
point to strengthened effective intermolecular electronic coupling and enhanced electron−phonon-induced spectral renormalization
in the intermediate-thickness regime. These results identify a dimensional crossover in C60 films and establish the layer number as an
effective knob for engineering electronic structure and many-body interactions in molecular thin films.
KEYWORDS: C60 molecular films, angle-resolved photoemission spectroscopy, intermolecular coupling, electron−phonon coupling

The ability to tune the electronic structure and many-body
interactions is central to the design of quantum

materials.1,2 In van der Waals heterostructures, moire ́ super-
lattices have demonstrated how structural control can reshape
the bandwidth, symmetry, and interaction strength.3,4 Molec-
ular solids, assemblies of molecules bound by van der Waals
interactions, offer a complementary platform. Unlike conven-
tional atomic crystals, they possess internal rotational and
orientational degrees of freedom that directly influence
intermolecular overlap and electronic coupling.5−8 Their
electronic properties are therefore governed not only by lattice
symmetry but also by intermolecular overlap, molecular
orientation, and coupling to intramolecular vibrations. In
molecular thin films, these structural degrees of freedom can be
accessed through experimentally tunable parameters such as
the layer number, molecular orientation, and substrate registry,
providing flexible knobs for tuning the electronic structure and
many-body interactions.5,9,10

Among molecular crystals, crystalline C60 stands out as a
promising system, enabling diverse device functionalities11−16

and allowing controlled studies of collective and correlated
quantum phenomena.5,17−21 Its electronic properties are
intimately governed by competing interactions, including
intermolecular hopping, electron−electron correlation, and
electron−vibration coupling.22−25 Disentangling these micro-
scopic ingredients is therefore essential for understanding and
ultimately controlling the emergent properties.

A natural route toward this goal is to tune these interactions
through experimentally accessible structural parameters. In
layered van der Waals materials, the layer number has proven
to be a powerful control parameter, revealing how interlayer
coupling and symmetry shape electronic states.26−33 This
concept naturally extends to crystalline C60 films, where
changing the layer number can modify the dimensionality,
intermolecular coupling, orientational order, and substrate-
induced effects. Indeed, a variety of emergent states have been
observed in C60-based platforms across different dimensional
realizations, such as superconductivity and magnetism in bulk
compounds,19,20 unconventional electronic and orientational
phases in thin films,9,10,22,25,34,35 and quantum transport in
single-molecule devices.36 However, a systematic understand-
ing of how dimensionality influences the microscopic
electronic structure and many-body effects in pristine, well-
controlled C60 films remains lacking.
Building on established layer-by-layer growth of C60 films

and the ability of angle-resolved photoemission spectroscopy
(ARPES) to resolve their dispersive band structure,37,38 we
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systematically investigate the thickness-dependent electronic
structure of C60 films over a wide thickness range, from a
monolayer (1 ML) to a bulk-like thickness of 22 layers (22
ML). By tracking the evolution of the highest occupied
molecular orbital (HOMO) and its adjacent HOMO−1 band,

we extract layer-dependent changes in the bandwidth,
dispersion, and effective mass. A pronounced crossover
emerges in the intermediate-thickness regime, where the
HOMO bandwidth is the largest among the measured
thicknesses, consistent with strengthened effective intermo-

Figure 1. Thickness-dependent electronic structures of C60 films on a Bi2Se3 substrate. ARPES band structures of C60 films with thicknesses of 1
ML (a), 2 ML (b), 5 ML (c), and 22 ML (d), measured along the MB′−Γ−MB high-symmetry direction. Bands originating from the Bi2Se3
substrate are indicated by arrows in parts a and b. (e−h) Second-derivative images with respect to energy, derived from parts a−d. The Brillouin
zones of C60 and Bi2Se3 are outlined in yellow and red, respectively, in the inset of part e. (i) EDCs integrated over the full MB′−Γ−MB momentum
range for all four thicknesses. The colored bars on the right indicate the centroid energy of each band manifold. (j) Thickness dependence of the
centroid energies of each band manifold, extracted from the EDCs.

Figure 2. Thickness-dependent band dispersion and effective mass of the HOMO band. Second-derivative ARPES spectra of the HOMO band
along the M′−Γ−M high-symmetry direction for C60 films with thicknesses of 1 ML (a), 2 ML (b), 5 ML (c), and 22 ML (d). Blue dots indicate
extracted peak positions of the dominant HOMO-derived dispersive spectral envelope, and black curves represent fits to these features. (e) Fitted
dispersions for all thicknesses overlaid for comparison. Blue curves show parabolic fits around the band top at M and the band bottom at Γ for the
22 ML film. The magenta arrow indicates the HOMO bandwidth (W) of the dominant HOMO-derived dispersive spectral envelope, defined as the
energy difference between the fitted band maximum at M/M′ and the fitted band minimum at Γ. (f) Thickness dependence ofW. (g) Effective hole
masses (mh*) at M/M′ and electron masses (me*) at Γ, extracted from local parabolic fits near the corresponding band extrema.

Nano Letters pubs.acs.org/NanoLett Letter

https://doi.org/10.1021/acs.nanolett.6c02272
Nano Lett. 2026, 26, 12259−12267

12260

D
ow

nloaded from
 pubs.​acs.​org/​nalefd/​article-pdf/​26/​37/​12259/​68394856/​acs.​nanolett.​6c02272.​pdf by C

H
IN

ESE U
N

IV O
F H

O
N

G
 KO

N
G

 SH
EN

ZH
EN

, W
eitang Li Li on 10 O

ctober 2026

https://pubs.acs.org/doi/10.1021/acs.nanolett.6c02272?fig=fig1&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.nanolett.6c02272?fig=fig1&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.nanolett.6c02272?fig=fig1&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.nanolett.6c02272?fig=fig1&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.nanolett.6c02272?fig=fig2&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.nanolett.6c02272?fig=fig2&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.nanolett.6c02272?fig=fig2&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.nanolett.6c02272?fig=fig2&ref=pdf
pubs.acs.org/NanoLett?ref=pdf
https://doi.org/10.1021/acs.nanolett.6c02272?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as


lecular electronic coupling. At the same thickness (5 ML), gap-
like features that are present across all thicknesses become
most prominent, and a distinct sub-band appears within the
HOMO. Together with Holstein-model simulations, these
observations identify an intermediate-thickness regime in
which intermolecular hopping and electron−vibration coupling
are simultaneously enhanced, establishing the layer number as
an effective knob for tuning many-body interactions in
molecular thin films.
Taking advantage of the structural adaptability of C60

molecules to various substrates, we grow C60 thin films
crystallizing in the Pa3̅ structure, with thickness ranging from 1
ML to the bulk-like regime, by molecular beam epitaxy (MBE)
on the (111) surface of the topological insulator Bi2Se3. Due to
the 3.4% uniaxial compressive strain imposed by lattice
mismatch, the rotational disorder of C60 molecules is
suppressed, facilitating the resolution of dispersive molecular
orbitals in ARPES.37 The suppression of rotational disorder
stabilizes a well-defined intermolecular overlap, enabling the
thickness-dependent evolution of electronic coupling observed
here. This controlled platform enables a systematic inves-
tigation of how the layer number modulates the intermolecular
coupling and electronic structure. Figure 1 presents the
evolution of the electronic structure of C60 as a function of
the film thickness along the MB′−Γ−MB high-symmetry
direction. We focus on the two uppermost valence bands,
which are mainly derived from the HOMO and the next-
highest occupied molecular orbital (HOMO−1). The highly
dispersive character of these bands is more clearly visualized in
the second-derivative images (Figure 1e−h), with the band
extrema located at Γ, M, and M′.

Residual band features from the Bi2Se3 substrate are also
visible in the thinner films (1 and 2 ML), as indicated by
arrows in Figure 1a,b, but disappear in the thicker ones (5 and
22 ML; Figure 1c,d) because of the surface sensitivity of
ARPES. This evolution reflects the progressive decoupling of
the C60 electronic states from the substrate with increasing
thickness.
To further examine the thickness dependence of the valence

states, Figure 1i displays the integrated energy distribution
curves (EDCs) for the four film thicknesses. The full width at
half-maximum of the HOMO and HOMO−1 peaks remains
nearly constant at 500 and 670 meV, respectively, across all
thicknesses. This indicates that the overall quasiparticle
lifetime and disorder broadening remain comparable across
the series. In addition, the centroid energies of all bands exhibit
a nonmonotonic dependence on the film thickness (Figure 1j).
While their positions remain nearly constant in the 1−5 ML
regime, a pronounced downward shift of approximately 300
meV is observed in the 22 ML film. This shift likely reflects
charging effects associated with the low conductivity and wide
band gap of thick C60 layers.
A quantitative analysis of the band dispersion is presented in

Figure 2. Panels a−d show enlarged second-derivative images
of the HOMO band along the M′−Γ−M high-symmetry
direction for C60 films with four thicknesses. Two dispersive
branches are clearly resolved by fitting the data (black curves in
Figure 2a−d): an upper branch with its band maximum at the
M/M′ points and a lower branch with its minimum at Γ. The
fitted dispersions for all thicknesses are overlaid in Figure 2e
for comparison. From these results, we extract the HOMO
bandwidth (W) and effective masses (m*) as a function of the

Figure 3. Thickness-dependent gap-like and sub-band features. Raw ARPES intensity maps of the HOMO band dispersion for 1 ML (a), 5 ML (b),
and 22 ML (c) C60 films. The Λ point denotes the midpoint between Γ and M. The inset in part b shows the second-derivative image, highlighting
the sub-band feature in the 5 ML film; the corresponding raw-intensity evidence is provided in Figure S3. EDCs at the Λ point for C60 films with
thicknesses of 1 ML (d), 5 ML (e), and 22 ML (f), showing gap-like structures. Spectra are fitted with two Gaussian components, as shown by gray
dashed curves. EDCs at the M point for C60 films with thicknesses of 1 ML (g), 5 ML (h), and 22 ML (i). A shoulder feature is observed in the 5
ML film and fitted with an additional Gaussian component, as indicated by arrows in part h. (j) Extracted gap size at the Λ point as a function of
the thickness. (k) Momentum dependence of the sub-band feature in the 5 ML film along the Λ−M direction, showing a hole-like dispersion.
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film thickness, as plotted in parts f and g of Figure 2,
respectively. The HOMO-derived valence states are associated
with the 5-fold-degenerate molecular hu HOMO manifold of
C60, which can give rise to multiple HOMO-derived bands in
the crystalline film.39 Given the multiband nature of this
manifold and the matrix-element sensitivity of C60 photo-
emission,40 a unique sub-band-by-sub-band assignment is not
feasible from the present ARPES data alone. We therefore
define the HOMO bandwidth W as the experimentally
extracted energy range of the dominant HOMO-derived
dispersive spectral envelope along the measured M′−Γ−M
direction rather than as the bandwidth of a single isolated
tight-binding band.
The extracted HOMO bandwidth and effective masses

reveal a clear dependence on the film thickness. The HOMO
bandwidthW is approximately 350 meV in the 1 and 2 ML C60
films, increases to ∼450 meV in the 5 ML film, and then
decreases by ∼40 meV in the much thicker 22 ML film (Figure
2f). In molecular solids, the HOMO bandwidth is strongly
influenced by intermolecular orbital overlap and transfer
integrals. However, because the HOMO-derived valence states
of crystalline C60 form a multiband manifold, the extracted W
should not be interpreted as a quantitative measure of a unique
microscopic hopping parameter. This nonmonotonic behavior
indicates that the layer number acts as an effective tuning
parameter for intermolecular hopping, with a maximum
coupling reached at intermediate thickness. A similar thickness
dependence is observed in the local band curvature. By
performing parabolic fits to the HOMO band near the band
top at M and the band bottom at Γ, we extract the effective
masses of holes (mh*) and electrons (me*) as a function of the
layer number (Figure 2g). Both mh* and me* reach their
minimum values at 5 ML and increase significantly toward the
monolayer limit. The reduced effective mass in the 5 ML film
is consistent with a more dispersive HOMO-derived band and
the largest bandwidth among the measured thicknesses. We
also note that although the 1 and 2 ML films exhibit
comparable HOMO bandwidths, their extracted local effective
masses differ by approximately a factor of 2. This difference is
not unexpected because the HOMO-derived states form a
multiband manifold rather than a simple single-band system
governed by a single hopping parameter. Therefore, the
HOMO bandwidth and local effective mass should be regarded
as complementary empirical indicators of the HOMO-derived
dispersion rather than as two equivalent measures of a unique
microscopic hopping parameter. Together, these results
identify an intermediate-thickness regime characterized by a
larger measured HOMO bandwidth and reduced local effective
masses, consistent with strengthened effective intermolecular
electronic coupling.
Notably, the nonmonotonic evolution of the bandwidth and

effective mass is accompanied by other thickness-dependent
spectral reconstructions: a gap-like feature appears at the Λ
point in all films but is most pronounced at 5 ML, where a
distinct sub-band feature also emerges. The coincidence of
these features with the maximum bandwidth suggests a
common underlying interaction driving both band dispersion
and spectral renormalization. Parts a−c of Figure 3 present the
raw data of the HOMO band of representative 1, 5, and 22 ML
films; the 2 ML data are omitted because it closely resemble
the 1 ML data.
To quantify the thickness-dependent evolution of the gap-

like feature, we compare the EDCs at the Λ point (Figure 3d−

f). Each EDC can be well reproduced by two Gaussian
components (gray dashed curves), clearly indicating the
presence of a gap-like feature. The extracted gap sizes, Δ1,
Δ2, and Δ3, for the 1, 5, and 22 ML films, respectively, evolve
nonmonotonically with thickness and peak at 5 ML, as
summarized in Figure 3j. This behavior mirrors the evolution
of the bandwidth, suggesting a correlation between effective
intermolecular coupling and the strength of the spectral gap.
In addition to the gap-like feature at Λ, the EDCs at the M

point also exhibit a notable thickness dependence. As shown in
Figure 3g−i, a pronounced shoulder near the band top is
observed in the 5 ML C60 film and is absent in the 1 and 22
ML films. To quantify this feature, we fit the EDCs at M. The
spectra of the 1 and 22 ML films (Figure 3g,i) are well
described by two Gaussian components (gray dashed curves),
yielding excellent overall fits (black curves). In contrast, the
EDC of the 5 ML film (Figure 3h) cannot be satisfactorily
described using only two Gaussian components; a third
component (gray arrow) is required to account for the
shoulder on the low-binding-energy side (red arrow). This
additional spectral component indicates the emergence of a
new electronic feature that is stabilized only at intermediate
thickness.
Momentum-resolved analysis of this sub-band (Figure 3k)

reveals a hole-like dispersion with a band maximum at M,
closely resembling the main HOMO band. Its spectral weight,
however, is highly localized in momentum space and decays
rapidly beyond kM ± 0.12 Å−1. A parabolic fit to this sub-band
yields an energy separation of ∼180 meV from the HOMO
maximum. The similarity in dispersion together with the fixed
energy offset suggests that this feature does not originate from
a distinct band but rather from a many-body renormalization
of the primary electronic state.
The gap-like feature and sub-band formation are common

spectroscopic signatures of electron−phonon coupling, as
reported across semiconductors,41,42 superconductors,43 and
organic molecular materials.44−47 In weakly coupled molecular
films, where the bandwidth (W) is comparable to the
intramolecular vibrational energy (Ω), electron−vibration
coupling can produce shake-off replica bands below the main
band.45 The energy separation between the main band and its
replicas is determined by Ω, while their relative intensities
reflect the coupling strength. In molecular crystals with
stronger intermolecular coupling (W > Ω), electron−phonon
interactions can give rise to more complex spectral features.
Specifically, theoretical studies have predicted that the HOMO
band can split into a series of sub-bands separated by
gaps.44,46,47 These considerations suggest that the observed
thickness-dependent spectral features may originate from a
coupling between the electronic states and intramolecular
vibrational modes.
To test this hypothesis, we identify the phonon modes most

likely to contribute to the coupling. In typical systems, the
energy separation between the main band and its replica is set
by the energy of the coupled phonon mode.41−43,45 In the 5
ML C60 film, the observed energy separation of 180 meV
closely matches two high-frequency intramolecular phonon
modes, Hg(7) and Hg(8), with vibrational wavenumbers of
1443 cm−1 (178 meV) and 1607 cm−1 (198 meV),
respectively.48,49 Moreover, among all Hg phonons in C60,
these two modes exhibit the strongest electron−phonon
coupling via the Jahn−Teller effect.49 The quantitative
agreement between the sub-band separation and the vibra-
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tional energies provides strong evidence that these modes
dominate the observed spectral renormalization. We therefore
incorporate Hg(7) and Hg(8) into our simulations.
We emphasize that this Holstein-model calculation is not

intended as a full multiband fit to the experimental HOMO
manifold. Instead, it provides a minimal phenomenological
description to test whether coupling to high-frequency
intramolecular modes can generate gap-like features and sub-
band spectral weight comparable to those observed exper-
imentally. To enable a comparison with our experimental data,
we calculate the single-particle spectral function using the
Holstein model, both without and with electron-vibration
coupling. Figure 4a shows the simulated spectral function
described by a tight-binding dispersion, ω(k∥) = ω0 − 2V
cos(ak∥), with a Lorentzian broadening of 50 meV. Here, ω0 is
set to 0 meV as the energy reference, and the effective hopping
parameter V = 87.5 meV is chosen to reproduce the
approximate energy scale of the monolayer HOMO bandwidth
W (Figure 2). The simulated EDCs at k∥ = π/2 and π, taken
from Figure 4a, both display single-peak structures (Figures
4d,g), as expected in the absence of electron−phonon
coupling. This baseline calculation establishes that the
additional spectral features observed experimentally do not
arise from the underlying band structure alone.
Figure 4b shows the simulated spectral function in the

presence of electron−phonon interactions. The Hg(7) and
Hg(8) modes are included with equal coupling strengths,
corresponding to a reorganization energy of 20 meV (see the
Supporting Information). The resulting spectrum exhibits a

gap (ΔA) at k∥ = π/2 but no sub-band feature near π, as
confirmed by the corresponding EDCs obtained at π/2 (Figure
4e) and π (Figure 4h). This intermediate-coupling regime
reproduces the partial spectral renormalization observed
experimentally, characterized by the presence of a gap without
a well-defined sub-band. In particular, it captures the behavior
of the thicker (22 ML) film, where spectral reconstruction is
present but remains limited in strength.
In contrast, Figure 4c presents the spectral function

calculated with stronger electron−phonon interactions. Here,
both Hg(7) and Hg(8) modes are assigned larger coupling
strengths, corresponding to a reorganization energy of 30 meV.
A clear gap opens near k∥ = π/2, and a sub-band emerges
above the HOMO top at π, as highlighted by the second-
derivative image. Quantitatively, the EDC at π/2 in Figure 4f
clearly displays a distinct two-peak structure, with a gap size ΔB
larger than ΔA, reflecting the effect of enhanced electron−
phonon coupling. Meanwhile, the EDC at π in Figure 4i shows
a shoulder feature associated with the sub-band above the
HOMO top, as indicated by an arrow. Importantly, the energy
separation between the sub-band and the HOMO top agrees
well with the experimental observations and is consistent with
the characteristic vibrational energy scale identified exper-
imentally. This strong-coupling regime simultaneously captures
both the enlarged gap and the emergence of the sub-band,
providing a unified description of the spectral features
observed at intermediate thickness. In particular, it reproduces
the behavior of the 5 ML film, where spectral renormalization
is most pronounced within the measured thickness series,

Figure 4. Simulated spectral functions with varying electron−phonon coupling strength. Simulated single-particle spectral functions of the HOMO
band based on a Holstein model with coupling to the Hg(7) (1443 cm−1) and Hg(8) (1607 cm−1) intramolecular phonon modes. The mode-
resolved reorganization energy (gm2ωm) for each of these two modes is set to 0 meV in part a, 20 meV in part b, and 30 meV in part c,
corresponding to the no-coupling, intermediate-coupling, and stronger-coupling cases, respectively. Arrows indicate gap-like features and sub-band
formation. (d−f) Corresponding EDCs at k∥ = π/2 for the three electron−phonon coupling strengths, showing the evolution from a single peak to
a split structure with increasing coupling strength. (g−i) Corresponding EDCs at k∥ = π for the same three electron−phonon coupling strengths,
showing the emergence of a sub-band feature at stronger coupling.
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linking the observed electronic reconstruction to an enhanced
electron−phonon interaction strength. Notably, our simu-
lations show that the number and spacing of phonon-induced
gap-like features are governed primarily by the energy scale of
the dominant phonon modes, with high-frequency Hg(7)- and
Hg(8)-dominated coupling naturally yielding a single prom-
inent gap opening rather than multiple closely spaced gaps, as
discussed in the Supplementary Note and shown in Figure S2.
The thickness-dependent evolution of the HOMO band-

width and local effective mass in C60 films suggests a
strengthened effective intermolecular electronic coupling in
the intermediate-thickness regime. Rather than evolving
monotonically, these quantities reach extrema in the
intermediate-thickness regime, followed by possible saturation
or weakening in thicker films, identifying the layer number as
an effective control parameter for tuning electronic dispersion
in molecular solids. Strikingly, this trend closely parallels the
evolution of the gap-like feature and the emergence of the sub-
band, which are also most pronounced at the same thickness.
Although charging may affect the precise quantitative value
extracted for the 22 ML bandwidth, the overall conclusion
does not rely on this quantity alone. The 5 ML film, as the
measured representative of the intermediate-thickness regime,
simultaneously exhibits enhanced HOMO-derived dispersion,
reduced local effective masses, the most pronounced gap-like
feature, and the clearest sub-band spectral weight. It is unlikely
that charging alone would produce such a correlated evolution
across several independent observables. Therefore, while the
precise quantitative values extracted for the 22 ML film should
be interpreted with caution, the overall trend toward
strengthened effective intermolecular electronic coupling and
enhanced electron−phonon-induced spectral renormalization
in the intermediate-thickness regime remains robust. The
energy separation between the main HOMO band and the
sub-band in the 5 ML film hints at the involvement of the high-
frequency intramolecular vibrational modes, Hg(7) and Hg(8).
By incorporating these modes into a Holstein model, we
reproduce the experimentally observed thickness dependence
of both the gap-like feature and the sub-band under varying
electron−phonon coupling strengths. Taken together, these
results demonstrate that the film thickness simultaneously
tunes both intermolecular and electron−phonon coupling,
linking band dispersion and many-body renormalization
through a single experimentally accessible control parameter.
To understand the origin of this crossover, we examine the

role of strain. A uniaxial compressive strain of 3.4% has been
reported for C60 films grown on Bi2Se3,

37 and this strain is
expected to relax as the film thickness increases. Compressive
strain reduces the intermolecular spacing and enhances the
wave function overlap, thereby naturally accounting for the
stronger intermolecular hopping in the 5 ML film than in the
22 ML film.50−52 However, strain alone cannot explain the
weaker coupling in 1−2 ML films, which are expected to
experience compressive strain no smaller than that in the top
layer of the 5 ML film. A likely origin of this behavior is static
disorder from the Bi2Se3 substrate. In this scenario, the bottom
one or two C60 layers are more susceptible to electrostatic
potential fluctuations caused by surface defects, such as Se or
Bi vacancies,53 which can generate trap states and hinder
coherent intermolecular hopping.54 The observed crossover
can therefore be understood as the result of competing effects:
substrate-induced disorder suppresses coherence in the
ultrathin limit, while strain relaxation reduces intermolecular

overlap in thicker films. In addition to these effects, thickness-
dependent changes in screening and molecular orientation may
also contribute to the observed HOMO bandwidth and local
band curvature. The intermediate-thickness regime balances
these effects, leading to enhanced electronic coherence and
interaction strength.
The origin of the thickness dependence of electron−phonon

coupling likely involves multiple factors. One plausible
contribution is strain, which has been shown to modulate
the electron−phonon coupling strength in some quantum
materials.55 Whether this mechanism also applies to C60 films
remains an open question. A second possibility is a thickness-
dependent interlayer effect. In layered systems with strong
interlayer coupling, the film thickness can directly influence the
electron−phonon coupling strength;56 although C60 is
generally regarded as a molecular solid with weak interlayer
van der Waals interactions, related effects cannot be ruled out a
priori. Charge transfer from the substrate may also play a role
by enhancing interlayer effects through induced dipoles,57

although direct evidence for such a transfer in C60/Bi2Se3
under our experimental conditions is currently lacking.58

Taken together, these considerations suggest that the thickness
dependence of the electron−phonon coupling arises from an
interplay of strain, disorder, and interlayer effects. While the
relative contributions of these mechanisms remain to be fully
resolved, our results demonstrate that the layer number
provides an effective experimental knob for tuning electron−
phonon interactions in molecular thin films.
In particular, the simultaneous enhancement of the gap-like

feature and sub-band at intermediate thickness establishes a
direct link between the layer-controlled electronic structure
and electron−phonon-induced spectral renormalization. While
previous experiments on another molecular system, rubrene,
have identified the presence of a gap-like feature arising from
electron−phonon coupling,59 the systematic evolution of band
renormalization with coupling strength has remained largely
unexplored. Our results provide such a thickness-resolved
perspective, revealing how electron−phonon coupling evolves
across the crossover from the two-dimensional to three-
dimensional limit.
More broadly, these findings may also shed light on

quantum phenomena related to electron−phonon coupling
in C60, including the role of high-frequency intramolecular
phonons in unconventional superconductivity.24,60 Beyond the
specific case of C60, our results highlight molecular thin films as
a versatile platform for engineering the electronic structure and
many-body interactions. In addition to dimensionality,
molecular orientation provides an additional tuning axis for
intermolecular coupling, distinguishing molecular solids from
conventional layered materials. In contrast to moire-́based
approaches in van der Waals materials, where the interaction
strength is tuned through the twist angle and heterostructure
stacking, molecular systems offer a complementary route based
on the layer number, molecular orientation, and substrate
registry. This flexibility provides new opportunities for
designing tunable quantum states in molecular solids using
experimentally accessible structural parameters.
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