
Fano Resonance and Incoherent Interlayer Excitons
in Molecular van der Waals Heterostructures

Carlos R. Lien-Medrano1, Franco P. Bonafé2, Chi Yung Yam3, Carlos-Andres
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Complex van der Waals heterostructures from layered molecular stacks are promising optoelec-
tronic materials offering means to efficient, modular charge separation and collection layers. The
effect of stacking in the electrodynamics of such hybrid organic–inorganic two-dimensional materials
remains largely unexplored, whereby molecular scale engineering could lead to advanced optical phe-
nomena. For instance, tunable Fano engineering could make possible on-demand transparent con-
ducting layers or photoactive elements, and passive cooling. We employ an adapted Gersten-Nitzan
model and real time time-dependent density functional tight-binding to study the optoelectronics
of self-assembled monolayers on graphene nanoribbons. We find Fano resonances that cause elec-
tromagnetic induced opacity and transparency, and reveal an additional incoherent process leading
to interlayer exciton formation with a characteristic charge transfer rate. These results showcase
hybrid van der Waals heterostructures as paradigmatic 2D optoelectronic stacks, featuring tunable
Fano optics and unconventional charge transfer channels.

Molecular photosensitizing is a fundamental process in
optoelectronics material design. This has led to impor-
tant advancements in lasing, light emitting diodes and
photovoltaic cells [1–6]. At the same time, van der Waals
(vdW) heterostructures have demonstrated avant-garde
optical properties, bearing promise in conception and
design of photomodulators, photovoltaic elements [7–9],
and bare potential for advanced optical elements, such as
antireflection coatings and cooling filters [10]. In princi-
ple, vdW heterojunctions with marginal adsorption and
efficiency [11], may be stacked to achieve photovoltaic ef-
ficiencies higher than state-of-the art tandem perovskites
[12].

While gating and doping in two-dimensional (2D) ma-
terials is well-known [11, 13–21], the physics of photosen-
sitizing and advanced optical properties have not been
fully investigated [22, 23], especially in the context of
molecular vdW heterostructures (MVHs), that is, reg-
ular monolayer stacks on 2D materials. Because self-
assembled architectures at interfaces grant a high degree
of bottom-up control [24, 25], a modular and layered ap-
proach could be envisaged towards technologically rel-
evant properties, such as photovoltaics, optical switch-
ing, lasing and parametric amplification. Just recently
for instance, we have shown photoresponsive sensitizers
for graphene [11]. The resulting optoelectronic element
displayed peak incident photon to current efficiencies of
0.6%, corresponding to apparent maximum efficiency for
the monolayer-thin absorber. Such high responses from
monolayers motive further study into the mechanism of
photo-induced charge transport and related properties at

interfaces.

With accurate computational tools rapidly evolving to
handle complex molecular systems, the prototyping of so-
phisticated sensitized vdW architectonics could become
viable. On the other hand, it is well known that the
coupling of a discrete localized state to a continuum of
states gives rise to a very special phenomenon in optics,
the Fano resonance [26]. This has been used to describe
resonant phenomena in several systems such as photonic
crystals, superconductors and plasmonic nanoantennas
[27–29], anti-resonance in organic conductors [30] and
nonlinear effects on hybrid molecular-condensed matter
systems [31] and silicon metasurfaces [32]. While MVHs
have all the necessary elements to show Fano effects in
their optical properties, so far this fact has not been in-
vestigated.

To model electronic structure we employ the
self-consistent-charge density functional tight binding
method (SCC-DFTB). The SCC-DFTB Hamiltonian is
based on a second-order expansion of the full Kohn-
Sham energy with respect to electronic density fluctu-
ations. This method has proved accurate for the de-
scription of quantum properties and electronic structures
in large organic systems [33–35]. In particular, we have
used the DFTB+ package implementation of the SCC-
DFTB method [36] with the pre-computed mio-1-1 set of
parameters.[33] Here we explore the novel optical fea-
tures of MVHs in which Fano resonances play a key
role. Namely, we have computationally studied the op-
tical properties of broad armchair graphene nanoribbon
(AGNR) sensitized by a self-assembled monolayer of ry-
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FIG. 1. Schematic diagram of the studied structure. (a)
Scheme of the molecular vdW heteroestructures proposed
by self-assembly of Terrylene carboxylic diimide (TDI) as
monolayer-sensitizer on 1D armchair graphene nanoribbon
platform. The external field applied for excitation in the Y
axis (nonperiodic direction of the ribbon) is also represented.
(b) Monolayer of TDI molecules on top of a 46-atom wide
armchair graphene nanoribbon (46-AGNR) as the model het-
erostructure used for the calculations. The unit cell (shown
by thicker bonds) is composed by six TDI molecules interact-
ing by hydrogen bonds on top of the 46-AGNR with a total of
804 atoms. Characteristic distances are depicted in the Fig-
ure, particularly, the interlayer distance between monolayer
and platform is 3.52 Å.

lene dyes (TDI) acceptors by real time time-dependent
density functional tight-binding (TD-DFTB) simula-
tions. Our computational framework [37] grants access
to the study of nonlinear excitations in systems of thou-
sands of atoms within femto and picosecond timescales.
The simulated spectra of the vdW heterostructure shows

a remarkable Fano resonance when compared to the iso-
lated components. This is an universal, classical effect of
the stacked molecular vdW systems as a result of coupled
dipoles, and hence it can be atomically engineered to pro-
duce novel, on-demand transparent and particularly IR-
transparent photovoltaic elements for solar cells, demon-
strating that self-cooling active layers are possible. In
addition to the Fano shape for the in-plane response, the
out-of-plane response shows non-classical features given
by interlayer charge transfer, which can be interpreted as
incoherent exciton formation as a decay route of in-plane
excitations. Our findings strongly suggest that incoher-
ent interlayer exciton formation is a universal property
of self-assembled monolayers at nanosized vdW interfaces
which can be tuned at will.

We focus on one representative self-assembly config-
uration and sensitizer on top of 46-AGNR (Fig. 1(a)),
using terrylene diimide (TDI) [11]. For the remainder of
this work we have considered a self-assembled configura-
tion of TDI as depicted in Fig. 1(b). We have simulated
the absorption spectra via reduced single-electron den-
sity matrix propagation within TD-DFTB, as explained
in ref. 37 (for more details on the computational meth-
ods please refer to the Materials and methods section
of the supporting information). We find that the broad
armchair graphene nanoribbon 46-AGNR is a small-gap
(0.1 eV) semiconductor with absorptivity near 5% 1.0-
3.5 eV along the aperiodic [Γ-M] direction (see support-
ing information Fig. S1). These findings are in good
agreement with previous TD-DFT[38] absorption spectra
calculations for AGNR with different widths. The ab-
sorption spectrum between 1 and 3.5 eV is also in good
agreement with the results reported by Yang et al.[39]
for graphene with and without electron-hole interactions
(since the electron-hole interactions do not affect the ab-
sorption in this region but at higher energies). These
results guarantee that the 46-AGNR can be used as a
graphene-like platform for this study, mimicking all of
the relevant properties of the fully periodic 2D system,
which could not be treated within our method.

The calculated spectra reveal absorption suppres-
sion or enhancement upon adsorption of the sensitizers
around the dye energy excitation, when compared to the
sum of the absorption of the separate components (Fig.
2(a)). An absorption maximum of 692 nm is found for
the monolayer on the AGNR platform (cf. 735 nm dye
excitation on graphene [11]). Removal of the underlying
graphene platform blueshifts the absorption peak posi-
tion by 13 nm, to 679 nm.

The spectral features of the combined system can be
resolved in k-space, as depicted in Figs. 2(b), (c) and
(d). Here, we show a momentum resolved snapshot of the
time-dependent electron population distribution at 96 fs,
projected on the ground state bands for 3 different exci-
tation energies: 1.5 eV (2(b), suppression/transparency),
1.78 eV (2(c), dye excitation), and 2.1 eV (2(d), en-
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FIG. 2. Theoretical absorption spectrum of MVH and band population analysis of the Fano features. (a) Simulated absorption
spectra for the MVH studied and its separate components (ribbon platform and dyes monolayer). Note that the fluctuations
around the absorption peak of the monolayer bear no physical meaning, as they are due to the mathematical form of the Fourier
transform of a Dirac delta, which is evident by the absence of an intrinsic lifetime of the molecular transition within this level
of theory. (b), (c) And (d) present the band populations under continuous excitation at three different energies, 1.5, 1.78 and
2.1 eV respectively. Red (blue) circles denote the increase (decrease) of electron occupation and the circle size is proportional
to the change of population. In order to see the differences, all cases show first the composed heterostructure (MVH) and then
the separate components (platform and monolayer). The excitations were performed using a continuous laser perturbation
tuned with the energy of interest. For all the band populations the snapshot frame was taken at 96 fs of the electron dynamics
simulation.

hancement/opacity). The MVH as well as its separate
components are considered for the plots. Red (blue) cir-
cles denote the increase (decrease) of electron occupa-
tion, and the circle size is proportional to the change of
population. The fundamentals of this method can be
found in refs [37, 38]. The absorption suppression of
the heterostructure at 1.5 eV agrees with a reduction
of population change with respect to the free platform
(Fig 2(b)). The opposite behaviour is depicted in Figure
2(d), where the heterostructure shows an increase of the
population change with respect to the free platform, in

concordance with the absorption enhancement at 2.1 eV.
Furthermore, the monolayer electronic population change
at 1.78 eV shown in Fig. 2(c) is clearly quenched in the
heterostructure system with respect to the free standing
monolayer. The population change involving different
states than those of the separate system in Fig. 2(c) is
also evidence of novel interlayer transitions (vide infra).
It is also proven here that the suppression and enhance-
ment effect on the absorption depends on the coverage
degree of the platform as shown in Fig. S2 for a range of
TDI submonolayers.
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FIG. 3. Adapted Gersten-Nitzan Model and Comparison with
TD-DFTB results. (a) Simple model representation of two
point dipoles interacting with each other via dipolar field and
with an external field. (b) In-plane imaginary component
of the Polarizability tensor obtained from the adapted GN
model and TD-DFTB simulations for the MVH. (c) Out-of-
plane imaginary component of the Polarizability tensor ob-
tained from the adapted GN model and TD-DFTB simula-
tions of MVH. The imaginary part of the in-plane component
is related to the absorption spectrum presented in Fig. 2 and
clearly shows the Fano shape.

The monolayer electronic structure can be described
by molecular energy levels (without dispersion), while
the platform has a wide and relatively flat (or quasi-
linear) absorption over a broad range of energies from
the UV to the IR region which include those of the
monolayer excitation in the visible. These two facts
are textbook conditions for a Fano resonance [40]. To
shed light on the origin of the Fano resonance present
in Fig. 2(a), we used an adapted Gersten-Nitzan (aGN)
model to calculate the polarizability of the heterostruc-
ture from the polarizabilities of the separate compo-
nents. The well-known Gersten-Nitzan model [41] has
been used successfully over 40 years in the realm of
surface-enhanced Raman spectroscopy to calculate radia-
tive and non-radiative decay rates of molecules adsorbed
on metals [42–44]. The basic setup considered for the
model are two point dipoles, each of them coupled to
the external field, and to the dipolar field generated by
the other system up to first order, neglecting image field
effects, as depicted in Fig. 3(a).

The effect of the dipolar coupling between the systems
in such setup can be described by an effective polariz-
ability (see supporting information for formal definition),
which for system A reads:

αeff,A = αA(ω) + αA(ω)DαB(ω), (1)

FIG. 4. Time dependent analysis of dipole moments with re-
spect to the field strength E0. (a) In-plane dipole moment
(µy) vs. time for different E0 values. (b) Out-of-plane dipole
moment (µx) vs. time for different E0 values. (c) Schematic
representation of the two processes involved, photoexcitation
of dye molecules and charge transfer from the ribbon plat-
form to the molecules (exciton formation). The mathemati-
cal expressions used for fitting dipole curves in A and B are
presented in the text. All excitations were performed at 1.78
eV (dye excitation energy).

where

D =
1

4πε0R3
AB

(
2 0
0 1

)
(2)

is the geometric factor for two point dipoles separated at
(interlayer) distance RAB (see Fig. 3(a)), as thoroughly
explained in the supporting information section 1.2. Ex-
changing indices A and B gives the equivalent formula
for system B. The total polarizability is the sum of both.

The polarizabilities used as input for the model were
calculated for the separate systems in vacuum using real
time TD-DFTB (see Fig. S3). The imaginary part of
the in-plane (ip) (y-axis response from y-polarized field)
polarizability calculated from the aGN model (Fig. 3(b))
shows a Fano resonance around 1.78 eV. When a broad-
ening of 13 fs is added to the monolayer polarizabil-
ity (vide infra), the curve obtained agrees quantitatively
with the one calculated for the full combined system us-
ing TD-DFTB (same Fig. 3(b)). This proves that the
ip transparency/enhancement arises fundamentally from
a dipolar coupling between the systems. However, the
out-of-plane (oop) (y-axis response for x-polarized field)
polarizability calculated from the aGN model (Fig. 3(c))
agrees only qualitatively with the TD-DFTB one.

In order to gain insight into the oop process, we stud-
ied the electron dynamics upon photoexcitation of the
dye resonance in the ip direction. Figure 4(a) shows the
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ip dipole moment µy(t) for different field strengths. The
ip dipole moment grows linearly during the first steps
(up to approximately 15 fs) and then reaches a station-
ary state showing a saturation value that depends on the
field strength. The amplitudes of the different µy(t) were
fitted following the expression:

µfit
y = µsat

y (1 − e−
t
τ ), (3)

where µsat
y is the saturation dipole moment, which is di-

rectly proportional to the field strength E0, and τ is the
characteristic lifetime of the saturation process with a
constant value of 13 fs. In the linear response regime, a
linear growth of the dipole moment in time would be ex-
pected. The observed saturation evidences a secondary
process after the photoexcitation of the dye molecules.
Fig. 4(b) shows the oop dipole moment µx as a function
of time for the same dynamics in Fig. 4(a). The τ value
obtained from the fitted curves was used as the broad-
ening of the ip molecular polarizability in 3(b). This
broadening is essential for the quantitative agreement be-
tween the aGN model and the full quantum results and
shows the existence of a decay channel for the molecular
excitation.

The appearance of an oop dipole moment indicates the
cause of the decay of the excitation is interlayer charge
transfer (CT) from the platform to the monolayer. The
dipole moment µx(t) was fitted to the following expres-
sion (the time integral of equation 3):

µfit
x = γµsat

y (t− τ(1 − e−
t
τ )), (4)

where µsat
y and τ are the same as in equation 3 and γ

represents the charge leaking between both systems and
depends linearly on E0 (so does µsat

y ). Both processes,
excitation (equation 3) and CT (equation 4) are schemat-
ically represented in Fig. 4(c). The value of charge trans-

ferred qfitCT can be obtained from eq. 4 dividing by the
interlayer distance between the monolayer and the plat-
form:

qfitCT = µfit
x /RAB . (5)

Figure S4 shows that the ∆q(t) obtained from the sim-
ulation agrees with the results from equation 5 with RAB

approximately equal to the interlayer distance shown in
Fig. 1(b). The CT process explains the differences from
Fig. 3(c), as the aGN model cannot account for charge
leaking. Hence, continuous wave excitation of the ip
mode decays into incoherent interlayer excitons in which
a net oop dipole moment is caused by tunnelling of elec-
trons from the platform to the monolayer, which are
revealed by a linearly increasing, non-oscillating dipole
moment in the oop direction. Similar incoherent exci-
tons have been previously described in transition metal
dichalcogenides based van der Waals heterostructures
through tunneling between energetically resonant states

resulting in a transfer of holes [45]. Upon closer inspec-
tion of the band diagrams in Fig. 2(c) (see Fig. S5),
avoided crossings can be seen for the HOMO and HOMO-
1 orbitals of the monolayer. The avoided crossings ex-
plain the direction of charge transfer, as only the occu-
pied frontier orbitals from the molecule are mixed with
the substrate, establishing a clear channel for charge leak-
age from the platform into partially depopulated mono-
layer states. Once the linear regime has been established
in the oop dipole moment charge transfer current reaches
a steady state. This current is linear with illumination
intensity (see figure S6) with a slope (photoresponse) of
1.3 mA W−1.

In summary, we have found evidence of induced trans-
parency and opacity of the substrate arising from a Fano
spectral shape upon formation of the MVH architecture.
This spectral change is a general feature of these types
of systems, and can already be captured by a simple
module of electrostatically interacting dipoles, which is
valid even for the interplanar distances at equilibrium.
This simple model cannot capture, however, the band-
width of the response calculated from a fully atomistic,
quantum-dynamical treatment of the system which is
given by the lifetime of a new decay channel. Our time-
resolved carrier dynamics simulations suggest that such
a process could be understood as the formation of an in-
coherent interlayer exciton. These findings are relevant
for the field of molecular layers at well-defined interfaces,
atomic-scale vdW metamaterials and precision molecular
devices, to mention a few. For instance, the Fano profile
contains information about the polarizability, molecular
geometry at interfaces and distance between molecules
and substrate, so that optical studies could complement
synchrotron X-ray absorption and diffraction methods for
interfacial structure elucidation. Regarding vdW molec-
ular metamaterials, the adsorption spectrum of multiple
stacked molecular layers and 2D materials could be esti-
mated with the AGN approach to engineering the spec-
tral shape of optical transparency or enhancement. Fi-
nally, our findings open a path for improved design of
modular multilayer organic PV devices, by e.g. choos-
ing molecular materials which absorb in-plane and fea-
ture out-of-plane dipoles for enhanced interlayer charge
transfer.
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I. COMPUTATIONAL METHODS

A. Real time time-dependent density tigth-binding

We have used the DFTB+ package [1], an implementation of the DFTB method, to obtain the GS Hamiltonian
(HGS) and overlap matrix (S). Using the HGS and the S matrix, we computed the the initial GS reduced single-
electron density matrix (ρ). The mio-1-1 DFTB parameters set was employed to obtain the electronic structure of
all the structures presented in this work. In order to describe the electronic dynamics of the systems under study
we need to extend the DFTB method to the time-domain (TD-DFTB). On the basis of a real-time propagation of
ρ under the influence of a time-varying external field, we can obtain excited-state properties of the systems. This
propagation is achieved through the numerical integration of the Liouville-von Neumann equation of motion in the
non-orthogonal basis:

ρ̇ = −i(S−1Hρ− ρHS−1).

For more details on the theoretical method and its computational implementation, please refer to Bonafé et al. [2].
By applying a perturbation in the shape of a Dirac delta to the Hamiltonian, within the linear response regime, we
can obtain the absorption spectra of the sytems as follows. The dipole moment is given by:

µ(t) =

∫ ∞

0

α(t− τ)E(τ)dτ,

where α(t−τ) is the polarizability along the axis over which the external field E(τ) is applied. After the deconvolution
of the applied electric field, the frequency dependent polarizability α can be obtained:

α(ω) =
µ(ω)

E(ω)

The imaginary part of the polarizability is proportional to the Absorption spectrum.
For the study of the charge transfer processes, electron dynamics were triggered by the application of a continuous

laser-type (sinusoidal) perturbation in tune with the excitation energy of interest.

∗ Corresponding author.
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† Corresponding author.
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B. Derivation of the adapted Gersten-Nitzan model

Let A and B be two coupled point-dipoles, as depicted in Figure 3 (a) of the main manuscript. They are separated

in the x direction by a distance RAB . Both systems are coupled to an external time-dependent electric field ~Eext(t),
which can have any polarization direction within the (x, y) plane. Moreover, both systems are affected by the dipolar

electric field generated by the other system. In other words, being ~EA and ~EB the effective electric fields acting on
both systems,

~EA(t) = ~Eext(t) + ~EBA(~RA, t)

~EB(t) = ~Eext(t) + ~EAB(~RB , t)

where ~EBA and ~EAB are the electric field generated by B acting on A, and the one generated by A acting on B,
respectively, defined as:

~EBA(RA, t) =

∫ t

−∞
χ̃B(~RA, t, t

′) ~Eext(t
′)dt′ (1)

~EAB(RB , t) =

∫ t

−∞
χ̃A(~RB , t, t

′) ~Eext(t
′)dt′ (2)

Here, χ̃ is a dipole-field response function that is such that when multiplied by the external field and integrated
yields the local dipole electric field generated by the system. It has a connection with the dipole susceptibility, which
will be explored below. We start with the formula for the electric field of a perfect dipole, and being ~µI be the dipole
moment of system I:

~EBA =
1

4πε0

3(~µB · R̂BA)R̂BA − ~µB
R3
BA

(3)

As usual, ~RBA = ~RA − ~RB . By construction of the model, ~RBA = −RABx̂, which means R̂BA = −x̂; and
~RAB = RABx̂, ergo R̂AB = x̂. By inserting the position vectors into eq. 3, we get:

~EBA =
1

4πε0

2µBx
x̂− µBy

ŷ

R3
AB

(4)

Now, by definition of the dipole response function χ, and neglecting image field effects,

~µB(t) = ~µ0
B +

∫ t

−∞
χB(t, t′) ~Eext(t

′)dt′ (5)

Inserting 5 into 4:

~EBA =

∫ t

−∞

1

4πε0R3
AB

(
2 0
0 −1

)
· χB(t, t′) · ~Eext(t

′)dt′ (6)

which by comparison with 1, allows us to define χ̃ for system B:

χ̃B =
1

4πε0R3
AB

(
2 0
0 −1

)
χB(t, t′) (7)

As everything is symmetric under the exchange of labels A → B and B → A, we get now for ~EAB and χ̃A the
following:
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~EAB =

∫ t

−∞

1

4πε0R3
AB

(
2 0
0 −1

)
χA(t, t′) · ~Eext(t

′))dt′ (8)

χ̃A =
1

4πε0R3
AB

(
2 0
0 −1

)
χA(t, t′) (9)

Our goal is to get the polarizability of the combined system under the effect of the external field and of the dipolar
field induced in the neighbour system, using as inputs the polarizabilities of the isolated systems. Then, we need to
calculate both terms of the total dipole ~µ(t) = ~µA(t) + ~µB(t). Starting with ~µA(t), we have the the external field and
the induced dipolar field terms:

~µA(t) =

∫ t

−∞
dt′χA(t, t′) ~Eext(t

′) +

∫ t

−∞

∫ t′

−∞
dt′dt′′χA(t, t′)DχB(t′, t′′) ~Eext(t

′′) (10)

where D := 1
4πε0R3

AB

(
2 0
0 −1

)
is the geometrical factor. Calculating the Fourier transform of 10:

~µA(ω) = [αA(ω) + αA(ω)DαB(ω)] ~E(ω) (11)

And equivalently for B:

~µB(ω) = [αB(ω) + αB(ω)DαA(ω)] ~E(ω) (12)

These expressions suggest a natural definition of an effective polarizability, which can be written as:

αeff,A = αA(ω) + αA(ω)DαB(ω) (13)

αeff,B = αB(ω) + αB(ω)DαA(ω) (14)

Which is the formula used to calculate the polarizability components shown in Figure 3 of the main manuscript.
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II. FIGS. S1 TO S6

0 1 2 3
Energy (eV)

0.000

0.025

0.050

0.075

0.100

0.125

0.150

0.175

0.200
OD

 (a
bs

 u
ni

ts
)

46-AGNR (platform)

Fig. S1. Absorption spectrum of 46-AGNR.
The figure shows the absorption spectrum of the 46 atom width Armchair graphene nanoribbon (46-AGNR) used as
the platform in the van der Waals molecular heterostructure presented in this work.
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Fig. S2 Coverage absorption dependency. Absorption spectrum of different sublayers of TDI molecules on
top of the ribbon platform. As a reference, in blue is plotted the same monolayer spectrum as in the manuscript (6
TDI molecules in the unit cell).
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Fig. S3. Individual polarizabilities for system 1a. (A) In-plane and out-of-plane polarizabilities for the
platform. (B) In-plane and out-of-plane polarizabilities for the monolayer of TDI.
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Fig. S4. Charge transfer ∆q(t) of the platform for different field strengths as obtained from the dynamical
simulations.
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Fig. S5. Detail of Fig. 2c showing the band structure and populations for excitation at 1.78 in the energy
regions corresponding to the HOMO and LUMO orbitals of the monolayer. Red (blue) circles denote the increase
(decrease) of electron occupation and the circle size is proportional to the change of population.
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Fig. S6. Photoresponse shown as interlayer current as a function of laser intensity. Currents where
obtained from the stationary state (linear) portion of the time dependent charge shown in Figure S4.
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