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Abstract

The growing interest in tuning the conduction properties of single-molecule junctions has drawn attention to studying their
interaction with incident electromagnetic fields. The theoretical complexity of this problem necessitates the use of nonequi-
librium statistical mechanics combined with quantum electrodynamics, leading to extremely time-consuming simulations. In
this work, we propose a computationally efficient algorithm, which combines EE-BESD—an efficient and effective simulator
of current—voltage characteristics in dark conditions—with approximated models for light interaction, specifically the Tien-
Gordon and Floquet models. We validate EE-BESD-PAT through comparison with ab initio calculations and experimental data
from the literature. Our computational model demonstrates good agreement with both experimental and density functional
theory calculations, demonstrating that the proposed method is a promising computationally efficient tool without sacrificing
accuracy.

Keywords Computational modeling - Molecular electronics - Photo-assisted tunneling - Single-molecule junctions -
Optoelectronic devices - Tien-Gordon - Floquet

1 Introduction The reason is that molecules allow a further decrease in

device dimensions, since they represent the ultimate limit of
In the last twenty years, systems such as molecular junc-  miniaturization, giving the possibility to discover and exploit
tions have caught the attention of several research groups. new mechanical, electrical, optical and thermal phenomena

atthe nanoscale [1-8]. Since Aviram and Ratner’s pioneering
concept of using single molecules as functional compo-
nents in electronic devices [9], numerous proof-of-concept
devices based on single-molecule junctions have been both
theoretically demonstrated and experimentally developed.
These developments have utilized various nanofabrication
methods, including break-junction techniques, nanoetching
and beam-induced deposition [10]. These molecular devices
include a wide range of applications, such as molecular wires,
switches, thermoelectric and optoelectronic devices, sensors,
memory devices, nanoelectromechanical systems and tran-
sistors [11-25].

Generally, a combination of density functional the-
ory (DFT) and nonequilibrium Green’s functions (NEGF)
Department of Electronics and Telecommunications, [26-29], implemented in commercial tools such as Quan-
Politecnico di Torino, Corso Duca degli Abruzzi, 24, Turin tumATK [30], is required for an accurate evaluation of the
10129, Italy e .

current—voltage (IV) characteristic in single-molecule junc-
Department of Applied Science and Technology, Politecnico tions in dark condition. However, the DFT+NEGF frame-
di Torino, Corso Duca degli Abruzzi, 24, Turin 10129, Italy . . . . .

work requires extended execution times that increase with the

target accuracy. In previous works, our group developed an
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approximated method, called EE-BESD [31], which is based
on an effective zero-dimensional (OD) model that allows
computationally efficient estimation of IV curve. EE-BESD
was conceived specifically to reduce extended execution
times through approximations, allowing to efficiently com-
pute the self-consistent field for any applied bias, while
maintaining a good alignment with the ab initio model. This
methodology enables the simulation of circuits composed of
molecular junctions-an effort that becomes computationally
infeasible when relying solely on the full DFT-NEGF frame-
work.

In the recent past, the interest in the interaction of light
with single-molecule junctions grew since it can be exploited
to tune the conductive properties of molecular junctions
through photo-assisted transport (PAT) [32-39] and trigger
interesting physical phenomena, such as localized surface
plasmons (LSPs), able to amplify the incident field [35,
40-42]. However, modeling this interaction for current-
carrying molecular junctions is a challenging problem due
to the complexity of the multi-body open systems under
study [43, 44], which should be rigorously treated using
nonequilibrium statistical mechanics combined with quan-
tum electrodynamics. However, this approach dramatically
increases the computational effort to predict the current flow-
ing through the illuminated junction in stationary condition
[30]. In the framework of NEGF, the self-consistent Born
approximation (NEGF-SCBA) allows to define an additional
self-energy, representing the interaction between electrons
and photons, that should be computed self-consistently with
the Green’s functions [44-49]. NEGF-SCBA is extremely
time-consuming and often a simplified version is imple-
mented, as in QuantumATK where the self-consistent com-
putation is truncated after the first iteration (first-order Born
approximation) [30].

There exist two alternative models that are frequently
applied to molecular junctions to describe the adiabatic
photo-assisted transport, where it is assumed that no elec-
tronic excitations are happening in the molecule. The first
is the one developed by P. K. Tien and J. P. Gordon in the
field of superconductors [50, 51] and adapted to molecular
junctions [52-55]. It is the most used model for PAT, even if
its accuracy is low, because easier to apply and computation-
ally efficient. The second model consists of the application
of Floquet theory in the framework of NEGF. Indeed, assum-
ing to study periodically driven systems, Floquet’s theorem
allows a great simplification of the time-dependent problem.
This model has been extensively studied [S6—65], but mainly
applied to ideal molecular junctions described by a tight-
binding approach and choosing electrical/optical parameters
not strictly related to ‘real’ systems.

In this paper, we present a computational approach for
the adiabatic photo-assisted transport analysis of realistic
molecular junctions under stationary illumination conditions.

@ Springer

Under this assumption, we combined the aforementioned
approximated models for the interaction of light with EE-
BESD, with the aim to efficiently compute the conduction
properties of the device, taking also into account possible
plasmonic amplification. This approach, named EE-BESD-
PAT, has been validated through the comparison with other
simulations, obtained within the NEGF-SCBA framework,
and with the experimental measurements by [66]. EE-BESD-
PAT shows good agreement with both experimental and
simulation results, confirming that the proposed method
is advantageous in terms of execution time, reduced from
days to minutes w.r.t. ab initio calculations without los-
ing significant physical information. Furthermore, thanks to
its computational efficiency, EE-BESD-PAT is suited to be
included in photonic circuit-level simulators, thus opening
the way to single-molecule optoelectronic devices and cir-
cuits.

2 Theoretical background

In this section, we briefly summarize how the charge trans-
portin dark conditions is computed through EE-BESD. Then,
we present the main approximated approaches used to model
PAT through a single-molecule junction.

2.1 EE-BESD

EE-BESD is a OD effective model used to analyze sym-
metric coupling molecular junctions, i.e., those for which
the coupling molecule-source and molecule-drain are equal.
The symmetry of the coupling does not limit the number of
devices that can be studied. Indeed they are often obtained
through mechanical break junctions, implying contacts made
of the same material, with ideally the same crystallographic
orientation and the same anchoring group.

Because of covalent bonds between the anchoring groups
and the metallic contacts, this model is applied under the
assumption of molecule-electrode strong coupling regime
with associated coherent transport [29]. The electronic struc-
ture of the molecule is described by a finite number of energy
levels (E;), each of them characterized by a coupling coef-
ficient y;. EE-BESD assumes a Lorentzian shape for energy
level broadening, which is exact only if the contacts self-
energy L is energy independent, with a different width
depending on the level. Under this assumption and taking
y; as the width of the i-th broadened level, the density of
states (DOS) is expressed as:

Yi
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where E corresponds to the energy value at which the density
is computed. Considering the independent channel approx-
imation, i.e., all levels conduct independently, it can be
demonstrated that the transmission coefficient 7(E) can be
expressed as [29]:

Vi
T(E) = 7 —DOS;(E) = T;(E) 2)
where T; is the electron transmission probability through the
i-th molecular channel/level.

In Eq. (2), T(E) is independent on the applied bias (Vpg).
Actually, when a static field is applied across the junction,
the polarization of molecular orbitals and charging effects
(transfer of electrons from molecule to contacts and vice
versa) could change the intensity and position of the trans-
mission peaks. To include these effects, a set of preliminary
DFT-NEGF calculations are performed to extract informa-
tion on the junction. Specifically, the IV characteristic and the
corresponding transmission spectra are computed only for a
reduced number of bias points in the desired range of Vpg
(e.g., 11 points in [0, 3] V). From these results, it is possible
to identify the position (E;) of the most relevant transmission
peaks and extrapolate their width (y;). Moreover, it is possi-
ble to evaluate the evolution with Vpg of each peak intensity
by recurring to a second-order polynomial fitting, identified
with w;(Vpgs). This procedure is beneficial since allows to
extrapolate accurate parameters computed with ab initio cal-
culations, which are done only once and for a low number of
bias points.

Knowing the evolution of the peaks with Vpg allows to
change the transmission spectrum by multiplying each coef-
ficient T;(E), related to i-th level, with the corresponding
polynomial fitting:

T(E, Vps)= Y Ti(E)wi(Vps) 3)

iemol

Regarding charging effects, a self-consistent field (SCF)
approach is employed to compute the potential variation
UscF, which is responsible for a rigid shift in the energy of
the transmission spectrum. The self-consistent loop is over
the variable Ugc r, which is used to test convergence within
the target tolerance [31].

Eventually, the current is computed through the Lan-
dauver—Biittiker formula using the transmission spectrum
which takes into account polarization and charging effects
[29] for any applied bias within the considered range of volt-
age values:

2 +00
1Vpg) == f T(E. Vos)[fs(E) — fo(B)]dE  (4)

where the constants e and % correspond to the elementary
charge and the Planck constant, while the Fermi—Dirac dis-
tribution inside the contacts are identified by fs(E) = f(E,
E Fg) for the source (S) and fp(E) = f(E, EF,)forthedrain
(D), where EF,, ¢ represents the quasi-Fermi level inside the
contacts.

2.2 Modeling light interaction

In the past years, approximated models have been proposed
to evaluate the current resulting from adiabatic PAT across a
molecule. To simplify the treatment, we neglect the effects
associated with the magnetic field and other second-order
effects (thermal expansion, hot electrons generation and
thermo-electricity). Moreover, we consider a monochromatic
electric field described in the classical form:

E(t) = Eine cos(wt) )

where Ej,. is the amplitude at junction site, and w is the
pulsation of the electric field.

The idea behind this approach is the following: If light
polarization is mostly parallel to the transport direction,
an oscillating potential V4¢(¢) drops between the contacts
and the molecule inducing a classical modulation of the
potentials. The result is a time-dependent current (AC con-
tribution), but also an additional DC component, i.e., the
photocurrent, which is modeled by Tien-Gordon and Flo-
quet models. To ensure that the type of transport through
the molecule is adiabatic, the radiation frequency w should
be smaller than the plasma frequency w, of the contacts in
order to neglect the creation of electron—hole pairs. More-
over, to guarantee that the potential is uniform across the
molecule, the radiation wavelength A should be longer than
dgap, which represents the distance between the atomic con-
tacts (it is approximately the length of the molecule) [56].

[58] proved a closed-form equation for the evalua-
tion of the total steady-state current considering a classi-
cal monochromatic electromagnetic field. It is valid only
when considering electron—electron interaction, inside the
molecule, in a self-consistent way (as done in EE-BESD) and
assuming an energy-independent density of states in the con-
tacts, i.e., the so-called wide-band limit (WBL). The equation
assumes the following Landauer-like form:

B e 00 +00 @
I(Vps, Vac) = - » [Tps(E. Vps,
—00

Vac) fs(E) — Tyn(E, Vps, Vac) fp(E)]dE
6)

InEq. (6), two transmission spectra, ng and Té’g, are defined
to describe charge transport from source to drain and vice

@ Springer
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versa. The number of exchanged energy quanta /o between
electrons and the incident field corresponds to Inl, where n
identifies the order of the transmission mode: absorption
events are represented by n > 0, whereas n < 0 refers to
emission processes. These mechanisms are weighted by the
integral over energy and then summed together in order to
evaluate the total current.

It can be proved that in general Tg? #* T_é"D) due to an
external periodic driving force such as the one induced by an
incident electric field [58]. Nevertheless, when a molecular
junction is characterized by generalized parity, as in the case
of symmetric junctions analyzed in EE-BESD, we have that
T[()”S) = TénD) = T [58], where T can be computed by
Tien-Gordon and Floquet models. In the following, we will
summarize these models, showing how they can be used to
compute T"(E, Vps, Vac).

2.2.1 Tien-Gordon model

The central idea in Tien-Gordon (TG) model is that the
induced potential V4¢ () modulates over time the occupation
of the electron energy levels in the contacts while maintaining
the same carrier distribution across the levels of the molecule
[50].

Considering an optically-induced oscillating potential that
drops symmetrically at the two contacts and it is uniform
along the molecule, it is possible to demonstrate that the
transmission spectrum referred to n exchanged energy quanta
is [54] (for simplicity of notation we do not report the depen-
dence on Vpgs and Vc):

TO(E) = Jf(%)T(E + nho) %)

where « = hw/eV4c is an adimensional parameter related
to the incident radiation strength; J,, is the Bessel function of
the first kind of n-th order, and 7' (E +nhw) is the transmission
spectrum in dark condition shifted by nhiw.

The main advantage of the Tien-Gordon model is that PAT
can be computed starting from the properties of the junction
in dark conditions. This scheme is numerically efficient and
straightforward to be implemented. The main practical issue
is that V4c is not generally known and is considered as a
varying parameter to fit the measurements in several exper-
imental papers [39, 66]. In this work, we estimate its value
starting from the parameters of the incident radiation, as it
will be shown in Sect. 3.

2.2.2 Floquet model
The Floquet model represents the natural approach to deal

with periodically light-driven molecular junctions since it
exploits the time periodicity of the Hamiltonian. In the case

@ Springer

of incident monochromatic fields, we assume that the induced
oscillating potential V4 (t) affects the energy levels of the
molecule, expressed in the molecular Hamiltonian H,,,;(t),
as follows [60]:

Hyoi(t) = Hmol,O —eVac) (8)

where Hp,,;, o is the Hamiltonian of the molecule before the
light interaction, whereas —e V4 (¢) is the oscillating poten-
tial energy induced by the electric field. The latter term
is responsible for the time periodicity of the Hamiltonian,
which satisfies the relation H,,,(t + ¢) = Hy01(t), wWith
¢ = 2m /w. It can be proved that this time dependence is
also inherited by the Green’s functions of the system and it
can be exploited to decompose the two times retarded Green’s
function, GR(t, t"), in the following way [60, 65]:

oo +00 1 .
GR(I, t) = Z / Z_GR(n)(E)e—%E(t—t’)ﬂ'nwt dE
J
n=—oco0? ~®

C))

The functions GR®™ are called retarded Floquet modes and
are related to photo-assisted mechanisms which involve the
interaction with Inl photons. They allow moving from the
time domain to the energy domain, which is crucial since
it simplifies the description of the system, as it is normally
done in steady-state conditions.

The computational complexity of this approach is hidden
in the Floquet modes. There are different schemes for their
evaluation, which always involve inversion of matrices [63],
corresponding to the time-consuming part of the algorithm.
In this paper, we decided to follow the procedure described
by [60], where a matrix continued fraction approach [59] is
used to recursively solve the well-known Floquet-Dyson’s
equation of the Green’s function formalism.

Knowing the Floquet modes, it is possible to compute the
transmission coefficients under illumination condition [60]:

T™(E)

= Tr[[(E)GA"(E + nho)T(E — nhw)GR™(E + nhow)]
(10)

where GA™(E) is the advanced Floquet mode, calculated
from the retarded component (GAM(E) = [GRMW(ENT,
and ['(E) is the broadening function which results from
the interaction between the molecule and one of the two
reservoirs. Since we considered only symmetric molecular
junctions, the broadening function related to source and drain
coincides: I's =T'p =T.
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3 Implementation

In this section, we show our algorithm implementation of
Tien-Gordon and Floquet models, which is called EE-BESD-
PAT, written in MATLAB. Our choice of starting from EE-
BESD for the implementation has been driven by the need
for computational efficiency and acceptable accuracy.

3.1 EE-BESD-NEGF

Firstly, we rewrite the EE-BESD suite in the Green’s function
formalism, since the Floquet model and the scheme described
by [60] are both based on such a formal framework. Accord-
ingly, we converted the arrays of energy levels and coupling
factors into matrices in order to compute Green’s functions.
In particular, considering a molecular system with N energy
levels, the Hamiltonian of the molecule can be expressed in
the well-known diagonalized form:

Eq

Es
Hmol,O = . (11)

En

where the diagonal entries correspond to the energy levels of
the molecule. Similarly, it is possible to express the broad-
ening function through the coupling coefficients y; (already
mentioned in Sect. 2) as follows:

r = . (12)
VYN

Assuming WBL, we know that the retarded contacts’ self-
energy, that is the contribution to the electron’s energy due to
the interaction with the contacts, is expressed by £ & = — ’7 ,
therefore, the retarded Green’s function is computed through
Dyson’s equation:

GR(E) = [EI — Hpoo — =X

(13)
where [ is the identity matrix and the product EI corre-
sponds to a diagonal matrix whose entries are all equal to
the energy value E. It is known that, varying the applied
bias, the nonequilibrium Green’s function would change due
to a variation of the coupling with the contacts. Nevertheless,
assuming WBL and using Eq. (12), X remains the same for
any applied bias. This approximation would lead to a wrong
evaluation of the IV characteristic with respect to ab initio
simulations. In order to include the dependence from Vpg,

we rethought what is done in EE-BESD and adapted the fit-
ting procedure to the NEGF algorithm. We defined a new
energy-dependent fitting coefficient:

Y iemor TiEYw;(Vps)
Ziemol TI(E)

wNEGF(E, Vps) = (14)

This coefficient is used to compute Green’s functions through
a new definition that allows to include the bias dependence:

GRIAE, Vps) = Vwnecr(E, Vps)GRAE) (15)

with GR coming from Eq. (13) and G* = [GR]. To jus-
tify this definition, it is enough to compute the transmission
spectrum for steady-state conditions:

T(E, Vps) = Tr[Tsv/wyecr(E, Vps)GR(E)
I'pvwnecr(E, Vps)GH(E)]

= wneGr(E, Vps)

Te[FsGR (B pGA(E)]
Y iemor Ti(E)w;(Vps)
= . 7"l E
Ziemol TI(E) ie%;l ( )
= > T(E)wi(Vps) (16)

iemol

The lastline in Eq. (16) corresponds to the transmission spec-
trum computed with the original EE-BESD algorithm, thus
the definition in Eq. (15) leads to the same result and allows
to obtain the Green’s functions depending on bias. This refor-
mulation of EE-BESD in the context of NEGF is suitable for
the implementation of Stefanucci et al.’s algorithm, which
has been used to compute the Floquet modes as stated above.

3.2 EE-BESD-PAT

The first step toward the implementation of EE-BESD-PAT
is to define the evaluation of V¢, which is the main param-
eter Tien-Gordon and Floquet models are based on. In our
algorithm, we consider the photon flux (F,;) and the pho-
ton energy (Epp,) of the incident radiation as the main input
parameters. From these quantities, we estimate the amplitude
Vac through classical electromagnetism: knowing Fpj, and
E pp,, the incident power density per unit area is expressed
by Py = Fp,Epp; it is also known that the active power
density carried by plane waves is related to the electric field
as follows:

1 2

Ps = —R{Y}E;,, (17)

T2

where Y is the characteristic admittance of the medium
through which the radiation propagates. Considering the case

@ Springer
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of vacuum (or air), ¥ = /€p/no = €oc, and inverting Model paramaters extraction: Input parameters:
Eq. (17), we retrieve the magnitude of the electric field: Ei, yi, w; E, Vs, Epn, Fpny kenns imax

(13)

Assuming a uniform drop of the potential along the single-
molecule channel, we estimate V4 as:

Vac = Einc dgap kenn (19)

where k.5 is an amplification parameter that takes into
account possible near-field enhancement caused by triggered
LSP in the atomic contacts. This procedure is coherent with
what is seen in the literature [36], permitting to analytically
approximate V4c. In EE-BESD-PAT, the value of k., is
chosen by the user and becomes one of the input optical
parameters.

As already stated in Sect. 2.2, it is possible to compute the
current under illumination condition through Eq. (6), which
is the figure of merit we want to evaluate with EE-BESD-
PAT. Since only symmetrical junctions are considered, we
define an overall ‘optical’ transmission spectrum that ideally
takes into account all possible photo-assisted mechanisms,
and it is used to compute the steady-state current:

Top(E)= Y T"(E) (20)

n=—0oo

2 +00
1Vbs. Vac) == f Ty (E) fS(E) — fp(E)]dE
@1)

Topi(E) and I(Vps, Vac) represent the two main outputs of
EE-BESD-PAT algorithm. The summation over n in Eq. (20)
is truncated to a maximum order =£n,,,y, that is chosen by
the user and must be great enough to ensure convergence of
the transmission spectrum.

The EE-BESD-PAT algorithm is shown in Fig. 1 through
a block diagram. EE-BESD is still the first step of the algo-
rithm, and it is used to compute the self-consistent potential
Uscr and the transmission spectrum in dark conditions
(labeled Tj4-x to avoid confusion). From this point, the
algorithm is divided into two branches, one for each PAT
model. The Floquet branch starts from the evaluation of
WNEGF, Hmoro and TX; then follows the recursive solu-
tion of Floquet-Dyson’s equation (for each value of energy E)
whose solutions are the Floquet modes used to calculate Ty, ;
eventually, the current under illumination condition is com-
puted. On the other hand, the Tien-Gordon branch is much
shorter: it involves only shifts of the transmission spectrum
in dark conditions and evaluation of the Bessel’s functions.
After this step, it is possible to evaluate Ty, and then the

@ Springer

for each Vpg EE-BESD

Floquet

for each F;,, Ey il

Calculation:
- wNeGr(E)
- Hmo[,O (Er)
- ZR(E)

- Shift Tark by nhiw
- Evaluate [,

Calculation:
Topt(E)

Calculation:
I(Vps, Fpn, Epn)

for each E

Recursive solution of
Floquet-Dyson's equation:

GR(n) (E)

Calculation:
Tup[(E)

Calculation:
I(VDS, Fp/u Eph)

Fig. 1 Block diagram of EE-BESD-PAT algorithm. Itis divided into two
main phases: the first corresponding to the original EE-BESD algorithm
(dashed rectangle) and the second represented by the computation of
Top: and I(Vps, Fpn, Epp) through Floquet and Tien-Gordon models
(two branches starting from EE-BESD block). The filled rectangles in
the diagram represent different cycles, whose iteration variables are
indicated on the top-left corners

overall current. The whole algorithm must be repeated for
each Vpg, whereas the two branches should be iterated for
each combination of Fj and E ;. Indeed, in the block dia-
gram, the filled rectangles represent different cycles, whose
iteration variables are indicated on the top-left corners.

EE-BESD-PAT allows to compute figures of merit (75,
and /) in short execution times, while preserving the essential
physics behind PAT. In the following section, we present the
results obtained with this simulator, especially focusing on
its validation through comparison with ab initio simulations
and experimental results.

4 Results and validation

To show the potentiality of our simulator, we reported the
computed current in dark and in illumination conditions for
three different dithiolated molecules (already included in
the EE-BESD library) placed between two gold contacts:
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VDS (V) VDS (V) VDS (V)
(a) 3TT (b) OPE3 (c) OPV3

Fig. 2 1V characteristics of 3TT, OPE3 and OPV3 under dark (black circles) and illumination conditions (red squares and green triangles). Photons
impinge on the single-molecule junctions with energy E,;, = 1.8eV and flux Fp; =1 x 108s—1A 2

terthiophene (3TT), oligophenylene ethynylene (OPE3) and
oligophenylene vinylene (OPV3).

The corresponding IV characteristics, shown in Fig. 2,
have been computed for the range Vps € [—1, 1]V con-
sidering an incident flux equal to 1 x 10357 'A =2 and a
photon energy of 1.8eV (& 689 nm), which is suited for
LSP excitation. To include such effect, we arbitrarily posed
kenn = 500, coherent with field amplifications seen between
gold nanoparticles [67], which has the effect to enhance the
electric field in the gap, and as a consequence, to increase
the value of V4c. Finally, we considered for both models
Nmax = 18 (37 orders). Figure 2 reports in black with cir-
cular markers the IV curves in dark conditions computed
with EE-BESD, which are symmetrical with respect to the
origin, which it is expected in symmetric single-molecule
junctions where source and drain are equivalent. Red squares
and green triangles are the markers of the curves com-
puted employing our proposed implementation of Floquet
and Tien-Gordon models, respectively. Both of them pre-
dict an enhancement of the current through photo-assisted
mechanisms, with Floquet evaluating a larger additional pho-
tocurrent than Tien-Gordon. This difference is traceable to
different predicted heights of the sidebands generated by
absorption or emission of energy quanta.

Anexample of illuminated transmission spectrum (75, ) is
reported in Fig. 3 for OPV3 considering a bias of 0.8 V. Solid
black lines indicate the main peaks computed with EE-BESD
in dark conditions, whereas in dashed red and dotted green,
we see the transmission spectra evaluated with Floquet and
Tien-Gordon. The additional peaks are distant nhw from the
main peaks, whose transmission probability decreases due to
light interaction. In other words, the effect of the impinging
radiation is to excite the formation of transmission sidebands
through which the electrons are transmitted from S to D elec-
trodes. Because of mass conservation, each excited electron
contributes to transmission at a different energy E (multiple

1
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Fig. 3 Transmission spectrum of OPV3 under dark (solid black curve)
and illumination conditions (dashed red and dotted green curves) at
Vps = 0.8V

or submultiple of Aw) w.r.t. its initial energy, thus creating
a transmission path at that specific energy while decreasing
the transmission probability at initial energy E. This mech-
anism, which is still perfectly caught within the developed
EE-BESD-PAT, is at the basis of the electron transmission
feature modulation by incident light, and thus at the origin
of the photocurrent.

4.1 QuantumATK and EE-BESD-PAT comparison

We validate EE-BESD-PAT through a comparison with
ab initio simulations employing QuantumATK and a compar-
ison with an experiment. Starting from the first, we consider
a 3TT single-molecule junction (depicted in Fig. 4) having
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Fig.4 3TT single-molecule
junction considered for
comparison between
QuantumATK and
EE-BESD-PAT. The image has
been produced using the builder
tool of QuantumATK

Table 1 Parameters for LCAO calculator and transport analysis through
DFT-NEGF algorithm

Parameter Value
Functional GGA-PBE
Basis set FHI-DZP

LCAO k-points

Poisson solver

Preset density [4.0, 4.0, 150.0] A
Parallel conjugate gradient

Boundary conditions A: Periodic, B: Periodic, C: Dirichlet
Vbs [0, 3]V, 11 points

[—2.5, 2.5] eV, 151 points

Densities along A and B: [7.0, 7.0] A

Electron energy
DFT-NEGF k-grid

gold electrodes with orientation [1,1,1]. With QuantumATK,
we compute the photocurrent using first-order Born approx-
imation in the NEGF framework. QuantumATXK is only able
to compute the photocurrent for different photon energies
but at a specific bias point. To choose the most appropriate
Vps, we made a preliminary study of the IV characteris-
tic. For the computation of the electronic structure and the
analysis of transport, we used the parameters shown in Table
1. After looking at the results and extracting the parame-
ters for the EE-BESD implementation, we decided to choose
Vps = 0.3V as bias point since the transmission spectrum
obtained with EE-BESD overlaps well with the one retrieved
with QuantumATK for energies near the Fermi level (see
Fig. 5). In this way, we have the best comparison since we
exclude unmatched shifts of the spectrum, due to pronounced
charging effects, and reduce the differences owing to the
limited number of molecule levels that EE-BESD-PAT con-
siders.

With this in mind, we computed the photocurrent set-
ting the parameters as shown in Table 2 and compared the
result with EE-BESD-PAT simulation. The QuantumATK
simulation required 5 days to finish. On the other hand, the
EE-BESD-PAT simulation took 7 min setting n,,,,x = 18 and
considering 125 photon energy points. The time needed for
the EE-BESD parameterization is not included in the 7 min
since only the time for photocurrent computation is com-
pared. Nevertheless, for the considered molecule and applied

@ Springer

Transmission coefficient

Fig.5 Transmission spectrum of 3TT at Vps = 0.3V obtained with
EE-BESD and QuantumATK

Table 2 Parameters set for ab initio photocurrent evaluation of 3TT
junction at Vps = 0.3V

Parameter Value

Electron energy [—2.7, 2.7]eV, 99 points
[0, 2.5] eV, 20 points
MonkhorstPackGrid 15 x 15

Linear-z [0,0,1]

Photon energy
k-points grid

Polarization

bias, an automatic fitting procedure can be applied and a
good-quality fit is obtained in a short time. Even in the case
of a manual fit, less than an hour of work is sufficient for
retrieving a good fit of the transmission spectrum.

Although we set a low number of photon energies (20
points), the simulation performed in QuantumATK requires
execution times that are far longer than those needed by EE-
BESD-PAT, proving the high efficiency of our computational
scheme.

Figure 6 shows the results of this comparison. First of all,
this is important to observe the order of magnitude of the pho-
tocurrent: it is the same for each model and equal to 1071° A.
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Fig.6 Photocurrent of 3TT at Vps = 0.3V computed through EE-
BESD-PAT and QuantumATK. The incident photon energy is varied,
while the flux remains fixed to Fp, =1 x 108s—1A 2

This value is not strange if we focus on the chosen photon
flux. Indeed, only one photon per second reaches an area of
lAz, where can interact with one electron in an energy state
outside the bias window. The interaction can lead the electron
to move in a molecular orbital involved in conduction, hence
increasing the total current. Considering typical dimensions
of a single-molecule junction, only a few photons per second
can interact with a corresponding number of electrons; there-
fore, the additional charge involved in conduction is a small
multiple of the elementary charge, which is proportional to
10-*c.

For what concerns the general behavior, the photocurrent
obtained with QuantumATK shows a peak at E,, ~ 1.3eV
and another close to small values of photon energy. The first
peak is related to a local maximum of available states that can
accept electrons after having absorbed or emitted an energy
quanta. The result is a peak in the photocurrent. On the other
hand, the peak close to 0 eV should be considered with atten-
tion since its intensity could strongly depend on the number
of photon energies and the considered number of k-points.
Moreover, due to the computational complexity and the order
of magnitude of the photocurrent, numerical errors in ATK
could not be completely neglected.

A similar shape of the photocurrent results from Tien-
Gordon and Floquet models, with the advantage of much
faster simulations. The main difference is about the precise
position of the peaks and their intensity, with Floquet pre-
dicting a maximum photocurrent of about one third of the
QuantumATK one. For small photon energy (< 0.5 eV), the
photocurrent difference could be also due to absorption of
photons by gold atoms in the source anchoring group, which
increases the number of available electrons for transmission.

hw = 1.89 eV, kepp = 550
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Fig.7 The blue line corresponds to the relation between the incident
power density Py and the optical parameter eV4c, whereas the black
line is the critical power density (Py).

On the other hand, for photon energy greater than the HOMO-
LUMO gap, the model is no longer valid since we considered
only the case of adiabatic interaction of an incident electric
field with the molecular junction. In the range of validity, Flo-
quet performs better than Tien-Gordon and in general can be
considered a good approximation of QuantumATK for pho-
ton energies in the range between 0.5eV and 1.3eV

4.2 Experimental validation

The next step was to verify if our simulator is able to repro-
duce experimental results. A suitable work for a comparison
is the one by [66], they measured the current of a suspended
wire molecular junction (SWMIJ), based on a self-assembled
monolayers (SAMs) of octane (CgH;g), for the bias range
Vps € [0, 1.5] V when it is illuminated by a laser. To make
a comparison, we had to include the octane molecule in the
EE-BESD library. The geometry of the molecule has been
optimized with ORCA [68, 69] software using the hybrid
DFT functional CAM-B3LYP and the basis set def2-TZVPP
[70], including Grimme-D3 dispersion correction in the cal-
culation [71, 72]. The optimized geometry leads to gap length
dgap = 1.541nm, which has been used to compute Vac.
It is worth underlining that we compared the simulations
of a single-molecule junction with the characteristic mea-
surements of a SAM junction, therefore, some effects due to
intermolecular interactions could be not taken into account
by our simulator.

Regarding the parameters of the incident radiation, the
authors in [66] used a laser with wavelength A = 658 nm
(Epp = 1.89eV) and power density Py ~ 6.5 mWmm~? =
6.5¢9 Wm ™2, which result in a surface plasmon amplification
kenn =~ 550 (estimated by the group). Figure 7 depicts the

@ Springer



55 Page100f 14

Journal of Computational Electronics (2025) 24:55

hw = 1.89eV, k. = 550
—Exp. Dark‘ |

W~
‘
4
o
=

< ----Exp. Light A <
< ||—EE-BESD vy =
= gl Floquet v 1038
5} ----TG K O
—~ L. —~
= Y =
3 ' g

2+ 10.2 4
T o Z
% B e =
1t I R 10.1 é
- e f=
T T €S0 n

Fig. 8 Experimental validation of EE-BESD-PAT. In (a) and (b) solid
and dashed blue lines correspond to the current measured by Arielly
et al. in dark and illumination conditions, respectively; the orange solid
line is the dark current evaluated by EE-BESD, whereas dash-dotted

relation between the incident power density and the value
of eV4c considering the parameters of the experiment. The
incident power (approximately identified by the data tip) is
lower than the critical power density (Px). = 1.2¢10 Wm ™2
needed to ionize air (the medium through which the radiation
propagates), which is crucial otherwise the measured current
would have been distorted by the air ionization.

The resulting Floquet and Tien-Gordon parameter,
eVac ~ 1.87eV, has been used to simulate the characteris-
tic of the SAM in illumination conditions. The measurements
and the results of the simulation with the parameters of the
experiment are shown in Fig. 8(a). Starting from the dark
current, the EE-BESD prediction is one order of magnitude
smaller than the experimental dark current, which is coherent
with the fact that in a SAM junction there are more molecules
contributing to the current. Regarding the dependence on
Vbs, the behavior of the two curves is similar, with the exper-
imental one being more exponential-like.

When light is switched on, the measured current increases
because the radiation absorption by the molecular junction
opens additional channels for electron transmission through
the illuminated device (i.e., the light generates subbands pre-
sented in Fig. 3). TG predicts a slightly enhanced current
but too small w.r.t. experimental one. Actually, it predicts a
current under illumination very similar to dark conditions.
Therefore, from our results, the TG model, even if simple
and computationally extremely efficient, it is not at all able
to catch all the physical phenomena involved in PAT through
molecular junctions. We believe this to be related to the fact
that the TG model implicitly assumes that electrode electron
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and dashed orange lines correspondingly refer to the current calculated
in illumination condition by Floquet and Tien-Gordon model. In (a) the
enhancement factor is k.,;, = 550 (the same as the considered experi-
ment), while in (b) we consider an enhancement k., = 1100

states are modified by incident light while no significant mod-
ification occurs in the unvaried molecular channel. This is not
true in general in molecular junctions, where even small mod-
ifications of the molecular channel states reflect in significant
transport modifications. Indeed, in all mesoscopic systems,
the portion of the device mainly affecting the transport is
the one with the lowest number of electron states [29], i.e.,
the molecular channel, while the contacts affect the trans-
port mainly through the channel-contact state mixing. The
Floquet model, instead, accurately predicts the experimen-
tal data in the range [0, 0.65]V, where it correctly predicts
the dark current enhancement produced by the incident radi-
ation. Notice that the absolute value is still a submultiple
of the experimental value, and we again relate this to the
fact that the considered experiment is performed on a SAM,
while our results are related to a single-molecule junction.
For Vpg greater than 0.65V also the Floquet model is not
capable of predicting the sharp experimental increasing trend
of the current under illumination.

To understand the origin of this discrepancy, we decided to
test the TG and Floquet models with a larger plasmon enhanc-
ing factor, as reported in Fig. 8(b). Indeed, itis not said that the
simulated system and the experimental one present the same
surface plasmon enhancement factor for the incident radia-
tion wavelength. As already mentioned in this section, ke,p
could be used as a fitting parameter. We supposed to have an
amplification twice the experimental one, i.e., ke, = 1100,
and repeated the simulation with the resulting induced oscil-
lating potential eVoc = 3.75eV. The current amplification
predicted by the Floquet model is now comparable with the
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experimental one, even though the shape of the curve is not
exponential-like as in the experiment since it reflects the
shape of EE-BESD dark current. We thus conclude that the
Floquet model correctly predicts the shape of the experimen-
tal current with k.,;, = 550 for low bias, up to 0.65 V, and
the model can be considered validated for small bias values
(i.e., in the so-called linear regime of operation). Instead,
for larger bias, the model cannot be fairly compared with the
experiment since voltage values of 1 V are already sufficient,
considering the small dimension of the channel, to modify
the conformation shape of the molecule and also affect the
stability of the single-molecule junction that might break.
The mechanical deformation results in orbitals rearrange-
ment and nonlinear phenomena, which could be completely
different from a SAM to a single-molecule junction. Indeed,
the field-induced conformational geometrical changes of the
molecules inside the SAMs could be much different with
respect to the response to such fields for a single molec-
ular junction. We suppose such exponential growth of the
experimental current to be related to nonlinear generation
phenomena of current carriers, like avalanches or related phe-
nomena (presenting exponential trends) that are not included
in the Floquet picture.

The considered experimental work highlights the limits
of the TG model, which results intrinsically incapable of
catching the main physical phenomena of interest both at
small and large bias. The considered experiments validate
the EE-BESD-PAT implementation with the Floquet model
for moderate applied bias in the regime of a low electric field.

5 Conclusions

We presented an overview of the most common models (Tien-
Gordon and Floquet) used to describe the interaction of light
with single-molecule junctions in nonequilibrium conditions.
We implemented these models through a computationally
efficient algorithm, named EE-BESD-PAT, based on NEGF
formal framework. The reliability of the algorithm has been
tested through comparisons with NEGF-SCBA simulations
and experimental measurements. From our results, the TG
model appears not reliable for both low and high electric
fields, whereas the Floquet model is capable to produce rea-
sonable results in the regime of a low electric field, without
losing physical information that we can extract from the
transmission spectrum. Furthermore, EE-BESD-PAT results
are extremely advantageous in terms of execution time,
which is reduced from days to minutes w.r.t. ab initio cal-
culations.

Thanks to EE-BESD-PAT computational efficiency, in the
future works, we will focus on its inclusion in photonic
circuit-level simulators, thus opening the way to single-
molecule optoelectronic devices and circuits. In order to

do so, it will be crucial to have a more precise estima-
tion of the induced voltage V4¢ and of the plasmonic field
amplification factor k., ;. Therefore, we will investigate elec-
tromagnetic simulations, such as the finite difference time
domain (FDTD), required to have a better knowledge of the
distribution of the incident field and of possible plasmonic
field amplifications, which are strongly dependent on the
geometry of the junction.
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