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A B S T R A C T

The basis of modern optical engineering involves makes finding ways to design predefined optical (and in
general – physical) properties of nanoscopic patterns. The boundary parameters of nano-patterns depend on
(small) dimensions and the type of nanostructure substance, the external environment, as well as the form and
the technical–technological of aspect of production. Fundamental properties of nano-structures can be drasti-
cally changed by changing these parameters. We have investigated the optical specificities of molecular di-
electric crystal nanofilm under the influence of different confinement conditions. This paper presents a model of
crystalline ultrathin molecular film and an analysis of dielectric, i.e. optical properties of these spatially much
bounded structures – in their entirety. Using the two-time dependent Green's functions, the energy spectrum, the
possible exciton states and their space distribution were determined and the dynamic permittivity was calcu-
lated. It was shown that the appearance of localized states in the boundary layers of the film depends on the
thickness and the changing values of the system parameters in the boundary areas of the film. These localized
states define the schedule and determine the number of resonant absorption peaks in the infrared region of the
external electromagnetic radiation (EMR). Analytical analysis of the impact of the boundary parameters on the
changes of the dielectric and optical properties of the nanofilm, as compared to the same properties of bulk
samples with identical crystalline and chemical structure, is impossible. Thus, a software package (dubbed
JOIG_S) has been developed and applied to perform the numerical analysis and plot graphic displays of the
relation between microscopic (exciton) and macroscopic (dielectric and optical) properties as a function of the
frequency of an external electromagnetic field (EMF), for a specified set of values of the boundary parameters.
Optical, i.e. absorption and refraction properties of observed nanostructures demonstrate very narrow and
strictly discrete characteristics. Characteristic resonant peaks appear in the dependence of the absorption index
on the frequency of external EMF. All peaks fall into infrared region and indicate absorption of corresponding
external EM frequencies. The number and distribution of these peaks depend on the number of layers in the film
and the perturbation parameters, as a consequence of the quantum size and confinement effects. This proved that
the outer environment of the film affects the given fundamental properties of a nano film, i.e. their choice/
change directly controls the optical properties of the film. Such an approach could be considered as a kind of
optical engineering.

1. Introduction

The exact knowledge of the materials’ structure (at the nanometer
scale) is of great importance for various fields of science and technology
with potential applications in electronics, biomedicine, high-tempera-
ture superconductivity, etc. It comes as no surprise that the experi-
mental studies of the properties of low-dimensional systems (ultrathin

films, superlattices, quantum wires and quantum dots) are numerous
and one of the key directions of research in the domain of modern
condensed matter physics [1–4]. In general, the experimental work is
complemented with the theoretical research of low-dimensional crys-
talline systems’ properties, aimed at obtaining the fundamental in-
formation pertinent to extremely diverse physical and chemical prop-
erties of materials in these systems, in view of potential applications in
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nano-, opto- and bio-electronics [4–6]. In these systems, the presence of
near boundary planes causes significant changes in the general prop-
erties of these materials and the emergence of unexpected phenomena.
The latter are a consequence of the quantum size effects (QSE) and/or
confinement effects [7]. Full understanding of the properties of low-
dimensional structures that emerge due to the presence of altered
fundamental energy parameters of elementary excitation systems at the
boundaries of these constrained structures (when compared to bulk
samples) has yet to be gained. Manipulation of the values of parameters
corresponding to the levels of intermolecular interactions in the
boundary regions is crucial for achieving the desired physical properties
of nanoscopic structures and forms the foundation of nano-material
engineering [8].

The absorption of photons in a dielectric solid can cause local excita-
tions – Frenkel excitons, which are responsible for optical characteristics of
organic crystals [9,10]. Thus, it comes as no surprise that the under-
standing of their behavior is attracting significant research effort. This is
especially so when it comes to the ultrathin dielectric crystalline films,
with potential applications in the development of future electronic com-
pounds and optical devices. In our work, spanning the better part of the
past decade, our research has been focused on the analysis of basic phy-
sical characteristics of different ultrathin crystalline films [11,12]. The
essential properties of these systems arise due to the perturbation of
conditions, which arise at their boundaries and within their surface layers.
Optical properties of molecular substance, which are of quantum nature
and associated with exciton movements through the nano-samples, are
particularly interesting. The relationship between the energy and the wave
vector is weakly nonlinear. In small nanostructures, this nonlinearity is
exacerbated. The changed exciton dispersion law has severe kinetic effects,
caused mainly by the interaction between excitons in the boundary layers.
The manipulation of the transport properties of elementary excitations
through the modification of their energy spectrum in nanostructures is
called optical engineering.

Analyses were done using the innovative method of Green's func-
tions, adapted for the research of quantum structures [13]. Due to
adequately incorporated statistics, this method can be successfully ap-
plied for calculating both microscopic and macroscopic (i.e. trans-
ported) properties of crystals. Since it is impossible to perform an
analytic analysis of the effect of boundary parameters on dielectric and
optical properties of a nanofilm, when compared to the properties of
bulk-samples with the identical crystalline structure and the identical
chemical composition, we have designed and developed a software
package called JOIG_S. This is an originally developed its own com-
putational package for exciton state properties based on the many-body
nano-innovated solid state theory, employing Green's functions and
difference equation methodology. It must be used in conjunction with
Wolfram MATHEMATICA. It was applied to do numerical analysis and
graphic rendering of relations between microscopic (exciton energy,
possible states and their spatial probability of appearance), macroscopic
(dielectric and optical – absorption and refraction) properties and the
frequency of external EMF. All this is done for a given set of boundary
parameters’ values.

Unlike our research, there are a lot of papers which show the results
of the research of semiconducting and insulation structures of nano-
scopic dimension in more realistic samples, which were acquired using
the commercial BerkeleyGW's software package [14–16]. This package
uses Schrödinger's (state-of-the-art) approach and employs wave func-
tions to set Bethe-Salpeter's equation and solves it using a numerical-
graphical method. We have developed our own computer program
which can test boundary manipulation in order to obtain a reasonable
fundamental understanding of the material's properties and to compare
the results with experimental measurements. In the beginning, we
apply (i.e. test) this computerized method on simple examples. On the
other hand, even with such simplification we can recognize and in-
dividually extract real and relevant factors that affect changes of phy-
sical properties, thus determining their real intensity.

2. Exciton model investigation

Optical and dielectric properties of a molecular crystal are dictated
by the behavior of excitons of small concentration in the Frenkel ex-
citon subsystem [9]. This model mirrors effective exciton Hamiltonian
in configuration space and in harmonic approximation:
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where →B n and →+Bn are the Bose-operators which present annihilation

and creation of excitons on node →n in a crystal lattice. →Δn is the energy
of exciton localized at node →n , while → ⎯→⎯Xn m, is the matrix element of
exciton transfer from node →n to node ⎯→⎯m . Complete explanation of
adequate application of this approximation is given in Ref. [12].

Theoretical analysis will be performed using the two-time depen-
dent commutation Green's functions method [12,17]:
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where δ(t) is Dirac delta-function and Θ(t) – Heaviside step-function:
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Using standard commutation relations for Bose operators, and time–-
frequency Fourier transforms, as well as the nearest neighbor approx-
imation (like in [12]) Eq. (2) is transformed into a difference equation
of the second order:
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Such an equation, or more precisely – such a set of difference equations
(for ∀ nx, ny, nz) is valid for all samples and structures – molecular
crystals, regardless of their dimensions. Since the analyses of exciton
states and dynamic permittivity, as well as optical properties of spa-
tially unlimited (bulk) structures was done and is well known, we will
apply this approach to the simplest nanoscopic model – crystalline ul-
trathin molecular film (CUTMF), where excitons are elementary ex-
citations.

There is a question whether it is justified to research the properties
of crystalline samples with a primitive lattice, when structures of real-
life samples are quite different. Nevertheless, a research of such “ideal”
nano-structures has not exactly been done yet, so it undoubtedly has
mostly methodological importance. With a newly developed metho-
dology and the clear picture how much and in which way changes of
boundary parameters in an exciton system affect the optical properties
in “ideal” nano samples, this methodology may be completely applied
to the research of real samples with a more complex structural sym-
metry. Moreover, in several previous papers [12,18–20] we have shown
that this model may be partially applied to the research of electronic,
phononic and photonic structures with a more complicated elementary
cell. This means that later application of this research method to the
analysis of the optical properties in more realistic systems would not be
a problem. Besides, we have already done it [21–23] on a specific
sample.
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