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Coulomb interaction is taken into consideration. It is assumed that the quantum dot-donor
and the quantum dot-acceptor are made from the same A3;Bs compound and are
embedded in the matrix of another material that produces potential barriers for electrons
and holes. The dependences of the energy transfer rate on the quantum-dot system pa-
rameters are found in the frame of the Kane model that provides the most adequate
Dexter interaction description of the real spectra of A3Bs semiconductors. The analytical treatment is carried
Coulomb potential out with using the density matrix method, which enabled us to perform an energy transfer
Exchange interaction analysis both in the weak-interaction approximation and in the strong-interaction
approximation. The numerical calculations showed the saturation of the energy transfer
rate at the distances between the donor and the acceptor approaching the contact one. The
contributions of the exchange and direct Coulomb intractions can be of the same order at
the small distances and can have the same value in the saturation range.
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1. Introduction

Methods based on nonradiative energy transfer between quantum dots conjugated with biomolecules are in considerable
use in biology and medicine [1,2]. The strong dependence of the energy transfer rate on the distance between the energy
donor and energy acceptor makes it possible to study the structure and dynamics of proteins and nucleic acids, where
measurements of small distance within the molecule are required, and to detect the formation of biomolecule complexes.
Results of the investigations are of great importance for diagnostics and therapy of diseases, including cancer. With particular
interest in biosensing applications, the foundational and theoretical works on Forster energy transfer between quantum dot
donors and acceptors are discussed in review [3]. However, to enable a correct interpretation of experimental data including
the specific cases of short interdot distances, the development of an energy transfer theory taking into account both the direct
Coulomb interaction between the donor and acceptor and their exchange interaction is needed.

The early theory of the nonradiative energy transfer between molecules due dipole-dipole interaction was elaborated by
Forster [4]. Subsequently, Dexter developed the theory to describe the dipole-quadrupole and exchange mechanisms of the
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energy transfer between impurity atoms or ions in an insulating crystal [5]. It was demonstrated that the exchange contri-
bution in the energy transfer can be of importance in two situations: (i), distance between donor and acceptor is short and the
donor and acceptor wave functions are not strongly localized, and (ii) dipole-dipole transitions in the acceptor are forbidden.

Theoretical explanation of the energy transfer between quantum dots due to the direct Coulomb interaction including all
multipole terms was elaborated in Refs. [6,7].

In the present study a microscopic theory of the nonradiative resonance energy transfer between two spherical A3Bs
semiconductor quantum dots by the exchange mechanism is developed. To our knowledge, the works on the nonradiative
energy transfer between semiconductor quantum dots by the exchange mechanism are not available in the literature. The
analytical treatment and numerical calculations of the exchange energy transfer rate for quantum dot system are first per-
formed in our study. We used the density matrix method that enabled us to carry out an energy transfer analysis both in the
weak-interaction approximation, where the first order perturbation theory may be applied, and in the strong-interaction
approximation. The Kane model is also implemented because it describes most adequately the true spectra of A3Bs
semiconductors.

It is assumed that the quantum dot donor of radius Rp and the quantum dot acceptor of radius R4 are made from the same
A3Bs compound and embedded in a matrix from another material producing potential barriers of finite heights for electrons
(Vep, Vea) and holes (Vyp, Vpa). The quantum dots are separated by a finite distance d between their centers. The energy
transfer process is sketched in Fig. 1.

In the initial state of the system the electron of the donor is in an excited state (in the conduction band), and the electron of
the acceptor is in the ground state (in the valence band). As a result of the Coulomd interaction between the donor and
acceptor electrons, the system passes into the final state where the electron of the acceptor is in the conduction band and the
electron of the donor is in the valence band.

2. Theory

To find the rate of the nonradiative energy transfer between two quantum dots we need to calculate the energy transfer
matrix element, that is, the Coulomb interaction matrix element for transition of the system from the initial state into final
state (see Fig. 1). It can be expressed as
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where §; = (rj,0;), 0; are spin variables, r; and r, are the radius-vectors of electrons in the donor and acceptor, respectively,
measured from the center of the corresponding quantum dot, d is the distance between centers of quantum dots, ¢ is the static
permittivity, y; and y is the initial and final wave functions of the system.

The antisymmetrization of the wave functions describing the initial and final states of the donor and of the acceptor results
in the following expression for the matrix element:

Mif = Mcoul — Mex (2)

where M, is the matrix element of the direct Coulomb interaction and M.y is the matrix element of the exchange inter-
action, which are given by
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Fig. 1. Schematic drawing of the energy transfer between identical quantum dots by exchange mechanism.
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