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We describe the features of the conversion of electrical current into light in light diodes based on an organic
matrix containing semiconductor quantum dots. It is shown that the relaxation channels of nonequilibrium
electron-hole plasma injected into the quantum dot of the current density through the device. The conversion
efficiency increases significantly with a decrease in the radius of the quantum dot.
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1.

Introduction

The problem of converting electrical energy into light has remained an attractive
topic for many years [1,2]. Due to the ongoing progress in modern nanotechnology, that
problem has become crucially important. From a functional viewpoint, it is also caused by
the fact that the electronic spectra of nanoparticles have spectral features both atomic and
solid-state structures. On the other hand, the transition to highly non-equilibrium systems is
of important for the generation of light from electricity. The possibility of such combination
can be estimated for light-emitting diodes (LEDs), having the polymers as the matrix and
the quantum dots as the light-converting objects.
2.

Relaxation processes in quantum dot

The possibility of increasing of the conversion efficiency of the electric current into
light can be analyzed on the structure presented in Fig. 1.

Fig. 1. Schematic diagram of the LEDs on the quantum dots embedded
in a polymer matrix (1 is the polymer matrix, 2 is the quantum dot)
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Let us assume that the electrons and holes are injected into a quantum dot using
a double injection method. Such plasma of e-h pairs relaxes through the three processes:
the recombination of electrons and holes by birth of phonons (the probability of relaxation
is 1/τ1 ), recombination by the Auger decay (1/τ2 ) and the recombination by emission of a
photon (1/τ2 ) (Fig.2). Earlier analysis showed [3], that the first process is less effective than
the other ones, so that the internal efficiency for conversion of the current into the light can
be written as [4]:
1/
τ3
.
(1)
ηintern =
1/ + 1/
τ3
τ2

Fig. 2. Recombination processes in quantum dot after injection of electrons (n) into the conduction band and holes (p) into the valence band
It is important to note that the second and third processes, and hence the probabilities
1/ and 1/ have the special features in quantum dots, which are fundamentally different
τ2
τ3
from their behaviors in atoms and in bulk materials. In the following, we will discuss them
separately.
Auger recombination
Quantum dot-based Auger relaxation has been discussed in [5]. The matrix element
Mif , whose squared value is proportional to the probability 1/τ2 of the process, can be written
as [6]:
Z
e2
Mif = ψf∗ (1)ϕ∗f (2)
exp (−λr12 ) χi (1)φ(2)d3 r1 d3 r2 .
(2)
r12
Here, “i” and “f” means the initial and final states of the wave
 function
 of two
2
2
4πe
n̄
electrons, respectively, r12 is the distance between the electrons, λ =
/kT is the
square of the inverse radius of the Debye screening, n̄ is the plasma density.
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Calculation of the probability by the method developed in [6,7] allows one to obtain
an interesting result, which includes the approach of the atom and the approach of the
volume semiconductor as the particular special cases:
2
1/ = γS n̄ A .
(3)
τ3
(λ2 + B)4
Here, A and B are constants depending on the dielectric constant and the width
of the electron band gap of quantum dot. We assume that S = S0 R3 , n̄ = Zmax/R3 , and
Zmax = jτ R2 , where j is the current density through the device, τ is the lifetime of the
e-h-plasma, S0 is the constant (see. [5]), Zmax is the maximum number of e-h-pairs injected
into the quantum dot. Then, the probability of Auger recombination will depend on the
specific density of the current through the device and on the radius R of the quantum dot:
h
i2
jτ
Ã /R
2
1/ = γS0 R3  n̄ Ã  = γS0 R3 h
(4)
i4 .
τ3
4
n̄ + B̃
B̃ + jτ/R
Here, Ã and B̃ are the renormalized parameters A and B. It is clear from (4) that at low
current densities and large quantum dot radii of the (at jτ /R < B̃) we have:
1/ = γS0 Ãτ j 2 R,
(5)
τ3
B̃ 4
i.e. the probability of non-radiative Auger recombination increases rapidly with increased
current density and weaker with increased quantum dot radii. At high current densities and
small quantum dot radii, the situation is changing fundamentally:
5
1/ = γS0 Ã R .
(6)
τ3
j 2τ 2
Thus, the probability of Auger recombination is reduced to smaller R and high densities.
Radiative recombination
The probability of radiative recombination (the spontaneous emission of a photon in
the transition of the electron from a higher state to a lower one) is very different for the
atom and for the bulk semiconductor. Namely, the first probability is many times larger
than the second one. Taking into account that the quantum dot is an “intermediate object”
between the atom and the bulk semiconductor, we consider the following situation. A system
of quantum dots with the captured nonequilibrium e − h–plasma is similar to that of the
Thomson atom model, in which the electrons move in quasi-atomic orbits (see. [8]) on the
spread background of positive charge Zmax , with an average density Zmax /R3 . If the orbit
of the excited Z(1 6 Z 6 Zmax ), then the probability for spontaneous emission of a photon
can be written as (in atomic units) [9]:
4
1/ = Z ,
(7)
τ3
c3
where c≈137 is the speed of light in atomic units.
We note that the value of Z is concentrated to the center of the electron orbit of
radius a0 , with the random probability determined by the Poisson distribution:

Z̄ Z e−Z̄ /Z!

(8)
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3
Here, Z̄ = Z̄max a0 R3 is the average charge run by the electron with the radius of orbit a0 .

The internal conversion efficiency of current into light in a quantum dot
We determine the value of the boundary charge from the relation 1/τ2 = 1/τ3 . Obvi
1
. 
 /4
3
∗
5
τ
γs
c
Ã
ously, at Z > Z = at 0
, the fluorescence probability is greater than
τ 2 R /j 2
that for Auger recombination, and the partial internal efficiency can be written as:
 5 
 
1/
D R /j 2
τ2
ηintern (Z) = 1 −   = 1 −
.
(9)
Z4
1/
τ3
We imply here a strong non-equilibrium (large j values) and the small quantum dot radius
size (R); D = γs0 Ãc3 τat , τat is the characteristic atomic time.
The value ηintern (Z) must be averaged over all Z > Z ∗ ; we do this using not the
Poisson distribution, but with a normal Gaussian distribution:


"
"
#
#
Z∞
Z∞ D R5/ 2
Z − Z̄
Z − Z̄
j
1
1
√
√
exp −
exp −
η̄intern >
dZ −
dZ, (10)
2σ 2
Z4
2σ 2
2πσ
2πσ
Z∗
Z∗
q
3
3
where σ = Zmax aR0
1 − aR0 ,

1/3
Z̄ = Zmax (a0 /R)3 , Z ∗ = D R5 /j 2
.
It is clear that the main contribution comes from the first term of Eq. (10). This
shows that η̄intern increases as Z ∗ decreases, i.e. the efficiency of conversion of current energy
into light increases with decreased quantum dot size.
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