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QUANTUM DOT PHYSICS

Muminov Islamjon Arabboyevich
Fergana State University, Physics and Mathematics
doctor of philosophy (PhD); ima220790@mail.com

Sobirova Dilnoza Davlatjon qizi
Academic Lyceum of Fergana Polytechnic Institute
teacher of physics

Abstract: Quantum dots (QDs) have emerged as promising candidates for
applications in lighting, energy, and bio-fluorescent detection due to their unique size-
dependent properties. The photo physics of QDs is primarily governed by the size of
the nanoparticles, although the influence of ligand schemes and shells has been
recognized as significant. This chapter provides a comprehensive overview of different
QD models, beginning with the fundamental "particle-in-a-box" model and progressing
to more advanced and intricate models employed for quantifying QD photo physics.
The discussion delves into the intricate interplay between QD size, ligand
configurations, and shell architectures, elucidating their effects on the optical
properties of QDs. By understanding these models, researchers can gain insights into
the design and optimization of QDs for various applications, thus paving the way for
enhanced performance and efficiency in lighting, energy generation, and bio-
fluorescent detection systems.

Keywords: Quantum dots, Size-dependent properties, Lighting applications,
Energy applications, Bio-fluorescent detection, Photo physics, Nanoparticles, Ligand
schemes, Shell architectures, Particle-in-a-box model, Quantum dot models, Optical
properties, Size effects, Ligand impact, Photo physics quantification.

1. Introduction.

The size dependent properties of quantum dots make them great candidates for
applications in lighting, energy, and bio-fluorescent detection. On the most basic level,
the size of the nanoparticles plays the largest role in their photo physics, yet various
ligand schemes and shells have been shown to have a considerable impact on their
photophysics. This chapter will discuss various quantum dot models, starting with the
most basic, “a particle-in-a-box”, and then moving on to the more sophisticated and
technical models that are used to quantify quantum dot photophysics.

Particle-in-a-Box
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Figure 1. Model of a particle-in-a-box with infinite potentials outside the box and
zero potential inside.

The particle-in-a-box model is one of the simplest applications of the Schrodinger
equation, but it can portray one the most import aspects of quantum dot physics; the
size dependent band gap. In this model, one assumes that an electron is bound to its
nucleus, trapped inside a box of length a. An infinite potential (VV = o) exists outside
of the box while there is no potential (V = 0) inside of the box (Figure 1). The

Schrodinger equation for this example can be written as

2
L+ Ep=0 (1)

dx?
One can then assume that the wave function takes the general form of
2m

Y = Aexp [iax] + B exp [—iax], where a = [ E]Y/2,

2. Materials and methods

Determination of the constants A and Bcan be achieved by application of the
boundary conditions. At y <0 or y = a the wave function must be zero (i = 0).
Therefore, 0 = A exp [0] + B exp [0] which simplifies to A = —B. In the same fashion,
at y = a, the wavefunction must also be zero, and therefore 0 = A exp [iaa] +
B exp [—iaa]. Using A = —B and Euler’s formula this can be simplified to 0 =
2Ai sin aa, where

we find that aa has infinitely many discrete solutions as

aa =nm;n=0,23 (2)

a= %" ;n=0,123 (3)

Substituting a = [Zh—zl E]*/? into Eq. 3 gives discrete energy values of

h2m2

n = nn=123 (4)
where the wave function is
Y(x) = sin (%x);n =123 (5)

Figure 2. 1a plots the discrete wavefunctions from Eq. 5 while Figure 3. 2b plots
the discrete energy levels from Eq.4.
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Figure 2. The solution to the particle-in-a-box model results in a(a) simple
sinusoidal wavefunction and (b) discrete energy levels.

From this model, we see two intriguing properties. Firstly, the discretization of
the energy levels shows that there are certain energies that are forbidden to the
electron. Secondly, we see that there is a quadratic relation between the energy and
the size of the box (Eq.4). This can be applied to a quantum dot, where the band gap
quadratic ally increases as the size of the Nano crystal decreases.

3. Results and discussion

Although the previous model does a reasonable job of identifying the quadratic
size dependence of the band gap in quantum dots, the discrete nature of the energy
levels is more suitable for atomic electronic structure. The band structure of quantum
dots can be more appropriately described using the Kronig-Penney model, which ;
models an electron in a periodic potential, much like it would experience in a ;
crystalline solid (Figure 3). Now in this case the potential is a constant value, V =V,
and there are two diff erent regions for the Schrodinger equation to be applied. The
first periodic region has a width of b and is blue in Figure 3, while the second region is
the space in between the potentials with a width of a. The Schrédinger equation for

these two regions are given in Eq.6 and Eq. 7, respectively, where a = [Zh—zl E]Y/?

and y? =2h—72n(V0 —E).

d%y 2

S E-V)p=0 (6)
d%y = 2m _

ﬁ-l_ h—zEl/J =0 (7)

Following a procedure similar to that in Chapter 4, Section 4 of the text Electronic
Properties of Materials” by Hummel and using Bloch functions of the form

Y (x) = u(x) exp [ikx], one can arrive at
sin (aa)

P — tcos (aa) = cos (ka) (8)
where
p= maVob. (9)

h2
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Figure 3. Periodic potential model.

In this case one again finds discrete solutions to aa, as in the previous example,
and in order to better understand Eq. 8 we plot the left -hand side as a function of aa
in Figure 3. 4a. Now, because —1 < cos (ka) < 1 we know that for Eq. 8 to hold,

p sin (aa)

colored blue in Figure 3. 4a and the possible energy levels according to Eq. 6 and Eq. 7
are plotted in Figure 3. 3b. In a similar fashion to the discrete energy levels from the
particle-in-a-box model, one can see that the energy bands increase in a quadratic
fashion. Though, unlike the particle-in-a-box, energy bands as opposed to energy levels
are now present, which more accurately describes the electronic structure in a
quantum dot.

+ cos (aa) must also be between —1 and 1. The possible values of aa are

(a) (b)

L v v v A

~ 12p : - |

S 10 A

%8’ ] l!\ N i :

() 6 +

+ 4} [ 0 A E I ; 4
= 13 S DA M S e ;
s ol AANATHTAAA e TS
AR BN ELAAVIIAAZE T
k7 WEEE | M T

= 20 10 0 10 20

aa
Figure 4. (a) The function P %Sm) + cos (aa) versus aa, where any value of this

function that is between —1 and 1 is plotted in blue. (b) Energy bands form from this
periodic potential model.

In 1929, three years after the derivation of the Schrodinger equation, Paul Dirac
noted that, “The general theory of quantum mechanics is now almost complete . The
underlying physical laws necessary for the mathematical theory of a large part of
physics and the whole of chemistry are thus completely known, and the difficulty is
only that the exact application of these laws lead to equations much too complicated to
be soluble. It therefore becomes desirable that the approximated practical methods of
applying quantum mechanics should be developed. This is stated because the previous
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examples show examples of quantum mechanics being applied to a system with an
exact solution as the result. Although this is useful for qualitative analysis and
understanding, very few practical cases, as Dirac pointed out, have such simple
solutions. Simply increasing the number of electrons from one to two greatly increases
the complexity of the calculation. This section will briefly examine the modeling of
helium-like atoms using simple approximations of the wave function to discuss the
more complex methods used to computationally determine the electronic structure.

V4

T2 £

n
]

X
Figure 5. The coordinates of a helium atom with the nucleus at the origin.
Increasing the number of electrons surrounding the nucleus of an atom greatly
increases the complexity of the Hamiltonian due to the increased number of electron-
nucleus interactions and electron-electron interactions, making these calculations
impossible to solve analytically. In the case of helium like atoms with a Hamiltonian of

o h? 1 (Ze? | Ze? 2
H=-— (V2 —V2) — (i+i—e—) where 1y, 75, and 1y, correspond to the
e

1 2 T12
distances between electrons and the nucleus per Figure 5, a few approximations can

be taken to calculate the wave functions and corresponding energies levels. Such
2

4TTE

approximations include ignoring the electron-electron repulsion term, and

)
471'507'12

approximating the wave function as the product of two I[s orbitals,
—ZTl/a 1
Y = #(ai)s/ Ze *x1/2 (ai)s/ 2e=Zm1/%  without concern for spin. These
0 0
approximations can give reasonable calculations to the total energy of the helium atom
at —74.8eV when compared to the exact value of —79.0eV. The approximation
accuracy can be increased by adding higher order hydrogen orbitals such as the 2p, 3p,

and 3d orbital or by using the variational method.
4. Conclusions

Initial Guess:
‘l,(.,." )I En)l

l

Using (r,) calculate

V! (1)
+
Using 0,577 (1) calculate

I/P(""_), l,:lnl

No H Yes

Figure 6. Algorithmic flow chart for the Hartree-Fock Method.
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For systems with more than two electrons, the approximations used for
calculating the total energy in the heliumlike atom also become too impractical.
Because of this, the self-consistent field (SCF) method was introduced by Hartre. In
this method an effective Hamiltonian, H, is developed for each electron, n, in the
system. This electron only feels an effective averaged potential, V, from the other

2 2 N
Mgz L 24 9@#) The

n

electrons resulting in a Hamiltonian as such: H=- PE———
0 n

2me
Schrédinger equation for an n-electron atom can now be separated into n one-electron
equations which are solved using the SCF method outlined in Figure 3.6. First an
approximation of the electronic wave function is made. This wave function is then
used to calculate the effective potential where this effective potential is then used to
calculate a new wave function. If the difference between the eigenenergies of the new
and old wave functions is below the given tolerance, the new wavefunction and its
corresponding eigenenergies give the desired output. This is the basis for the Hartree-
Fock (HF) method. For a more accurate description of the electronic structure of a
system, more advanced computational methods that include exchange correlation
functions can be used, such as DFT. DFT builds upon the HF method by

including an approximate treatment of the correlated motions of electrons and
has been proven to be very practical in calculating the electronic structure of

molecules and materials. In the chapters to follow, many of the experimental data is

corroborated with computational simulations using DFT.
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