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Features of the energy spectrum of indium antimonide quantum dots
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Energy spectrum of indium antimonide (InSb) quantum dots (QD) was analyzed in this paper. Properties of energy spectrum levels were
determined both by calculations and experiments using differential tunneling current-voltage characteristics (CVC) rated to static conductivity.
It was confirmed that relatively large QD (size of about 20-25 nm) exhibit quantum size effects. Critical values of the characteristic parameters
of InSb QD are analyzed, in which application of the differential tunneling current-voltage characteristics method for express analysis of the
characteristic sizes of QD leads to significant errors (more than 10 %).
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1. Introduction

Quantum dots QD are among the most interesting quantum-sized structures in terms of application in devices
for nanoelectronics and optoelectronics (ultrafast transistors, light-emitting diodes, lasers, photoelectric converter
cells). Several of the semiconductor compounds A3Bs5 are promising materials for these purposes due to its energy
spectrum features and extremely low effective mass values for conduction electrons. Low values of effective mass
provide high De Broglie wavelength for conduction electrons that is tens of nanometers. In this regard, specific
phenomena caused by dimensional quantization of the energy spectrum of electrons can be observed in relatively
large structures, primarily in InSb samples, that is a narrow-band semiconductor with record values of the effective
mass of electrons in the conduction band [1,2]. This makes it possible to substantially simplify the experimental
studies and reduce the cost of technologies for the development of corresponding nanoelectronic structures.

2. Materials and methods

Indium antimonide QD samples were obtained by a technique similar to that used in [3,4]. 0.0014 g of InSb
powder (M, = 236.578 g/mole) was dispersed in 1 ml of chloroform (C(1,spy = 6 mM) followed by ultrasonic
treatment for 30 min. Suspension of colloid nanoparticles was mixed with Arachic acid solution with an initial
concentration of 1 mM in a volume ratio of 1:1. Resulted suspension was used to form a Langmuir monolayer
on the surface of deionized water. It was injected onto the surface of the water, kept for 10 minutes until
complete evaporation of chloroform and then the monolayer was condensed and transferred the solid support by
the Langmuir-Schaeffer method. Surface pressure during transfer was 20 mN/m? and it was kept constant. A glass
slide with a conductive layer of indium-tin oxide (ITO) on the surface was used as the support. After complete
drying under normal conditions, the obtained films were investigated with scanning electron microscopy (SEM)
and scanning tunneling microscopy (STM).

3. Results and discussion

Tunneling of electrons from the ITO electrode into the probe of the tunneling microscope occurs by means of
discrete levels of QD. Model representations of this process considered in the work of the authors [5] and shown
on the Fig. 1(a, b) under applied voltages V; and V3, corresponding to tunneling through the 1st and 2nd electron
energy levels of the discrete spectrum of QD.

In the case of quantum dots, the energy spectrum has a discrete nature, and the density of electronic states
g(e) is described by the Dirac §-function and theoretically it is a set of infinitesimally narrow and high peaks:

g(e) = 25(67&)- 1)

An exact calculation of the function g(¢) is difficult in general, since the isoenergetic surfaces have a rather
complex shape. However the problem usually reduces to solving the Schrodinger equation for a free particle with
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F1G. 1. Tunneling of electrons through a quantum dot

an effective mass m™ by the effective mass approximation [6]. Another approximation is the use of energy bands
with a quadratic dispersion law. This is permissible in the case of small pulses and small electron energies, which
is realized in the tasks under consideration.

When QD model of a cubic shape with edge d is used:

2
where I, m,n = 1,2, 3, ... are positive natural numbers corresponding to the sub bands numbers; m* is the effective
mass of the electron, and d is the characteristic size of the quantum dot.

In case of a QD of a spherical shape with the radius d in the one-electron spectrum in a parabolic well
approximation [7]:

2
gi:(;r:;)* ~%-(4n+2l+3), 3)
where n is the radial quantum number (n = 0,1, 2, ...); [ is the orbital quantum number (I =0, 1,2, ...).
Calculated values of the electron energy for the first three allowed energy levels (¢1, €2, €3) in accordance
with (4), (5) for InSb are shown in Fig. 2(a, b). The value of the effective mass of electrons in the conduction
band of InSb is used in the calculations: m™ = 0.013mg, where my is the mass of a free electron. Egs. (2) and (3)
(Fig. 2) imply that, as the QD size decreases, not only the “effective” width of the band-gap will increase, but also
the energy distance between the allowed energy levels in the conduction band will increase. Presented in the [8]
experimental results for InSb quantum dots with size 3 + 7 nm confirming these conclusions.
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F1G. 2. Calculated values of the electron energy for the first allowed levels of QD InSb as a
function of the characteristic size of the nanoobject d: (a) — according to the cubic QD model,
(b) — according to the spherical QD model

Electron scattering leads to broadening of the energy levels Ae¢; and limiting the amplitude of the peaks [9,10]:
Ag; o h/7, where T is lifetime of an electron in quasi stationary states of QD.
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Broadening of this kind in real QD occurs due to the finite lifetime of charge carriers caused by spontaneous
emission, interaction with phonons, and a number of other processes [9,11].

The magnitude of the broadening Aeg; is related to the value of ;. Both these parameters affect the form and
nature of g(¢).

The nature and the degree of the broadening Ag; in accordance with representations of the authors [9] in case
of simple energy bands with a quadratic dispersion law for the spherical QD model can be represented by the
following equation according to the corresponding approximations:

1/2 —2Ar
(e —e)*? e (

. zm,*(sih_a)l/2>

Ag; ~ 16

: “4)

&i
where Ar is the thickness of the QD shell.

The value ¢; is mainly determined by the characteristic size of QD d and hence by the technology of the
synthesis.

SEM and optical spectroscopy methods do not provide correct interpretation of the experimental data if
structure of the quantum particle is not homogeneous or several particles form a conglomerate. In this regard,
STM method was additionally used to analyze the features of the electronic spectrum of the obtained InSb QDs
films. Investigations were carried out with the scanning probe microscope SPM Nanoeducator 11 by the described
methods [1, 10].

Localized energy levels €; associated with the properties of a quantum-dimensional object can be observed in
differential tunneling CVC rated to static conductivity as individual peaks. To analyze the experimental tunneling
CVC the dependence of (dI/dV)/(I/V) on the voltage V was used in analogy with the approaches described
in [1,10,12], since the method of normalized differential CVC is more informative. Typical results of measurements
are shown in Fig. 3. Statistical processing of the values of the first three levels determined the following energies:
g1 ~ (0.15-0.20) eV, g2 ~ (0.30 — 0.35) eV, €3 ~ (0.55 — 0.65) eV (an error is on the level of k7). These values
correspond to the characteristic size of the obtained QDs of 20-25 nm. It should be noticed that the difference
between the cubic and spherical models did not exceed 8 %.
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F1G. 3. Rated differential current-voltage characteristics of InSb QD

The value Ae; should be taken into account in analysis of the experimental results for estimating the elec-
tron spectrum of QD by the method of rated differential tunneling CVC: the peaks corresponding to €; can be
“smoothed”. In our opinion, this express analysis method of the characteristic size of QD is difficult at a value
of Ae; more than 10 %. Obviously, described broadening will be the most significant for the first level of QD,
measured from the bottom of the conduction band for the bulk material. In this paper, we estimate the value Aey
in accordance with Eq. (6), depending on the characteristic size of the nanoobject d. During the calculations, the
value of the conduction electron kinetic energy was chosen on the level of 3/2kT. The results are shown in Fig. 4.

The results of the calculations show that at QD shell thickness of about 1 nm (particles close to “open QD) the
magnitude of the broadening of the first energy level of the InSb QD becomes significant at the characteristic size
d less than 10 nm. Errors of the of differential tunneling CVC method for express analysis of the QD characteristic
size are significant (more than 10 %) in this case. If QD shell thickness is increased the magnitude of the energy
level broadening from the characteristic size d of the quantum-dimensional object is substantially reduced. However
in this case the lifetime of the charge carriers in the inner region of the QD, and, correspondingly, the value of
Ag; [9], will vary.
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F1G. 4. Calculated values of the broadening of the 1st energy level of the InSb QD spectrum:
1 — QD shell thickness 1 nm; 2 — QD shell thickness 2 nm; 3 — QD shell thickness 3 nm

4. Conclusion

Thus, several features of the InSb quantum dots energy spectrum was analyzed, taking into account the
broadening of the energy spectrum levels. Positions of the levels were determined by processing the experimental
tunneling CVC. Estimation of the QD characteristic size was carried out using “cubic” and “spherical” models.
Critical values for the characteristic sizes of InSb quantum dots are analyzed, which lead to significant (more
than 10 %) errors for the differential tunneling CVC method for express analysis of the QD characteristic sizes.
The obtained results can be used to clarify the understanding of the electronic processes features in the quantum-
dimensional objects and its physical interpretation.
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