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Quantum Cone - Nano Source of Light with Dispersive Spectrum Distributed Along Height
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Abstract: A quantum cone is a structure consisting of a large number of quantum dots with a gradually decreasing diameter from the base to
the top of the cone. This distribution of quantum dots leads to a dispersive radiated spectrum. The red edge of the spectrum is determined by
the band gap of the bulk semiconductor, and the blue edge by the quantum confinement of excitons on top of the cones. We observe the
kinetics of photoluminescence, obeying the stretched exponential law, from quantum cones formed on the surface of DLC. They are
explained by an increase in the lifetime of excitons along the height of the cone from the top to the base of the cone and an increasing
concentration of excitons at the base due to their drift in the quasi-built-in electric field of the quantum cone. Such time dependence of the
photoluminescence spectrum gives the possibility of its discrimination spectrum on time. The possible visualization of the quantum cones of
DLC using irradiation by a UV light source is shown. A quantum cone is a new type of nano light source, as it replaces two elements in a
conventional spectrometer — a light source and a dispersive element: an ultra-fast monochromator. These features will make it possible to
build a spectrometer to measure the absorption spectrum of individual nanoparticles or viruses.
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1. Introduction

Light plays a crucial role in the existence of humanity and nature.
The primary light source on Earth is the Sun. Still, artificial light
sources that improve our daily life, equipment, and technologies
have also appeared with improving modes of life, such as heated
bodies, plasma, lamps, lasers, LEDs, etc. The tendency to reduce
the size of artificial light sources allowed the use of such sources in
microelectronics, medicine, and biology to study micro-objects. At
the same time, the requirements for improving the quality of such
sources, increase in intensity, and expansion of the spectrum of
radiation, its uniformity, and controllability of its parameters have
increased. The importance of this trend is confirmed by the
appearance of international conferences and monographs in this
direction. Spectroscopy research of microscopic objects, for
example, microbes, molecules, and blood cells, requires non-
traditional research methods, for example, optical prob because the
size of such objects is smaller than the wavelength of visible light;
therefore, the micro-object neither absorbs nor scatters it
effectively. The study of a micro-object requires a light source
much smaller than the object itself, such as quantum dots - OD.

The award of the 2023 Nobel Prize in Chemistry to Munga J.
Bawendi, Louis E. Brus, and Alexei I. Ekimov “for the discovery
and synthesis of quantum dots” confirms that the quantum
confinement effect is a major focus in solid state physics today.
Therefore, one of the main tasks of scientists is to develop new
optical and electronic devices and technologies based on quantum
dots. As you know [1], a quantum dot has one line in the
luminescence spectrum, the so-called monochromatic radiation. A
new quantum system called quantum cones [2, 3] on the surface of
a Ge single crystal irradiated by a Nd:YAG laser was found. These
cones possess unique optical properties: a huge “blue shift” of the
photoluminescence (PL) spectrum by 1.1 eV, an increased intensity
of more than a million times, and a "red shift" of the frequency of
the LO-phonon line by 6 cm™® in the Raman spectrum. The
symmetry of the PL band and the sharp LO phonon line in the
Raman scattering spectrum are proof of the presence of the cone-
like quantum dot. This is a disadvantage, monohromatic radiation,
of a single quantum dot for use in spectroscopy. To measure the
absorption or reflection spectra of an object, it is necessary to have
a light source with a broad and preferably continuous radiation
spectrum. Such requirements can be met by a set of quantum dots

with a gradual change in diameter, for example, a Quantum cone
[4], or by a quantum dot changing its diameter over time due to
changing temperature or pressure. Decreasing semiconductor
elements to nano size has led to a quantitative change in all
electronic devices. At the same time, decreasing the semiconductor
crystal size has led to a qualitative change in the properties of
materials. So, the statement "every material has a nonchanging
absorption and luminescence spectra” is not valid. For example,
depending on the size of the Si crystal quantum dot, the PL
spectrum can change in the region from 1pm to 300 pm, depending
on its diameter. In comparison, bulk Si crystals have a maximum in
the PL spectrum at 1 um. All physical properties of matter are
changing. This provides the possibility to construct new electronic
and optical elements and devices. Therefore, this study aims to
elaborate principally on a new nano light source with a dispersive
broad spectrum. It was shown that irradiation of the SiO,/Si
structure with a Nd:YAG laser led to the formation of nanocones on
the Si surface that have a unique PL spectrum: a "blue shift" on 1.2
eV, asymmetric broadband from 1.1 eV to 2.3 eV with a gradual
decrease PL intensity in the red part of the spectrum, a rainbow-like
spectrum, and a maximum PL intensity increase of more than a
million times, as shown in Fig.1a [5]. These properties of the PL
spectrum are characteristic of a graded bandgap semiconductor.
This means that a quantum cone with a solid angle of less than 60°
at the top is a one-dimensional system ID with a gradual decrease in
diameter from the base to the top of the cone, as shown in Fig.1b.
Therefore, where the cone's diameter is equal to or less than the
Bohr radius of an electron or an exciton, the quantum confinement
effect takes place [1, 6, 7]. A colossal increase in the PL spectrum
intensity and a shift of its maximum to the blue part of the spectrum
occurs due to the transformation of the Si crystal from indirect to
quasi-direct and the confinement of the electron-hole pairs (EHP) in
the quantum cone.

On the other hand, the cone can be considered a set of dots with
gradually decreasing diameter from the base to the top of the cone.
Theoretically, the paper [8] shows that the lifetime of an exciton in
a quantum dot decreases with the decreasing diameter of the
quantum dot. Therefore, in the case of the quantum cone, the
lifetime of EHPs must depend on the height of the cone due to a
change in the overlap of the ¥ functions of electrons and holes. This
means that radiation from the quantum cone is discriminated by the
frequency too.
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Fig. 1. (a) PL spectra of the irradiated SiO,/Si structure at a laser radiation intensity of 2.0 MW/cm? (curve 1) and after removing of SiO,
layer (curve 2) and PL of the nonirradiated surface (curve 3). (b) A schematic image of a nanocone with a gradually decreasing diameter
from the Si substrate to the top of the cone; (c) The calculated bandgap structure of Si as a function of the nanocone diameter [9].

This property is significant for optical communication systems. A
colossal increase of the PL intensity spectrum and a shift of the
maximum in the blue part of the spectrum takes place due to the
transformation of Si crystal from an indirect band to a quasi-direct
one due to the confinement of the EHPs in the quantum cone. These
facts speak to the possibility of a gradual decrease in the lifetime of
EHPs or excitons from the base to the top of a cone. This means
that a long quantum cone is a source of light with a dispersive
spectrum - gradually increasing the energy of a photon from the
base to the top of the cone. For example, for a Si crystal height of a
cone up to 10 nm [10], estimation of the quasi-build-in electric field
in a graded bandgap structure gives an intensity of approximately E,
= e'dEy/dz =12 MV/cm. So, a strong electric field can cause
ionisation and exciton polarisation in the quantum cone [11, 12].
Such a colossal electric field can influence the radiative

recombination process in the quantum cone, which means having an
impact on the EHPs or excitons lifetime and, therefore, on the
intensity and spectral range of luminescence, which is a very
important task for new fundamental knowledge in the field of solid-
state physics. Therefore, the use of the kinetics of the PL method for

(d)

(e)

studying time dependence radiation of cone along height is a very
important task and will be shown experimentally below.

2. Experimental

The last of our experiments on diamond-like carbon (DLC) films
[13] with cones on the surface have shown that the properties of the
cone are the same as those formed by laser radiation on surfaces of
Si, Ge, and CdTe [2-7], for example, the "blue shift" of the PL
spectra. Studies of the PL kinetics of DLC films with nanocones with
a diameter of 100 nm at the base, 2 nm at the top, and a height of 60
nm were formed by magnetron sputtering (more technological details
are in [13]). PL spectra and decays of the studied samples were
measured using a streak camera and 5-th harmonic of femtosecond
Yb:KGW laser at 213 nm (10 kHz). The AFM measurements (Fig.
2a, b, c) show an increase in cone height and population
enhancement in sample 3A vs. samples 1A and 2A. The fluorescent
microscope images show that nanocones also emit blue light from
tops more intensively at UV excitation obtained from filtered Xe
lamp (Fig. 2d, e, f). This method can used for visualization of nano-
scale semiconductors, for example, Si cantilever in AFM.

(f)

Fig. 2. AFM images of DLC samples: 1A (a), 2A (b), and 3A (c). Fluorescent microscope images of 1A (d), 2A (e), 3A (f) samples at UV

excitation.
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Fig. 3. PL spectra of DLC sample 3A with a time delay of 0.05 ns,
0.3 ns, 1.5 ns, and 3 ns. The spectral resolution is 24 meV.
Excitation fluence is 1.2 mJ/cm?and wavelength 213 nm.
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Fig. 4. PL intensity dependence on delay time at E = 3.31 eV, 2.75
eV, and 2.30 eV energies.

Figure 3. demonstrates that the intensity of the PL spectra of
DLC sample 3A depends on the time delay of 0.05 ns, 0.3 ns, 1.5
ns, and 3 ns which is unusual behaviour. The maximum intensities
of the PL spectra are shifted to the red part of the spectra with time,
as shown by the thin black line. For example, the maximum of the
PL spectrum for sample 1A is usually at E = 2.5 eV and does not
change position with time [13]. This peculiarity is explained by the
drift of EHPs in a quasi-build-in electric field from the top to the
base of the cone in a graded band gap structure [14], as shown in
Fig.1 c. Evidence of this phenomenon is demonstrated in Figure 4.
The speed of EHPs recombination with a delay time is significant
for photon energy, 3.31 eV, slow for 2.75 eV, and it becomes
negative for 2.25 eV (at least in the region from 0.05 nm to 1.5 nm).
This means that an additional concentration of EHP appears at the
base of the cone after laser irradiation of the sample due to the drift
of EHPs. A comparison of PL decay profiles and rates for the three
samples at the highest energy of a photon quantum (blue edge) and
the lowest energy “red edge” is shown in Figure 5. These curves
coincide only for sample 1A, but for samples 2A and 3A, “red
edges” are at higher IPL in comparison with “blue edges”. The
fitting formula for PL kinetics l1r.= 1y exp (—(t/To)) is the stretch
exponent, and the corresponding parameters are listed in Table 1.
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Fig. 5. PL Kinetics of samples 3A, 2A, and 1A on the edge PL
luminescence spectrum at 1.2 mJ/cm? excitation.

Sample 3A features the sharpest cones and demonstrates the
shortest decay time to= 0.35 ns and lower 3 = 0.55 in comparison to
sample 2A (1p=0.6 ns and B=0.56). Such differences in PL
kinetics are explained by the difference in surface morphology of
the samples. The presence of nanocones leads to the stretch
exponent of PL kinetics and a sharper cone corresponds to lower 3
and . The near coincidence of both curves for sample 1A means
that, indeed, PL Kkinetics obeys the exponential law in the absence of
cones. Very often in the literature for the kinetics of PL, the stretch
exponent law is used to explain the properties of the disordered
system [15]. Samples 2A and 3A are very ordered. Corresponding
to theory [8], the smallest excitons are at the top of every cone, and
the size of the excitons gradually increases to the base of the cone.
Therefore, the stretch exponent law is applicable to PL kinetics due
to 1o gradually increasing from the top to the base of the cone.
Parameters of quantum cones as sources of light are in the spectral
range of AA= 350 - 550 nm; the active part of the nano cone h = 16
nm; the linear dispersion of the quantum cone dh/dA = 0.1 (a height
0.1 nm contains the spectral range of 1 nm); the relaxation time T =
10 ps. An expression nano source of light or nanolight source [16]
is very often used in literature due to the study of nanostructures,
and elaborating nanotechnology is the main strim in up-to-date
science. Very often, the nano does nothing changes in fundamental
physics compared with the micro, only decreasing the light source's
volume [17]. Still, our quantum cone is a fundamentally new type
of nano source of light because the quantum cone is a light source
with a dispersion spectrum distributed along the coordinate and
time due to the Quantum confinement effect [1-7]. Possible
applications of the quantum cone as a nano source of light are as
follows: it can be the main part of a spectrometer - a
monochromator. Such a light source would replace two elements in
a conventional spectrometer - a light source and a dispersive
element. Another application of this research is in the visualization
and estimation of the diameter of the invisible tip of the nanocone.
This is an essential task for the user and manufacturer, for example,
for measuring the diameter of a cantilever in an atomic force
microscope.
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Table 1. Exponential fitting parameters for three samples.

Red edge Blue edge
Sample Tp NS B Tp, NS B
1A 1.2 0.7 1.2 0.7
2A 1.1 0.56 0.6 0.56
3A 0.5 0.55 0.35 0.55

3. Conclusions

This study shows the possibility of constructing a nano source of
light quantum cone with a dispersive spectrum distributed in time
and along cone height. Different semiconductors (Ge, Si, and DLC
crystals) and cone growth methods, such as laser processing and
magnetron sputtering, can be used. The range of the dispersive
spectrum depends on the material of the cone and its parameters.
The red edge of the spectrum is determined by the band gap of the
bulk semiconductor and the blue edge by the quantum confinement
of electron-hole pairs on top of cones. The Kkinetics of
photoluminescence from cones obeys the stretch exponential law
and is explained by the increase in the lifetime of electron-hole
pairs/excitons with the height in the cone from the top to the base of
the cone and increasing the concentration of excitons at the base
due to their drift in the quasi-build-in electric field of the quantum
cone. The visualization and estimation of the diameter of a non-
visible nano cone's top is a very important task for the user and
producer, for example, the diameter of a cantilever in an AFM. A
quantum cone as a nano source of light with a dispersive spectrum
distributed in a coordinate is a basic part of a spectrometer -
monochromator. It is principally a new type of nano source of light
because a quantum cone substitutes for two elements in
conventional spectrometer — the source of light and the dispersive
element.
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