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Abstract: The picoscopy images of the Si/Ge(100) system were analyzed, and electron cloud densitometry of silicon is presented
in this study. The picoscopy is used to distinguish Ge, Si, and other chemical elements because different atoms have different
densities of electron clouds. This result is in full accordance with Kucherov's law which states that the current passed through an
electron cloud is proportional to the density of the cloud. The picoscopy image has shown Si crystals, Si/Ge solid solution, and
their interface as the single crystal without defects. Local deformations in crystals were investigated using methods of direct
visualization of individual atoms and measuring the distance of the center of atoms from the node of the crystal lattice. Visual
crystallography becomes a new way to study applied functional materials. This is the first publication on the real structure of a
silicon atom.
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1. Introduction

The practical and functional properties of materials are completely determined by the atoms and molecules of which they are
composed. Spectroscopy measures the energy properties of atoms and molecules, while X-ray crystallography measures their
positions in space. These are indirect (blind) methods. A materials scientist who cannot see atoms is like a builder who cannot see
bricks. The picoscopy gives the direct visualization of atoms, molecules, and chemical bonds and shows atoms of silicon [1],
diamond [2], graphite [3], and coke [4]. Rudenite, the world's densest substance [5,6] was discovered by imaging atoms with a
picoscope. Therefore, to visually recognize atoms of Si from Ge in a solid solution, the picoscopy plays an important technological
role.

Superlattices have layered structures that contain an interlayer between different materials. High interest has been paid to the
nanostructures of bulk Ge and Si [7], thin Ge films grown on Si(111) [8,9], and Si (100) [10], which is motivated by their high
functionality and a broad spectrum of possible applications in electronics and photonics. In particular, field electron emission from
bulk Ge and Si [7] or from Ge islands [8] and quantum dots (QD) [9] are considered to be important. However, the study of the
functional properties of these materials has a big problem, a lack of visualization of the atoms. However, the picoscopy solves this
problem.

2. Experiment

The technology of electron cloud densitometry of atoms and chemical bonds is described in this section. The body of valence
electrons cannot be seen with either an optical microscope or a transmission electron microscope. Classical physics does not allow
this for two reasons. First, electrons do not have visible bodies. Second, both optical and electron waves exceed the size of an atom.
However, quantum mechanics allows us to observe the real shape of the inner and valence electrons. Quantum mechanics shows
that the electrons that revolve around the nucleus of an atom have the shape of a cloud which has a density [9]. Kucherov and
Lavrovsky [13, 14] invented electron cloud densitometry, the essence of which is that an electron beam, passing through an atom,
receives information about the shapes of electron clouds.

Consider two objects of quantum mechanics: (a) an atom with inner and valence electrons and (b) an external electron beam.
Quantum mechanical objects have the properties of waves and particles at the same time. When objects are waves, the following
equation defines the probability I(x, y) to find the electron at points X, y of the microscope screen [4].

J(x, y) =jnp(x, y) Q)

-< AFM 2022, Vol 2, Issue 4, 10—16, https://doi.org/10.35745/afm2022v02.04.0002 >-




where j is a plane wave, n is the number of electrons in an electron cloud, and p(x, y) the electron cloud density of one electron.
Thus, the plane wave amplitude J(x, y) is proportional to the electron cloud density p(x, y) or the thickness of the electron
cloud of the atom at the point of the beam passage. The cloud changes the current not by absorption or amplification, but by spatial
shift due to the principle of superposition. This is a purely quantum effect, which is absent in electrodynamics. Equation (1) is
accurate and not approximated in any way.
Law 1. Thus, the interaction of the electric beam with electron clouds following the principle of quantum mechanical

superposition obeys the Kucherov law. That is, the current passed by an electron cloud is proportional to the density of that cloud.

The electron cloud shifts the electron beam. The intensity is not lost but redistributed. When the object under study has the
size of an atom, electron rays pass through the atom without absorption. However, as a result of the quantum superposition,
electron clouds attract an electron beam without changing their speed and direction. On the periphery where the electron cloud is
absent, the rays completely disappear. The intensity of the rays increases in the center, where the thickness of the electron cloud
reaches a maximum. As a result, the atom begins to illuminate, depicting its internal construction.

3. Method

The basis of the picoscopy is the electron shifting effect which creates an image of the electron cloud density. At a high
resolution of more than 100 pm, the laws of classical mechanics cease to apply but the laws of quantum mechanics begin to work.
In time, the law of absorption of the beam by sample (the Beer-Lambert law) on which the operation of the transmission electron
microscope is based, ceases to work but the law of the shift of the electron beam (the law of O. Kucherov) begins to work [4].

The Beer—Lambert law relates the attenuation of the plane wave to the density of the material through which the plane wave
is traveling. Then, the intensity is lost, which is a classical mechanical law and, accordingly, the plane wave manifests itself at
distances much greater than 100 pm. The Kucherov law relates the local shifting of the plane wave to the density of the electron
cloud through which the plane wave is traveling. The intensity is redistributed at this time. It has a quantum mechanical nature and
works at short distances (less than 100 pm). That is, any electron microscope that has a resolution of less than 100 pm becomes a
picoscope. At the same time, under the Kucherov law, only the top atom appears in the picoscopy image, no matter how thick the
sample is. The transmission electron microscopy then becomes the shifting electron picoscopy. Because, owing to Kucherov’s law,
it does not measure the absorption of the beam by a sample, but measures the electron cloud density of the individual atom.

4. Material

According to Kucherov's law (1), the illumination intensity of an atom is directly proportional to the number of its electrons.
In this way, the picoscopy distinguishes different chemical elements in the same image.

In the Ge/Si(100) system, superlattices are layered structures that contain an interlayer between different materials. All
electronics are built on two semiconductors - germanium and silicon. An important task is to study their properties, both separately
and in a Ge/Si(100) system. The superlattice that contains Si cristal, interlayer, and Ge/Si(100) system are obtained by molecular
beam epitaxy. The sample was prepared with the method described in [11]. The negative was obtained on a Philips 300 CM
transmission electron microscope with an accelerating voltage of 300 kV and a resolution of 140 picometers [12]. The
high-resolution transmission electron microscopy in the bright- and dark-field includes the high-angle annular dark field methods.
It is important to study weak contrast systems, which is illustrated by the HAADF image of the Ge/Si(100) system. In this case,
the thickness d of the epitaxially grown layer is 8700 pm (the Si lattice parameter al00 = 543.07 pm).

As a result, an image of a single atom with all its electrons was obtained for the first time. According to the periodic table,
silicon atoms have 14 electrons, which are contained in three shells. Fig. 1 shows the picoscopy image of a silicon atom in Si(010)
crystal. This is the first publication of the real structure of a silicon atom. All electrons create a well-organized structure that fully
complies with the laws of quantum mechanics. The atom has two pink inner electrons of e11 and e12 in the 1-shell, eight yellow
inner electrons e21—e28 in the 2-shell, and four valence electrons e31—e34 in the 3-shell. The two inner shells are formed into two
nested spheres of different colors. These spheres are slightly deformed. The external valence electrons form outer surfaces of two
types. The electrons e31 and €32 create quantum entanglement with electrons of neighboring atoms. That is, these electrons take
part in hybridization and appear as green infinity signs. Electrons €33 and e34 are in unbound active states and look like elongated
blue clouds. The right scale of Fig. 1 shows the electron density scale and the distance scale in picometers.
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Fig. 1. Picoscopy image of a silicon atom in Si(010) crystal with fourteen electrons: two pink inner electrons ell and el2 on the
1-shell, eight yellow inner electrons e21-e28 on the 2-shell and four valence electrons e31-e34 on the 3-shell, and valence electrons
e31-e34.

5. Visuale Material Science

The picoscopy images of the electron clouds of Ge and Si atoms were obtained with the Kucherov and Lavrovsky method
[13, 14] with a resolution of 10 pm.

Fig. 2. (a) Picoscopy image of a Ge(100) crystal and Ge/Si(100) system and (b) An avtomatic atom recognition give Si atoms white
and Ge atoms red.

Fig. 2a shows the shifting electron picoscopy image of the Ge(100) crystal (right) and Ge/Si(100) system (left) that contain
an interlayer between different materials. Based on the fact that 14Si atoms have 14 electrons, and 3,Ge atoms have 32 electrons,
then, according to formula (1), 14Si atoms have a blue color (~28%), and 3,Ge atoms have a yellow color (~64%). Thus, picoscopy
allows not only to distinguish different chemical elements, but also to measure their position in the periodic table of D.I.
Mendeleev. Thus, a method of direct measurement of atomic weight has been obtained. Fig. 2b shows the result of automatic
division of atoms into light and dark. The light atoms (germanium) are marked in red, and the white atoms (silicon) are marked in
white. In this way, it is the world's first memory device for the computer with cells of atomic size, on the order of 100 pm.
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6. Visual Crystallography

It is known that Si has a cubic crystal lattice similar to diamond. However, the picography shows two completely different
patterns for these two materials.

Fig. 3. (a) (100) plan of diamond silicon, Si atoms are in the same plane. (b) The (100) plan of diamond is corrugated, that is,
two-thirds of C atoms are in the plane (blue) and every third carbon atom is above the plane and, therefore, has a yellow color [14].

Crystallography shows that both silicon and diamond have a hexagonal and cubic lattice. Figure 3 shows that in the (100)
plan, Si atoms in silicon (Fig. 1a) and C atoms in diamond (Fig. 1b) have the same location. However, the 3D picoscopy shows a
significant difference in the structure of these crystals. The Si atoms are in the same plane in silicon (Fig. 1a). While the diamond
is corrugated (Fig. 1b), that is, two-thirds of the carbon atoms are in the plane (blue) and every third carbon atom is above the
plane and, therefore, has a yellow color [14]. When looking at the crystal lattice of the Si and the Ge/Si(100) system, the crystal
lattice of the Si has a cubic diamond structure belonging to the Fd m space group. The atomic occupancy on the (100) plan of Si is
displayed in Fig. 4.

384 pm

(100) plan of diamond silicon

Fig. 4. Lattice structure of diamond silicon [15].

In this scenario, the Si atoms occupy the position as shown in Fig. 1a. White and red lines indicate crystallographic planes
(010) and (001). The crystallographic directions are geometric lines linking nodes (centers of atoms) of a crystal. Fig. 3 is part of
Fig. 2, and shows the (100) plan in blue in Fig. 5. In Figs. 4 and 5, the (010) and (001) planes are represented by red and white
bars, respectively. Figure 5 shows the planes with different Miller indices in cubic crystals.
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Fig. 5. Planes with different Miller indices in cubic crystals.

The distance between atoms is 384 pm [15]. If we draw lines along the layers of the lattice (Fig. 2), we obtain an ideal
single-phase single crystal, and there is no interlayer between the Si crystal and the Ge/Si(100) system.

Fig. 5. (a) Picoscopy image of the (100) plan of crystalline silicon (b) (010) plans are marked with red lines. (001) plans are marked
with white lines. Dots mark the real positions of the centers of atoms.

Figure 5a shows the visual crystallography. White and red lines indicate crystallographic planes. An important result is that
the crystal lattice of the solution (left) and pure silicon is the same. The (010) plans are marked with red lines, and the (001) plans
are marked with white lines.

7. Visible Deformation

Figure 5b shows the deformation of the crystal. Atom centers are marked with dots. The green dots show the centers of
atoms in the silicon crystal, and the red dots show the centers of atoms in the solution. The centers of atoms have the maximum
intensity of atoms. The position of the atoms is determined with great accuracy as the maximum density of the electron cloud. The
error in determining the center of atoms as the intensity maximum is 10 pm.
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Fig. 6. Histogram of the distribution of the deviation of atoms Si and Ge from the nodes of the crystal lattice.

Fig. 6 shows the deviation statistics of atoms Si and Ge from the nodes in the Si and Ge/Si system crystal lattice. 568 atoms
were used in the statistical analysis. The analysis result shows that the deviation is not a stochastic distribution with the center of
gravity located at the node. The analysis showed that the nature of the deviation is the deformation of small areas of the crystal. The
size of these regions is about the diameters of 10—20 atoms. As shown in the histogram, the average deviation distance is equal to 60
pm, which is 15% of the distance between nodes. This is a direct measurement of the deformation of materials.

8. Interlayer

Superlattices are layered structures that contain an interlayer between different materials. The research confirms the formation
of solid solutions Ge(Si) in the Ge film and the Si(Ge) in the Si(100) substrate, which are separated by a thin pseudomorphic
interlayer. This strip gave reason to talk about the presence of an interlayer [17,18]. We analyzed the Ge/Si(100) phase composition
based on existing literature data and results obtained with the shifting electron picoscopy method. Fig. 1a shows the dark interlayer
between the Ge/Si(100) system (left) and the Si(100) crystal (right). However, visible crystallography is shown in Fig. 5b which
presents that the Si atoms occupy each lattice point by forming a continuous sequence without any destruction. Namely, the
important result is the absence of a layer that separates the base from the solution. That is, the Si crystal passes into the Ge/Si(100)
system without obstacles. This proves the absence of an interlayer and correctly interprets the phase composition of the interlayer
based on Ge and Si.

9. Conclusions

A Quantum mechanical explanation of the electron cloud densitometry is given in this study. With this effect, an atom begins
to illuminate and show its shape. This is the first publication of the real structure of a silicon atom. The atom has two pink inner
electrons in the 1-shell, eight yellow inner electrons in the 2-shell, and four valence electrons in the 3-shell. The electron cloud
densitometry image shows Si atoms in blue and Ge atoms in yellow. By measuring the density of the electron cloud, a technology
for distinguishing atoms has been developed. Studying emission from Ge/Si(100) system, having a non-monotonous character, is
of high interest for creating picoelectronic devices based on new atomic size memory cells. As a result, visual crystallography
becomes a new branch of applied functional materials.

Funding: This research did not receive external funding.

Acknowledgment: The author would like to thank the site picoscopy.com for supporting the research work.

-< AFM 2022, Vol 2, Issue 4, 10-16, https://doi.org/10.35745/afm2022v02.04.0002 >-




AAFM 16

Conflicts of Interest: The author declares no conflict of interest.

References

1.

10.

11.

12.

13.

14.

15.

16.

17.

18.

Kucherov, O.P. Direct Visualization of Covalent Chemical Bonds in Crystalline Silicon. American Journal of Engineering Research (AJER)
2021, 10(6), 54-58.

Kucherov, O.; Rud, A.; Gubanov V.; Biliy, M. Spatial 3d Direct Visualization of Atoms, Molecules and Chemical Bonds. American

Journal of Applied Chemistry 2020, 8(4), 94-99. https://doi.org/10.11648/j.ajac.20200804.11

Rud, A.D.; Kiryan, I.M.; Lakhnik, A.M. Topological characteristics of local atomic arrangements at crystalline-amorphous structural
transition in graphite. Materials Science: Mesoscale and Nanoscale Physics 2014, http://arxiv.org/abs/1412.1982.

Kucherov, O. Electron Cloud Densitometry of Inner and Valence Electrons in Carbon Allotropes. AFM 2022, 2(1), 36-43,

https://doi.org/10.35745/afm2022v02.01.0002

Kucherov O.P.; Rud, A.D. Direct visualization of individual molecules in molecular crystals by electron cloud densitometry. Molecular
Crystals and Liquid Crystals 2018, 674(1), 40—47. https://doi.org/10.1080/15421406.2019.1578510

Gao, Y.; Cao, T.; Cellini, F.; Berger, C.; de Heer, W.A.; Tosatti, E.; Riedo, E.; Bongiorno, A. Ultrahard carbon film from epitaxial two-layer
graphene. Nature Nanotechnology 2018, 13, 133—138. https://doi.org/10.1038s41565-017-0023-9

Allen, F.G. Field emission from silicon and germanium; field desorption and surface migration, J. Phys. Chem. Solids 1961, 19(1-2), 87—
99. https://doi.org/10.1016/0022-3697(61)90061-0

Tondare, V.N.; Birajdar, B.1.; Pradeep, N.; Joag, D.S.; Lobo, A.; Kulkarni, S.K. Self-assembled Ge nanostructures as field emitters. 4ppl.

Phys. Lett. 2000, 77, 2394. https://doi.org/10.1063/1.1316076

Nikiforov, A.IL.; Cherepanov, V.A.; Pchelyakov, O.P. Investigation of Ge film growth on the Si(100) surface by recording diffractometry.

Semiconductors 2001, 35, 988. https://doi.org/10.1134/1.1403561

Dadykin, A.A.; Kozyrev, Y.N.; Naumovets, A.G. Article Title. JETP Letters 2002, 76, 472. DOI:10.1134/1.1528705

(https:/link.springer.com/article/10.1134/1.1528705)

Fedchenko, O.; Chernov, S.V.; Klimenkov, M.; Protsenko, S.I.; Nepijko, S.A.; Schonhense, G. Transmission electron microscopy
investigation of oxidation of (110)NiAl single crystal with wedge-shaped profile. Jpn. J. Appl. Phys. 2016, 55, 02BC15. https://DOI

10.7567/JJAP.55.02BC15

Nepijko, S.A.; Sapozhnik, A.A.; Naumovets A.G.; Kozyrev, Y.N.; Klimenkov, M.; Protsenko S.I.; Odnodvoret L.V.; Protsenko L.Y.

Investigation of Nanostructure Phase Composition and Field Emission Properties in the Ge/Si(100) System, Journal of Nano- and
Electronic Physics 2016, 8, 04067. https://doi.org/10.21272/jnep.8(4(2)).04067

Kucherov, O.P.; Lavrovsky, S.E. Method of obtaining an image with sub-diffraction resolution and an optical-electronic system for its
implementation. Patent of Ukraine No. 115602, Dated 27.02.2018.

Kucherov, O.P.; Lavrovsky, S.E., Picoscope, As an Instrument for Molecules Atomic Structure Study. Information technology and special

security (2016), 73-81 (http://science-ua.com/gallery/maketn21.pdf#page=73).

Tang, Y.; Wang, R.; Zhang, Y.; Du, P. Magnetoelectric coupling tailored by the orientateon of the nanocrystals in only one component in
percolative multiferroic composites. RSC Advances 2019, 9(35), 20345-20355. https://doi.org/10.1039/C9RA03291F

Cui, S.L.; Zhang, L.J.; Zhang, W.B.; Du, Y.; Xu, H.H.; Min. J. Computational Study of Diffusivities in Diamond Ge-Si Alloys. Metall. Sect.
B-Metall. 2012, 48, 227-249.

Wang, L.; Liu, T.; Jia, Q.; Zhang, Z.; Lin, D.; Chen, Y.; Fan, Y.; Zhong, Z.; Yang, X.; Zou, J. Research Update: Strain and composition
effects on ferromagnetism of Mn0.05Ge0.95 quantum dots. APL Materials 2016, 4, 040701.

https://aip.scitation.org/doi/10.1063/1.4945657

Kassim, J.; Nolph, C.; Jamet, M.; Reinke, P.; Floro, J. Mn solid solutions in self-assembled Ge/Si (001) quantum dot heterostructures. Appl.
Phys. Lett. 2012, 101, 242407. https://aip.scitation.org/doi/10.1063/1.4770384

Publisher’s Note: IIKII stays neutral with regard to jurisdictional claims in published maps and institutional affiliations.

Copyright: © 2022 The Author(s). Published with license by IIKII, Singapore. This is an Open Access article distributed under the
terms of the Creative Commons Attribution License (CC BY), which permits unrestricted use, distribution, and reproduction in any
medium, provided the original author and source are credited.

-< AFM 2022, Vol 2, Issue 4, 1016, https://doi.org/10.35745/afm2022v02.04.0002 >-



https://link.springer.com/article/10.1134/1.1528705
http://creativecommons.org/licenses/by/4.0

	1. Introduction
	2. Experiment
	3. Method
	4. Material
	5. Visuale Material Science
	6. Visual Crystallography
	7. Visible Deformation
	8. Interlayer
	9. Conclusions
	References

