


Jor(lan Journal O£

PHYSICS

An International Peer-Reviewed Research Journal

Volume 18, No. 4, Oct. 2025

Jordan Journal of Physics (J/P): An International Peer-Reviewed Research Journal funded by the
Scientific Research and Innovation Support Fund, Jordan, and published quarterly by the Deanship of
Research and Graduate Studies, Yarmouk University, Irbid, Jordan.

EDITOR-IN-CHIEF: Prof. Muhammad S. Bawa'aneh

Department of Physics, Yarmouk University, Irbid, Jordan.

msbawaaneh@yu.edu.jo

EDITORIAL BOARD:

ASSOCIATE EDITORIAL BOARD

Prof. Ahmad A. Ahmad (Omari)

Department of Physics, Jordan University of Science &
Technology, Irbid, Jordan.

sema(@just.edu.jo

Prof. Riyad S. Manasrah

Department of Physics, The University of Jordan, Amman,
Jordan.

r.manasrah@ju.edu.jo

Prof. Ahmed Fawaz Al-Jamel

Department of Physics, Faculty of Science, Al al-Bayt
University, Mafraq, Jordan.

aaljamel@aabu.edu.jo

Prof. Ahmed M. Al-Khateeb
Department of Physics, Yarmouk University, Irbid, Jordan.
a.alkhateeb67@gmail.com

Prof. Abdalla A. Obeidat

Department of Physics, Jordan University of Science &
Technology, Irbid, Jordan.

aobeidat@just.edu.jo

Prof. Ali Abdelkareem Taani

Department of Physics, Al-Balga Applied University, Salt,
Jordan.

ali.taani@bau.edu.jo

Prof. Mark Hagmann

Desert Electronics Research Corporation, 762 Lacey
Way, North Salt Lake 84064, Utah, U. S. A.
MHagmann@NewPathResearch.Com.

Prof. Richard G. Forbes

Dept. of Electrical and Electronic Engineering,
University of Surrey, Advanced Technology Institute
and Guildford, Surrey GU2 7XH, UK.
r.forbes@surrey.ac.uk

Prof. Roy Chantrell

Physics Department, The University of York, York,
YO10 5DD, UK.

roy.chantrell@york.ac.uk

Prof. Susamu Taketomi

2-35-8 Higashisakamoto, Kagoshima City, 892-0861,
Japan.

staketomi@hotmail.com

Editorial Secretary: Majdi Al-Shannaq.

Manuscripts should be submitted to:

Languages Editor: Olga Golubeva

Prof. Muhammad S. Bawa'anech
Editor-in-Chief, Jordan Journal of Physics
Deanship of Research and Graduate Studies
Yarmouk University-Irbid-Jordan
Tel. 00 962 2 7211111 Ext. 2075
E-mail: jip@yu.edu.jo
Website: https://jjp.yu.edu.jo




Jor(lan Journal O£

PHYSICS

An International Peer-Reviewed Research ]ournal

Volume 18, No. 4, Oct. 2025

INTERNATIONAL ADVISORY BOARD:

Prof. Dr. Humam B. Ghassib

Department of Physics, The University of Jordan,
Amman 11942, Jordan.

humamg@ju.edu.jo

Prof. Dr. Sami H. Mahmood

Department of Physics, The University of Jordan,
Amman 11942, Jordan.

s.mahmood@ju.edu.jo

Prof. Dr. Nihad A. Yusuf
Department of Physics,
Jordan.
nihadyusufl@yu.edu.jo

Yarmouk University, Irbid,

Prof. Dr. Hardev Singh Virk
#360, Sector 71, SAS Nagar (Mohali)-160071, India.
hardevsingh.virk(@gmail.com

Dr. Mgr. Dinara Sobola

Department of Physics, Brno University of Technology,

Brno, Czech Republic.
Dinara.Dallaeva@ceitec.vutbr.cz

Prof. Dr. Shawqgi Al-Dallal
Department of Physics, Faculty of Science, University of
Bahrain, Manamah, Kingdom of Bahrain.

Prof. Dr. Jozef Lipka

Department of Nuclear Physics and Technology, Slovak
University of Technology, Bratislava, Illkovicova 3, 812
19 Bratislava, Slovakia.

Lipka@elf.stuba.sk

Prof. Dr. Mohammad E. Achour

Laboratory of Telecommunications Systems and
Decision Engineering (LASTID), Department of Physics,
Faculty of Sciences, Ibn Tofail University, BP.133,
Kenitra, Morocco (Morocco)
achour.me@univ-ibntofail.ac.ma

Prof. Dr. Ing. Alexandr Knipek

Group of e-beam lithograpy, Institute of Scientific
Instruments of CAS, Krdlovopolska 147, 612 64 Brno,
Czech Republic.

knapek@isibrno.cz

Prof. Dr. Ahmad Salem
Department of Physics,
Jordan.
salema@yu.edu.jo

Yarmouk University, Irbid,







The Hashemite Kingdom of Jordan Yarmouk University

Jor(lan Journal Of

PHYSICS

An International Peer-Reviewed Research ]ournal
Funded l)y the Scientific Research and Innovation Support Fund

Volume 18, No. 4, Oct. 2025






Instructions to Authors

Instructions to authors concerning manuscript organization and format apply to hardcopy submission by mail, and also
to electronic online submission via the Journal homepage website (http://jjp.yu.edu.jo).

Manuscript Submission

Manuscripts are submitted electronically through the journal’s website:

https://jjp.yu.edu.jo/

Original Research Articles, Communications and Technical Notes are subject to critical review by minimum of
two competent referees. Authors are encouraged to suggest names of competent reviewers. Feature Articles in active
Physics research fields, in which the author’s own contribution and its relationship to other work in the field
constitute the main body of the article, appear as a result of an invitation from the Editorial Board, and will be so
designated. The author of a Feature Article will be asked to provide a clear, concise and critical status report of the
field as an introduction to the article. Review Articles on active and rapidly changing Physics research fields will
also be published. Authors of Review Articles are encouraged to submit two-page proposals to the Editor-in-Chief
for approval. Manuscripts submitted in Arabic should be accompanied by an Abstract and Keywords in English.

Organization of the Manuscript

Manuscripts should be typed double spaced on one side of A4 sheets (21.6 x 27.9 cm) with 3.71 cm margins, using
Microsoft Word 2000 or a later version thereof. The author should adhere to the following order of presentation: Article
Title, Author(s), Full Address and E-mail, Abstract, PACS and Keywords, Main Text, Acknowledgment. Only the first
letters of words in the Title, Headings and Subheadings are capitalized. Headings should be in bold while subheadings
in italic fonts.

Title Page: Includes the title of the article, authors’ first names, middle initials and surnames and affiliations. The
affiliation should comprise the department, institution (university or company), city, zip code and state and should
be typed as a footnote to the author’s name. The name and complete mailing address, telephone and fax numbers,
and e-mail address of the author responsible for correspondence (designated with an asterisk) should also be
included for official use. The title should be carefully, concisely and clearly constructed to highlight the emphasis
and content of the manuscript, which is very important for information retrieval.

Abstract: A one paragraph abstract not exceeding 200 words is required, which should be arranged to highlight the
purpose, methods used, results and major findings.

Keywords: A list of 4-6 keywords, which expresses the precise content of the manuscript for indexing purposes,
should follow the abstract.

PACS: Authors should supply one or more relevant PACS-2006 classification codes, (available at
http://www.aip.org/pacs/pacs06/pacs06-toc.html)

Introduction: Should present the purpose of the submitted work and its relationship to earlier work in the field, but it
should not be an extensive review of the literature (e.g., should not exceed 1 % typed pages).

Experimental Methods: Should be sufficiently informative to allow competent reproduction of the experimental
procedures presented; yet concise enough not to be repetitive of earlier published procedures.

Results: should present the results clearly and concisely.
Discussion: Should be concise and focus on the interpretation of the results.

Conclusion: Should be a brief account of the major findings of the study not exceeding one typed page.
Acknowledgments: Including those for grant and financial support if any, should be typed in one paragraph directly
preceding the References.

References: References should be typed double spaced and numbered sequentially in the order in which they are cited
in the text. References should be cited in the text by the appropriate Arabic numerals, enclosed in square brackets.
Titles of journals are abbreviated according to list of scientific periodicals. The style and punctuation should
conform to the following examples:



1. Journal Article:
a) Heisenberg, W., Z. Phys. 49 (1928) 619.
b) Bednorz, J. G. and Miiller, K. A., Z. Phys. B64 (1986) 189
¢) Bardeen, J., Cooper, L.N. and Schrieffer, J. R., Phys. Rev. 106 (1957) 162.
d) Asad, J. H, Hijjawi, R. S., Sakaji, A. and Khalifeh, J. M., Int. J. Theor. Phys. 44(4) (2005), 3977.
2. Books with Authors, but no Editors:
a) Kittel, C., "Introduction to Solid State Physics", 8" Ed. (John Wiley and Sons, New York, 2005), chapter 16.
b) Chikazumi, S., C. D. Graham, JR, "Physics of Ferromagnetism", 2™ Eq. (Oxford University Press, Oxford,
1997).
3. Books with Authors and Editors:
a) Allen, P. B. "Dynamical Properties of Solids", Ed. (1), G. K. Horton and A. A. Maradudin (North-Holland,
Amsterdam, 1980), p137.
b) Chantrell, R. W. and O'Grady, K., "Magnetic Properities of Fine Particles" Eds. J. L. Dormann and D. Fiorani
(North-Holland, Amsterdam, 1992), p103.
4. Technical Report:
Purcell, J. "The Superconducting Magnet System for the 12-Foot Bubble Chamber", report ANL/HEP6813, Argonne
Natt. Lab., Argonne, 111, (1968).
5. Patent:
Bigham, C. B., Schneider, H. R., US patent 3 925 676 (1975).
6. Thesis:
Mahmood, S. H., Ph.D. Thesis, Michigan State University, (1986), USA (Unpublished).
7. Conference or Symposium Proceedings:
Blandin, A. and Lederer, P. Proc. Intern. Conf. on Magnetism, Nottingham (1964), P.71.
8. Internet Source:
Should include authors' names (if any), title, internet website, URL, and date of access.
9. Prepublication online articles (already accepted for publication):
Should include authors' names (if any), title of digital database, database website, URL, and date of access.

For other types of referenced works, provide sufficient information to enable readers to access them.

Tables: Tables should be numbered with Arabic numerals and referred to by number in the Text (e.g., Table 1). Each
table should be typed on a separate page with the legend above the table, while explanatory footnotes, which are
indicated by superscript lowercase letters, should be typed below the table.

Illustrations: Figures, drawings, diagrams, charts and photographs are to be numbered in a consecutive series of
Arabic numerals in the order in which they are cited in the text. Computer-generated illustrations and good-quality
digital photographic prints are accepted. They should be black and white originals (not photocopies) provided on
separate pages and identified with their corresponding numbers. Actual size graphics should be provided, which
need no further manipulation, with lettering (Arial or Helvetica) not smaller than 8 points, lines no thinner than 0.5
point, and each of uniform density. All colors should be removed from graphics except for those graphics to be
considered for publication in color. If graphics are to be submitted digitally, they should conform to the following
minimum resolution requirements: 1200 dpi for black and white line art, 600 dpi for grayscale art, and 300 dpi for
color art. All graphic files must be saved as TIFF images, and all illustrations must be submitted in the actual size at
which they should appear in the journal. Note that good quality hardcopy original illustrations are required for both
online and mail submissions of manuscripts.

Text Footnotes: The use of text footnotes is to be avoided. When their use is absolutely necessary, they should be
typed at the bottom of the page to which they refer, and should be cited in the text by a superscript asterisk or
multiples thereof. Place a line above the footnote, so that it is set off from the text.

Supplementary Material: Authors are encouraged to provide all supplementary materials that may facilitate the
review process, including any detailed mathematical derivations that may not appear in whole in the manuscript.



Revised Manuscript and Computer Disks

Following the acceptance of a manuscript for publication and the incorporation of all required revisions, authors should
submit an original and one more copy of the final disk containing the complete manuscript typed double spaced in
Microsoft Word for Windows 2000 or a later version thereof. All graphic files must be saved as PDF, JPG, or TIFF
images.

Allen, P.B., “................ ”_in: Horton, G.K., and Muradudin, A. A., (eds.), “Dynamical....... ” (North........ ), pp....

Reprints

Twenty (20) reprints free of charge are provided to the corresponding author. For orders of more reprints, a reprint order
form and prices will be sent with the article proofs, which should be returned directly to the Editor for processing.

Copyright

Submission is an admission by the authors that the manuscript has neither been previously published nor is being
considered for publication elsewhere. A statement transferring copyright from the authors to Yarmouk University is
required before the manuscript can be accepted for publication. The necessary form for such transfer is supplied by the
Editor-in-Chief. Reproduction of any part of the contents of a published work is forbidden without a written permission
by the Editor-in-Chief.

Disclaimer

Opinions expressed in this Journal are those of the authors and neither necessarily reflects the opinions of the Editorial
Board or the University, nor the policy of the Higher Scientific Research Committee or the Ministry of Higher
Education and Scientific Research. The publisher shoulders no responsibility or liability whatsoever for the use or
misuse of the information published by JJP.

Indexing

JJP is currently indexing in:

Emerging Sources Citation Index
(ESCI)

Journal Impact Factor 2022

0.7

ULRICHSWEB

GLOBAL SE







Jor(lan Journal O£

PHYSICS

An International Peer-Reviewed Research Journal

Volume 18, No. 4, Oct. 2025

Table of Contents:

Articles Pages
Enhanced Thermal and Dielectric Properties of Copper Oxide Nanoparticles Blended

Polyisoprene Antibiofilm 423-433
M. Abila Jeba Queen and K. C. Brigh

Influence of Gas Flow Rate on the Plasma Temperature and Electron Density of an

Atmospheric Argon Plasma Jet 435-442
Muna A. Issa and Kadhim A. Aadim

Comparison of Calculated Energy Levels and Electric Quadrupole Transitions

Probabilities of the Even-Even "**'*"Nd Isotopes Using IBM-2, NEF and BM 143453
Elham A. Younes, Najat S. Eshaftri, Asma A. Elbndaq, Ayad Ezwam, Mohamed H. Badri and

Sadiq M. El-Kadi

Analysis of Generating a Microwave Frequency Comb in Laser-Assisted Scanning

Tunneling Microscopy with a Semiconductor Sample 455-466
Marwan S. Mousa and Mark J. Hagmann

Charge Density Distributions for Elastic and Inelastic Longitudinal Electron Scattering

Form Factors of **Si and **S Nuclei 467-475
H. K. Issa and Ghaith N. Flaiyh

Effect of Annealing Temperature on the Properties of Cu2ZnSnS4 (CZTS) Thin Films for

Solar Cell Application

Akintunde A. Ajayi, Aderemi B. Alabi, Enoch D. Ogunmola, Ayodeji O. Salau, Samson I. 477-488
Akinsola, Olutayo W. Abodunrin, Olukunle C. Olawole, Folasade O. Oluyemi, Kazeem A.

Musiliyu and Funmilayo H. Abejide

Optimization of Source Pocket Height on Source Pocket Half Hetero Dielectric Double

Gate TFETs (SP-HHD-DG-TFET) 489-496
Bed P. Pandey, Santosh K. Pandit, Sanju Shrestha, Kavindra K. Kavi and Om Prakash Niraula

Reuse of Waste Glass Doped with Agricultural and Mining Wastes as Radiation Shielding

Materials: A Computational and Experimental Study 497-516
Zeynep AYGUN and Murat AYGUN

Efros-Shklovskii Variable Range Hopping Conduction in "’Ge:Ga Semiconductor at Very

Low Temperature

Mohamed Errai, Mohammed Bellioua, Ahmed Tirbiyine, Abderrhman Nait Alla, Khalid 517-527
Abbiche, Abdelhamid El kaaouachi, Lahcen Ait benali, El Mahdi Kamili, Reda El Abbadi and

Mohamed Boumdyan

On the Origin of Cosmic Microwave Background Radiation 5$29.549
Sergey G. Fedosin

Results of Observations for Three Confirmed Exoplanets Using UV/IR Cut Filter 551.560

Mohammad F. Talatha, Abdelrazek M. K. Shaltout, Ali G. A. Abdelkawy and . M. Beheary







Volume 18, Number 4, 2025. pp. 423-433

Jordan Journal of Physics

ARTICLE

Enhanced Thermal and Dielectric Properties of Copper Oxide
Nanoparticles Blended Polyisoprene Antibiofilm

M. Abila Jeba Queen” and K. C. Brighb

“ Department of Physics, Holy Cross College (Autonomous), Nagercoil-629004, Tamil
Nadu, India.

Department of Physics, Mar Ivanio’s College (Autonomous), Thiruvananthapuram,
Kerala, India.

Doi: https://doi.org/10.47011/18.4.1

Received on: 21/01/2024; Accepted on: 08/09/2024

Abstract: In order to improve the properties of polyisoprene (natural rubber), a small
quantity of copper oxide (CuO) nanoparticles was incorporated using a mechanical method.
Copper oxide nanoparticles were synthesized by the simple chemical reaction between
copper acetate and oxalic acid. 0.4 g of the prepared copper oxide nanoparticles was
impregnated into the isoprene. The structural properties of nanoparticles confirmed the
monoclinic crystal system with a = 4.685A, b=3423 A, c =5.132 A, a =B =90°, y =
99.52°, and V = 81.17 A’ whereas the copper blended rubber exhibited a lower ordered
crystalline structure with an interplanar distance of 2.1567 A along the (0 2 0) orientation.
The dislocation densities of isoprene with varied copper oxide and copper oxide were
found to be 2.5932 x 10 m™ and 1.12665 x 10" m, respectively. The polyisoprene matrix
with a higher dislocation density confirms its hardest nature. The thermal stability
increased by adding a lower quantity of copper oxide nanoparticles into the rubber matrix,
reaching about 390 °C. The dielectric constant and loss of the materials were studied at
various frequencies and temperatures. The dielectric properties were found to vary with the
incorporation of copper oxide nanoparticles. The outstanding antibacterial actions against
Staphylococcus Aureus bacteria were also identified.

Keywords: Natural rubber, Lattice strain, Thermal stability, Antibacterial activity.

Introduction

In the past decade, there has been a surge in
research efforts focused on the development of
polymer materials, which are highly organic and
eco-friendly. The prospect of getting polymers
from naturally occurring sources like
polyisoprene, otherwise called natural rubber,
has opened new possibilities for developing
various everyday products, including containers,
shoes, tires, rubber bands, tubes, and
construction parts [1, 2]. Natural rubber polymer
is essential in daily life due to its widespread use
as a raw material in household, medical, and
industrial products such as tubes, tires, coatings,
and gloves. Recent developments in
polyisoprene by metal oxide, rare earth
complexes [3-5], and biomaterials have made it

possible to tailor different properties of rubbers,
especially their mechanical, thermal, and
electrical properties in terms of strength,
flexibility, and ease of processing for various
engineering applications [6]. Natural rubber,
with the chemical formula cis-1,4-polyisoprene,
is an important organic ligand exhibiting unique
coordination abilities of the double bond. Its
flexibility limits its resistance to heat and ozone
attack [7]. The demand for nanomaterial-metal
complexes with natural rubber has attracted
attention due to their thermal stability of
bioinorganic models [8], such as elasticity,
resilience, efficient heat dispersion, abrasion
resistance, and heat resistance [9-10].

Corresponding Author: M. Abila Jeba Queen

Email: jeba.abi@gmail.com
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The remarkable characteristics of copper
oxide (CuO) nanoparticles, low production cost,
non-toxicity, and narrow band gap have drawn a
lot of attention. These distinctive characteristics
make them effective materials for a wide range
of applications in solar energy conversion,
adsorbents, gas sensors, superconductors,
supercapacitors, lithium-ion batteries, and
catalysts [11-13]. Numerous reports have proven
CuO nanoparticles’ antibacterial efficacy against
the Gram-positive and Gram-negative pathogens.
Bacteria-associated infections are the most
serious cases. The literature has described a
variety of surface-coated polymer-based medical
implants with bactericidal properties.
Polyisoprene-based polymers are noted for their
special activity against pathogenic bacteria [14].
However, there are a few medical reports on
medical products made using natural rubber,
namely production of surgical gloves, condoms,
urinary catheters, and other things [15]. The
biomaterials have great promise because of their
mechanical qualities, high elasticity, and
capacity to form films [16].

To find a way to produce isoprene-
incorporated copper oxide nanoparticles with
unique physical and biological properties, this
paper investigates the preparation and
characterization of such composites. Natural
rubber latex collected from the southern part of
India was incorporated with the copper oxide
nanoparticles and characterized. The structural
parameters were analyzed by X-ray diffraction
(XRD) and EDAX analysis. To evaluate the
enhancement of natural rubber performance by
copper oxide addition, thermal performance was
tested using thermal analysis under a nitrogen
atmosphere, and dielectric properties were
studied using an LCR meter. Infections due to
microorganisms play a significant role in
mankind and industry. This paper also discussed
the antibiofilm activity against Escherichia coli,
Staphylococcus  aureus, and Pseudomonas
aeruginosa. Overall, the activity of copper oxide
nanoparticles affects the physical and biological
properties of isopropene.

Materials and Methods
Materials

Analytical-grade chemicals such as copper(Il)
acetate monohydrate [Cu (CH;COO),. H,O],
oxalic acid (C,H,04), and formic acid (CH,0,)
were used in the synthesis process. Natural
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rubber, chemically known as polyisoprene latex,
was collected from the southern part of India and
used directly without further purification.
Double-distilled water was used as the solvent
throughout the preparation process.

Preparation of Copper Oxide Nanoparticles

Copper oxide nanoparticles were prepared
through a simple one-step chemical reaction
between copper acetate monohydrate and oxalic
acid. An aqueous solution was prepared by
dissolving 0.4 mol of copper acetate
monohydrate in 50 mL of distilled water.
Similarly, 0.4 mol of oxalic acid was dissolved
in 50 mL of distilled water to form a separate
solution. A chemical reaction takes place during
the mixing of copper acetate and oxalic acid
solution at 40 °C under magnetic stirring for 3
hours, during which a precipitate formed. The
resulting precipitate was centrifuged and washed
twice with distilled water to remove any
unreacted precursors. The obtained copper
oxalate precipitate was then dried in a hot-air
oven at 100 °C for 5 hours. Finally, the dried
powder was calcined in a muffle furnace at 500
°C for 2 hours to obtain copper oxide
nanoparticles.

Fabrication of Heterogeneous Copper Oxide
Nanoparticle-Blended Polyisoprene

Natural rubber latex, consisting primarily
of carbon and hydrogen, was collected from the
southern part of India. Copper oxide (CuO)
nanoparticles were incorporated into the natural
rubber latex by a simple mechanical method and
fabricated into layered sheets using a two-roll
milling machine. Initially, 500 mL of viscous
natural rubber latex was mixed with 250 mL of
distilled water and stirred thoroughly for about
10 minutes. Subsequently, 5 mL of formic acid
and 04 g of CuO nanoparticles were
mechanically blended with the latex mixture.
The prepared latex solution was allowed to stand
at room temperature for approximately 5 hours
to facilitate coagulation. The coagulated
heterogeneous CuO-—polyisoprene mixture was
then processed using a two-roll milling machine
to form sheets of the desired thickness. The
resulting sheets were left at room temperature for
about 15 days to ensure complete removal of
residual moisture.
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Result and Discussion
X-Ray Diffraction Analysis

Investigation on phase, crystalline nature, and

structure of the synthesized copper oxide
nanoparticles and copper oxide blended
polyisoprene was done wusing an X-ray

diffractometer with a wavelength of 1.54060A
and with the TOPS software package. The XRD
pattern of copper oxide nanoparticles obtained
from the chemical synthesis is shown in Fig. 1.

The development of CuO, an inorganic
compound, was confirmed by the XRD analysis.
CuO exhibited a sharp, intense peak at 26 =
22.812°, indicating a highly ordered crystalline
structure with an interplanar distance of 3.89520
A along the (0 2 1) orientation. The peaks of

9000

CuO nanoparticles, with d-spacing values (A) of
1.93735, 1.79541, 2.14025, 1.94659, 2.32205,
2.48627, 1.76953, 1.77606, and 3.89520,
correspond to the planes (1 12), (1 51),(131),
(113),(130),(042),311),(-202),and (02
1), according to the International Centre for
Diffraction Data (ICDD) Card No. 41-0254. The
highly intense peaks indicate that the prepared
nanoparticles belong to the category of
monoclinic crystal structure with a CuO phase,
without the formation of any additional peaks
due to the probable Cu,O and Cu(OH),
impurities. Therefore, it was confirmed that the
synthesized nanoparticles are in CuO phase with
the lattice parameters a = 4.685A, b =3.423 A, ¢
=5.132 A, 0=B=90°,y=99.52°, and V = 81.17
A®. These results are in close agreement with the
findings reported by Nasihat et al. [17].
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FIG. 1. XRD pattern of copper oxide nanoparticles.

The diffraction pattern of the mechanically
prepared heterogeneous copper oxide
nanoparticles blended with natural rubber
polyisoprene is depicted in Fig. 2. Copper oxide
nanoparticles blended with polyisoprene reveal
that a broad peak at 20 = 20.02109° experiences
a lower ordered crystalline structure with an
interplanar distance of 2.1567 A along (0 2 0)
orientation. Abraham et al. [18] found that the
diffraction pattern of pure natural rubber
displays an A-type amylose allomorph identified
by a broad peak at 206= 17.9° and a strong peak at
25.07°. They also proved that adding
nanocellulose to the natural rubber makes the

shift towards a higher two theta value. This shift
is due to the closely packed arrangement of
copper oxide and natural rubber matrix.
Therefore, the polymer matrix has no perfect
crystal system, which in turn leads to the
broadening of the peaks. This broadening also
indicates a larger crystallite size of the polymer
compared to the copper oxide nanoparticles.

Since polyisoprene is a cis-1,4 polymer, it is
typically amorphous in nature. However, upon
the addition of 0.4 g of copper oxide
nanoparticles, a slight improvement in
crystallinity was observed, as confirmed by the
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diffraction peak at 20 = 20°. This result is
consistent with the findings of Pazhooh et al.
[19], who analyzed natural rubber containing a
low concentration of copper nanoparticles and
found that the copper peaks were less intense
than those of pure natural rubber. This reduction

in peak intensity can be attributed to the overlap
of copper and carbon peaks that occurs when
trace amounts of CuO nanoparticles are
mechanically incorporated into the natural
rubber matrix [20].

1400 S

020)

Rubber blended copper oxide

T T T T
10 20 30

20 (degree)
FIG. 2. XRD pattern of as-prepared rubber-blended copper oxide.

Additionally, the crystallite sizes of the
chemically prepared CuO nanoparticles and the
mechanically prepared rubber-blended CuO
were calculated using Scherrer’s equation [21]

for the intense peaks:
0.91

B cos @ (1)
where A is the wavelength of the X-ray, 0 is the
angle of diffraction, and f is the full-width half-

maximum.

. Ok V -~ b

426

FIG. 3. SEM image 0 CuO NanoI;articles.

The crystallite sizes obtained from the X-ray
diffraction analysis of CuO and isoprene varied
CuO were found to be 29.79 and 161.03 nm,
respectively. Furthermore, the particle size of the
CuO nanoparticles derived from diffraction
analysis was correlated with the scanning
electron microscopic image data shown in Fig. 3.

R L
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Dislocation density (0), defined as the length
of dislocation lines per unit volume of the
prepared sample, was evaluated using the
relation [22]:

5= @)

The number of particles per unit surface area
(N) in the prepared samples was determined as:

d
N=2L 3)

Lattice strain (g), a measure of lattice
dislocation, arises due to its crystal imperfections
[23].

B
“

g:
4tan 6

The dislocation density of the isoprene varied
copper oxide was found to be higher (2.5932 x
10* m™) compared to copper oxide (1.12665 x
10" m™). The number of particles per surface

9000 ' Cula
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area decreased for CuO nanoparticles (2.6443 x
10*' m™) compared to the isoprene-varied copper
oxide (4.1760 x 10” m™). Since dislocation is a
crystallographic irregularity found inside the
material, a higher dislocation density indicates
greater hardness [24]; therefore, it was
concluded that isoprene-varied copper oxide is
harder than the copper oxide nanoparticles.
Polymer mixed nanoparticles showed a higher
lattice strain of 1.1318, while for the unmixed
copper oxide, the lattice strain was 0.3519.
Isoprene varied copper oxide with higher
crystallographic irregularity and number of
particles per unit surface area can be attributed to
stronger covalent interactions between the
carbon and hydrogen atoms in the polymer
matrix. Elemental confirmation of the copper
oxide nanoparticles was carried out with the
EDAX analysis, as depicted in Fig. 4.

CuKa

CuKp

0

From elemental analysis, it was identified that
the elements copper and oxygen are present in
the compound as the stoichiometric ratio of 1:1
with weight percentages of 53.55 and 46.45,
respectively. The obtained atomic percentages of
copper and oxygen were found to be 58.04 and
42.12, respectively.

Thermal Analysis

The thermal analysis of copper oxide
nanoparticles and isoprene-varied copper oxide
was performed at the temperature range of 0-
1000 °C under a normal nitrogen atmosphere.
The natural rubber matrix exhibits poor thermal
conductivity compared to copper oxide

FIG. 4. EDAX spectrum of CuO nanoparticles.

10

nanoparticles. Thermogravimetric (TG) curves
that determine mass loss over a temperature
range for copper oxide nanoparticles and
isoprene-varied copper oxide are shown in Figs.
5 and 6, respectively. It was noted that copper
oxide experienced complete weight loss at 300
°C due to the liberation of oxygen molecules,
whereas the rubber-blended copper oxide
showed weight loss at about 392 °C. The thermal
stability of isoprene molecules was reported in
the temperature range of 200 —270 °C, during
which both chain scission and cross-linking take
place, by Bolland ef a/. [25]. In our case, due to
the addition of copper oxide nanoparticles, the
thermal stability of the polymer material
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improved. Thus, from the thermogravimetric
analysis, it was confirmed that the prepared
copper oxide and the isoprene-varied copper

6500

oxide retained their texture up to 300 and 395 °C,
without decomposition below these
temperatures.
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FIG. 5. TG curve for copper oxide nanoparticles.
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FIG. 6. TG curve of the rubber-blended copper oxide.

Differential thermal analysis (DTA) of copper
oxide nanoparticles and isoprene-varied copper
oxide was performed at the temperature range of
0-1000 °C under a normal nitrogen atmosphere.
DTA determines the chemical degradation due to
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the exothermic and endothermic peaks over a
temperature range. Phase transitions for copper
oxide nanoparticles and isoprene-varied copper
oxide are given in Figs. 7 and 8, respectively.
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FIG. 8. DTA curve of rubber-blended copper oxide.

In the DTA curve, a sharp exothermic peak
for copper oxide nanoparticles was identified at
300 °C, due to the absolute liberation of oxygen
molecules. The final product left behind due to
the increase in temperature is copper. From the
DTA curve of rubber-blended copper oxide, it
was known that the prepared material
experienced two exothermic peaks: at 392 and
495 °C. These exothermic peaks are due to the
liberation of H,O and CsH¢ molecules. There
may be a phase transition from CuO to Cu at the
transition temperature of 300 °C.

Dielectric Studies

The Dielectric constant of the rubber-blended
copper oxide was recorded using a high-

precision LCR meter at various frequencies. The
dielectric constant of the prepared samples was
calculated using the relation:

€04
=204
d

)

To fetch the information about the material’s
ability to store energy due to the relaxation
process, the dielectric constant of isoprene-
varied copper oxide was measured as a function
of frequency shown in Fig. 9. Various
temperature values and dielectric constant of

rubber-blended copper oxide are summarized in
Table 1.
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FIG. 9. Dielectric constant of rubber-blended copper oxide.

TABLE 1. Dielectric constant of rubber-blended copper oxide.

S No Temperature Dielectric Constant
T °C 100KHZ IMHZ SMHZ
1. 30 1384.8823 239.0045 2909.3859
2. 40 1296.1698 2338.7530 2909.9540
3. 50 1989.2723 2740.8252 4386.0697
4. 60 1120.1541 2717.8252 4311.2523
5. 70 2202.8671 2894.9051 52223.3162
6. 80 2453.6110 2539.7295 3138.5718
7. 90 1723.8111 2390.6545 6511.8203
8. 100 1412.4371 2115.3394 7586.6919

In rubber-blended copper oxide, the dielectric
constant was measured at three different
frequencies: 100 kHz, 1 MHz, and 5 MHz. From
the dielectric studies, it was noticed that the
maximum value of dielectric constant occurred
at higher temperatures and SMHz. The highest
value of the dielectric constant was observed at a
higher frequency of about 5 MHz. The variation
in dielectric constant is attributed to the
polarization mechanisms, including electronic,
ionic, orientation, and space charge [26]. Ionic
polarization in the copper oxide nanoparticles-
varied polyisoprene arises mainly from the
movement of copper, carbon, hydrogen, and
oxygen ions present in the polymer matrix.
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Dielectric loss measured at 100 kHz and 1 MHz
with varied temperature remained almost
constant; therefore, the material at this particular
frequency can be utilized as a filter. Orientation
polarization results from the polar oxygen in the
polyisoprene chain, which causes asymmetry in
the cross-linked bonds. As the temperature and
frequency simultaneously increase, the dipoles
of Cu and O enhance the dielectric properties.

The dielectric loss curve and the
corresponding dielectric parameters of the
rubber-blended copper oxide are given in Fig. 10
and Table 2, respectively.
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FIG. 10. Dielectric loss of rubber-blended copper oxide.

TABLE 2. Dielectric loss parameters of rubber-blended copper oxide.

S No Temperature Dielectric Loss
O (°C) 100HZ IMHZ SMHZ
1. 30 0.23605 0.35071 1.0359
2. 40 0.03901 0.35887 1.0814
3. 50 0.12775 0.35865 0.8837
4. 60 0.52638 0.3914 0.9562
5. 70 0.27347 0.37423 0.8044
6. 80 0.291946 0.32608 0.9641
7. 90 0.15365 0.27239 0.429
8. 100 0.01317 0.32924 0.3364

When an a.c. voltage is applied to the  Antibacterial Studies

isoprene-varied copper oxide sheet, a fraction of
the electrical energy is absorbed while the
remainder is lost in the form of heat; this loss
corresponds to the dielectric loss [27]. From the
dielectric measurements, it was identified that at
100 kHz, fluctuations in dielectric loss occurred
due to polarization effects. At 1 MHz, the
dielectric loss remains nearly constant,
suggesting that the material can function
effectively as a filter. At 5 MHz, a decrease in
dielectric loss was observed. From an application
perspective, materials with a monoclinic crystal
structure and higher dielectric constants at
elevated temperatures and frequencies are
suitable for use as frequency filters [28, 29].

The antibacterial activity of copper oxide
nanoparticles and rubber-varied copper oxide
films was evaluated against bacterial strains,
including Escherichia coli, Staphylococcus
Aureus, and Pseudomonas aeruginosa. The agar
disc diffusion (Kirby-Bauer) method was
employed, in which bacterial strains were
swabbed onto the agar medium using sterile
cotton. The test discs were placed on the surface
of the medium, allowed to diffuse for 5 minutes,
and then incubated at 37 °C for 24 hours. The
antibacterial activity was assessed by measuring
the diameter of the zone of inhibition (ZOI). The
Z0I produced by the copper oxide nanoparticles
against Escherichia coli, Staphylococcus Aureus,
and Pseudomonas aeruginosa bacterial strains is
shown in Fig. 11 and summarized in Table 3.
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TABLE 3. Diameters of the ZOI produced by the samples against the microbes.

Positive Zone size in diameter (mm)
S.No. Microbes control Copper oxide Isoprene-substituted
levofloxacin nanoparticles copper oxide film
1. Escherichia coli 27 10 19
2 Staphylococcus aureus 22 12 21
3. Pseudpmonas 75 6 18
aeruginosa

From the studies, it was confirmed that the
copper oxide nanoparticles and isoprene-
substituted copper oxide film exhibit high
antibacterial activity against Staphylococcus
aureus bacteria, with a ZOI diameter of 12 and
21 mm, respectively. In contrast, the
antibacterial activity of copper oxide against
Escherichia coli and Pseudomonas aeruginosa
was relatively low, with ZOI values of 10 mm
and 6 mm, respectively. For the isoprene-
substituted copper oxide film, the antibacterial
activities against Escherichia coli and
Pseudomonas aeruginosa were 19 and 18 mm,
respectively. According to the literature [30-32],
natural rubber itself exhibits notable antibacterial
properties. Therefore, the natural rubber-varied
copper oxide nanoparticles film can be utilized
as an anti-biofilm material to prevent infections
caused by Staphylococcus aureus bacteria.

Conclusion

In summary, natural rubber-varied copper
oxide nanoparticles with excellent thermal and
dielectric properties were successfully prepared
by incorporating a low content of copper oxide
nanoparticles. A simple chemical method was
employed to synthesize CuO nanoparticles and
fabricate the natural rubber-varied copper oxide
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anti-biofilm. Structural variations arose due to
the isoprene polymer. The crystallite sizes of
copper oxide nanoparticles and isoprene-varied
copper were found to be 29.7924 and 161.03515
nm, respectively, which was further confirmed
by scanning electron microscopy. Compared to
copper oxide nanoparticles, dislocation density,
lattice strain, and the number of particles per unit
surface of the polymer matrix increased widely.
This is due to the higher cross-linkage between
carbon and hydrogen molecules. Thermal
analysis proved that the stability of copper oxide
is about 300 °C, but the incorporation of copper
oxide into natural rubber enhanced the thermal
stability of the composite to around 395 °C. The
dielectric properties were also improved,
indicating potential applications of the composite
film in energy storage devices. The nanoparticles
and composite films were evaluated for
antibacterial activity against Escherichia coli,
Staphylococcus  Aureus, and Pseudomonas
aeruginosa bacterial strains. Copper oxide-
varied natural rubber film is an excellent
antibacterial agent and can be utilized as an anti-
biofilm, which prevents infection against the
Staphylococcus aureus bacteria. This study
provides valuable insights for the design and
fabrication of isoprene-varied copper oxide films
for medical applications.
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Abstract: In this paper, an approach based on optical emission spectroscopy (OES) is used
to experimentally determine the electron temperature (T.) and electron number density (n.)
in an atmospheric argon (Ar) plasma jet. The Boltzmann plot method is applied to compute
these parameters for gas flow rates ranging from 0.5 to 2.5 I/min. The results show the
effect of gas flow rates on the plasma emission spectrum of argon (Ar I). Specifically,
increasing the flow rate leads to an increase in the intensity of the spectral lines,
particularly at 763.51 nm. Spectral lines of other molecules, such as N. and N.*, were also
observed, showing the molecular interaction within the plasma. Strong OH and NO
molecular emissions were detected, with OH emissions predominantly observed between
308 and 315 nm. Additionally, nitrogen molecular spectrum transitions were detected
between 330 and 440 nm, including N2* ions in the range of 391-436 nm. These results
indicate that the gas flow rate is directly proportional to the emission intensity in the
plasma, thus reflecting gas flow impacts on the plasma properties.

Keywords: Argon gas (Ar), Spectral characterization¢ Plasma temperature, Electron

density, Plasma jet.

1. Introduction

Plasma is considered the fourth state of
matter, alongside solid, liquid, and gas. It
contains a collection of charged particles (ions
and electrons) generated by heating a gas to an
extremely high temperature or by exposing it to
a very strong electromagnetic field, causing
atomic ionization [1]. There are various
production methods, including laser-induced
plasma [2]. This method involves intense laser
pulses focused on a material, causing it to ionize
and form plasma. This technique is often used in
fields like spectroscopy, material analysis, and
fusion research. Unlike traditional plasma
generation methods that require low-pressure
environments, atmospheric pressure plasma
operates at or near atmospheric pressure [3].
Dielectric barrier discharge plasma (DBD) [4]

involves using an insulation material to generate
plasma by applying an alternating electrical field
across the material. This method is found in
ozone generation, air purification, and thin-film
deposition applications.

Cold atmospheric plasma (CAP) has been
applied to modifying surfaces [5-7], producing
nanoparticles from various materials. The
combined effects of UV-radiation, moderate
heat, and reactive types (such as oxygen-ROS
and nitrogen-RNS) have often been recognized
as the primary contributors to the antimicrobial
activity of plasma. The impact of these distinct
factors can fluctuate based on the parameters of
the device [8]. Hydroxyl and oxygen groups are
generated very efficiently in plasmas operating
in atmospheric air and are identified regularly as
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crucial factors in the inactivation of germs.
Therefore, this contributes greatly to the plasma's
productivity. Devices operating in atmospheric
air demonstrate notable efficiency in creating
these agents. In recent times, cold atmospheric
plasma (CAP) therapy has demonstrated
considerable efficacy across a range of medical
and biomedical applications [9-11],
encompassing therapeutic, antimicrobial, and
antineoplastic functions [12, 13]. This therapy is
used due to its minimal cost, environmental
friendliness, and lack of expensive equipment
requirements.

Plasma diagnostics can be assessed by
determining the electron temperature (T.) and
the electron density (n.). Optical emission
spectroscopy (OES) is the diagnostic method
used for plasma analysis [14]. It takes a line
devoid of self-absorption to determine n, using
the Stark broadening effect [15]. Self-absorption
is a condition that can manifest itself in virtually
any radiating system, including plasma.
Furthermore, the plasma formation process in the
air typically exhibits a significant temperature
gradient due to the cooling effect of the ambient
air [16]. In the outer regions of the cold plasma,
elevated atom concentrations exist in lower
energy states. Consequently, this situation could

result in a noteworthy reabsorption of the
emitted radiation lines [17]. A spectrograph and
a detector are utilized to detect the plasma plume
and achieve spectral resolution. The generated
plasma spectrum can collect information
regarding the elemental composition and various
quantitative and qualitative data. The widths,
variations, and shapes of the emission lines offer
insights into the plasma's temperature and
electron density. This research aims to
understand how changes in the flow of argon gas
affect the spectral emission intensity of argon
and other molecular species present in the
plasma. This contributes to a  Dbetter
understanding of plasma behavior and
interactions within the atmospheric context.

2. Experimental Details

In the experimental setup, atmospheric cold
plasma was generated utilizing a custom-built
plasma jet system, as depicted in Fig. 1. A
homemade DC power supply was employed,
capable of generating high voltages up to a
maximum of 13 kV at a frequency of 35 kHz.
Within this setup, T. and n. were assessed across
various gas flow-rate values.

HV.D.C.

power
supply
~14KV

FIG. 1. DC plasma jet schematic with accompanying optical emission spectroscopic.

The configuration of the plasma jet was
investigated in this work by detecting the excited
species and their concentrations using the OES
technique applied to discharges produced via an
Ar plasma jet. Spectral data were recorded
within the wavelength range of 160-1010 nm,
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directly from the jet of plasma in both radial and
axial directions. To determine T. (S3000-UV-
NIR), as depicted in Fig. 2, a spectrometer was
employed to collect and analyze the spectral data
for this investigation.



Influence of Gas Flow Rate on the Plasma Temperature and Electron Density of an Atmospheric Argon Plasma Jet

FIG. 2. Spectrometer utilized in the experiment.

The spectrograph and detector are utilized to
detect the plasma plume and achieve spectral
resolution. Information regarding the elemental
composition and various quantitative and
qualitative data can be gleaned from the
generated plasma spectrum. The emission lines'
widths, variations, and shapes offer insights into
plasma for n. and temperature. Plasma
temperature is a crucial thermodynamic
property, as it characterizes and forecasts other
plasma attributes, such as the distribution of
energy level populations and particle speeds. In
the laboratory experiment, the ratio method was
utilized, assuming that the plasma maintains
local thermodynamic equilibrium. The ratio
method is a widely wused approach for
determining plasma temperature. It operates by
comparing the intensity ratio of two spectral
lines corresponding to transitions within the
same ionization stage of an atom or ion. The
plasma temperature (T) is determined using the
following equation [18]:

(Ez _El)
I=——5—"— (1)
kln(llﬂﬂAng)
1,2, 4g,
where

e T: electron temperature to be calculated (in
eV).

e Ei, Ex energy levels of the molecules or
atoms (in electron volts)

e k: Boltzmann constant (approximately 1.38 x
1072 J/K).

e [, Lo: intensities of radiation at wavelengths
A1 and Az, respectively.

e )i, A2: wavelengths of the radiation used (in
nanometers).

e A, Ao: statistical weights or factors related to
the transitions between energy levels 1 and 2.

e g, @: statistical weights for energy levels 1
and 2, reflecting the number of ways to
distribute energy among the molecules.

Electron density refers to the quantity of free
electrons within a given volume. The quadratic
Stark effect obtained its name because the Stark
broadening is proportional to the perturbing
electric  field. The electron density is
subsequently calculated using the broadening
parameters of the required spectrum [19]. The
electric field, responsible for the impact of Stark
in plasmas, is produced mainly by collisions
with electrons. Consequently, it can be
simplified to the following equation [20]:

| N )

Here, wg is the theoretical line full-width
Stark broadening parameter, calculated at the
same reference electron density N, ~1017cm™3.

A

n., =
€ [Zws

3. Results and Discussion

In this experiment, the spectral lines were
identified using databases such as the NIST
Spectral Lines Database, a reliable reference that
provides accurate information about the
wavelengths and intensity of spectral lines for
various elements, including argon. The spectral
lines of argon (Ar I) and the weak lines of
ionized argon (Ar II) were identified, and the
values obtained were compared with those
available in the NIST database to ensure the
accuracy of the results [21]. The standard and the
experimental values are illustrated in Tables 1
and 2, respectively.
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TABLE 1. Standard values of argon gas from NIST.

Wavelength (nm) gAi 10 E; (eV) E;(eV)

696.5431 1.92 11.548354 13.327857

706.7218 1.90 11.548354 13.302227

763.5106 12.2 11.548354 13.171778

801.4786 4.64 11.548354 13.094872

811.5311 23.2 11.548354 13.075716

TABLE 2. Observed wavelengths and their intensities of argon gas at different flow rates.

0.5 (I/min) 1 (I/min) 1.5 (I/min) 2 (I/min) 2.5 (I/min)
i) In‘z:ns)lty i) In‘z:ns)lty i) In‘z:ns)lty i) In‘z:ns)lty i) In‘z:ns)lty
696.79 450.55 696.79 2768.85 696.79 3662.04 696.79 3637.17 696.30 4378.53
707.46 426.13 706.97 2876.11 707.46 3110.58 706.97 2871.67 706.97 2111.71
763.74 3094.30 763.74 17446.00 764.22 21778.00 764.22 22819.30 763.74 26709.20
801.58 1227.90 801.58 6002.00 801.58 8369.40 801.58 8182.70 801.09 9125.70
811.28 6125.74 810.79 32101.73 811.28 43784.43 811.77 42486.30 811.28 47241.10

Figure 3 exhibits the emission spectra of
argon gas (Ar I) plasma under the influence of
different gas flow rates. The spectrum intensity
is plotted on the wvertical axis, while the
wavelength is shown in nanometers on the
horizontal axis. It is clear from this figure that an
increase in gas flow rate increases the spectral
line intensities, especially those from argon (Ar
I), indicating that the gas flow directly affects the
properties of plasma and intensity of emission.
The main spectral lines of argon (Ar I) can be
seen in the wavelength scope of about 600 to

1000 nm. The most prominent of these lines is
the one at 763.51 nm. Other notable emission
lines occur at 750.39, 811.53, and 772.38 nm.
These lines correspond to electronic transitions
within argon atoms excited in the plasma. The
spectral lines appear clearly at different flow
rates but with greater intensity at higher flow
rates, indicating the presence of higher n. or
greater electron energy, leading to an increase in
these emissions [22].
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FIG. 3. Variation of intensity in terms of wavelength (nm) for diverse measurements of gas flow rate.
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Molecular spectral lines of other gases, such
as Nz and N>*, can be observed in the wavelength
region between 300 and 450 nm and are shown
in Fig. 4 in more detail. These transitions express
molecular interactions within the plasma, where
argon, as a carrier gas, contributes to the
excitation of these molecular species. Also
appearing in this region are molecular lines of
OH and NO molecules, which result from
chemical reactions occurring within the plasma.
The figure shows a significant variation in the
intensity of these molecular lines depending on
the gas flow rate, which illustrates the effect of
different gas flow rates on the emission intensity.
In the range between 308 and 315 nm, emissions
of molecules such as OH and NO can be
observed, which participate in chemical
reactions within the plasma. Strong emissions
characteristic of OH molecules appear at 308

70000

nm. Several transitions of the molecular
spectrum of nitrogen gas (N2) have also been
identified between 330 and 440 nm. These
transitions are represented by the symbol Av,
which expresses the change in the quantum
number of molecular vibrations. For example, in
the spectral range around 357.69 nm, there are
characteristic spectral lines of molecular nitrogen
(N2) with Av = -1 and Av = -2. This range also
includes other transitions, such as Av =0 and Av
= -3, visible between 380 and 436 nm. In
addition, molecular nitrogen ions (N:*) appear
clearly in the region between 391 and 436 nm.
Transitions in this range include ionic transitions
that occur due to plasma excitation of nitrogen
molecules, where an electron is lost from the
molecule, resulting in the formation of ions that
appear in the spectrum [23].
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FIG. 4. Transitions of N,.

The line at 763.51 nm was chosen because it
is an isolated line that is not merged with other
lines, has high intensity, and is apparent in all
samples. Standard Stark coefficient values from
previous studies are available for calculating n,
values. The highest peak observed in Fig. 5
demonstrates a noticeable trend: an increase in
peak intensity corresponding to an increase in
gas flow rate. This relationship suggests a direct
correlation between the gas flow rate and the
emission intensity within the plasma. As the gas
flow rate rises, so does the emission intensity,

indicating heightened emission activity within
the plasma.

Electron temperature could be determined
using Eq. (1), as illustrated in the corresponding
curve in Fig. 6. Similarly, n. can be obtained
using Eq. (2).

There is less correlation in the five
Boltzmann plots in Fig. 6; this is because the
spectral lines chosen for these plots share the
same energy level, making them particularly
suitable for this study.
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FIG. 6. Boltzmann plot for numerous gas flow rate values.

In Fig. 7, the association between n. and T,
with respect to the gas flow rate is depicted. The
figure illustrates a trend where T. reduces as the
gas flow rate ascends. Simultaneously, it
demonstrates a contrasting trend where the
plasma jet's electron density increases with the
rise in gas flow rate. These findings align with
previous observations reported by Aadim et al.
[24, 25].

Indeed, an increased gas flow rate usually
tends to increase the number of collisions
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between the gas atoms and plasma electrons.
These collisions result in energy transfer from
the electrons to the gas particles. The gas
temperature ascends as this energy transfer
intensifies due to increased collision frequency.
Consequently, T. decreases because a larger
portion of the energy is transferred to the gas
particles, thereby reducing the average energy
level of the electrons within the plasma. Notably,
these results align precisely with the results
reported by Moon [26].
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FIG. 7. Modification of T, and n. in terms of gas flow rate.

4. Conclusions

The presence of argon, reactive oxygen
species, and reactive nitrogen in atmospheric
pressure plasma was ascertained using optical
emission  spectroscopy.  Furthermore, a
correlation was observed between the gas flow
rate, T., and n.. Specifically, the gas flow rate
exhibited a direct correlation with the electron
density, while an increase in gas flow and

plasma temperature demonstrated an inverse
correlation.
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Abstract: The energy levels of low-lying bands were calculated using the interacting
boson model (IBM-2) [1], new empirical formula (NEF) [2, 3], and Bohr-Mottelson model
(BM) [4, 5], while the rest of the levels, including the negative parity bands (NPB) of even-
even neodymium isotopes Nd (144-150), were calculated using only the NEF and BM. The
electrical quadrupole transition probabilities B(E2) of Nd nuclei were also determined. A
comparison between the results and the available experimental data showed a very good
agreement. To determine the property of the ground-state band, the energy ratio r (#) as

a function of the spin (/) [6, 7] was plotted.

Keywords: Neutron-rich deformed nuclei, Neodymium isotopes, Energy level structure

and electrical quadrupole transition, Interacting Boson model, Bohr-Mottelson model,

New empirical formula.

PACS 2010: Nuclear energy levels, 21.10.-k.

Introduction

Recently, the study of the neutron-rich
deformed nuclei of the mass region A > 100 has
become an interesting topic for theoretical and
experimental studies. In this work, the energy-
level structure and electrical quadrupole
transition properties of neodymium isotopes with
even neutron numbers N= 84, 86, 88, and 90
were investigated. The interacting boson model
is one of the successful approaches for
describing the low-lying collective properties of
nuclear energy states, including the ground-state
band (GSB) [I*=0f+ 27 +4] +--, the
gamma band It =2} + 3] + 47 + -, and the
beta band It = 05 + 23 + 4% + -+ [8, 9].

For the same range of Nd isotopes, the Bohr-
Mottelson model (BM) and the new empirical
formula (NEF) were used to calculate the
energies of the positive and the negative parity
states band (NPB).

This paper aimed to calculate and compare
energy levels of Nd isotopes (144, 146, 148, and
150) and their reduced electrical quadrupole

transition probabilities, B(E2), using the
interacting boson model IBM-2, the new
empirical formula (NEF), and the Bohr-

Mottelson energy collective model (BM). The
obtained results are compared with the available
experimental data from the nuclear data sheets
[10].

Corresponding Author: Elham A. Younes

Email: el.younes@uot.edu.ly
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Theory and Calculations:
A. Theory:
1. The interacting boson model (IBM-2)

The IBM was developed in 1974 by F.
Iachello and A. Arima [1]. It considers pairs of
valence nucleons and treat them as bosons. The
number of bosons are conventionally taken to be
half the number of valence particles or holes.
There are several versions of the IBM. The one
considered in this work is the IBM-2, which
deals with even-even medium and heavy nuclei
and distinguishes between proton bosons and
neutron bosons. The general form of the IBM-2
Hamiltonian [11, 12] can be written as:

H=H,+H;+H,, @8

which consists of the neutron boson Hamiltonian
(H,), proton boson Hamiltonian (H,), and

neutron  boson-proton  boson interaction
Hamiltonian (H,, ).
H, = gng, +V,p,p= v 2)

Here, €, is the average energy of boson, ny, is
the number of (d)bosons and V,, is the
interaction between identical bosons, given by:

Vop = 281m024 " ([d) 1 V). [d5 d51P) 3)
Hyn = k(Qy.Qp) + M, 4)

where k is the strength of this interaction, Q.. Q

is the quadrupole-quadrupole interaction, and

M, is the Majorana interaction, defined as

M,y =38 (dy sy — dis)). (dy 5o — dzsy) +
k=13 6 ([dy df]®. [d7d7]% 5)

Here, &;,&,,&; are the Majorana parameters of

the interaction between identical bosons (C;EL))
and the creation and annihilation operators

d}sh, (d,s,).
2. The Bohr-Mottelson (BM)

There are two forms of the BM energy
expansion: the GSB and NPB levels with powers
of I(I + 1) for deformed nuclei [4, 5].

E(I) gsp = AI(I +1) = BI*(I + 1)* + CI3(I +

1y (©6)
E(Dnpg = Eq +A'I(I+1) — B'I*(I + 1)* +
CrPU+1)° 7)

where Ej is the band head energy of the negative
parity band (NPB) and the coefficients A >
444

A',B > B'and C > C' can be determined from a
fit of the available energy levels of this band.

3. The New Empirical formula (NEF):
There are two forms of (NEF):
a- For the ground band, given by [2, 3]

Aq I(I+1)

EMD) = Ag (I+1)+143

®)
where Aj, A,, and Aj; are the fitting parameters.

b- For negative-state band or any other band,
calculated using the following formula:
(A +B)I(I+1)

E(I) =E ot A, (1+1)+143

©))
E'y and B are parameters of the other bands and
can be obtained from the value of E(I) from the
negative-state or from any other band.

To define the symmetry for the excited band
of even-even nuclei, the following energy ratios
were constructed [6, 7]:

(E) _ RU+2/Dexp—RU+2/Dyip
1) RU+2/Droe=RUI+2/Dyip

(10)

where R (%)exp is the experimental energy

value ratio between the ground state band

energies of (I +2), and I. The R(%)mt =

(1+2)(I1+3)
1(I+1)
which take the limits 0.6 <r < 1.0.

are members of the rotational limit

In the vibrational limit, the energy ratio is
R(™2)yp == in the region 0.1 <7 < 0.35,
and 0.4 < r < 0.6 for y- unstable nuclei.

4. Transition probability B(E2):

The electric quadropole transitions (E2) are
important factors within the collective nuclear
structure. The E2 transitions in the IBM-2 are
governed by the operator [13]:

T(E2) = eyQy + ez0r

Qy=dls, +std, +x,[d}d;]® (12)
In this e, is the effective

quadrupole charge and y, is the quadrupole

structure parameter of the neutron and proton
bosons.

(1)

expression,

The electrical quadrupole transitions are also
described [14] by the formula:
B(EZ) — —~ 0.05657 (ezbz)

11 (S) Ey (MeV)

(13)
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T!), = Tiyz (exp) (1 + @ror) (14)

where Ti/, is a half-life and a;o is total

theoretical internal conversion coefficient given
in Table 1.

TABLE 1. T, /, and @, values over I for '**"°"Nd isotopes.

]44Nd ]46Nd
r Tin T 1 Tin T 1
psec Gt psec psec Gt psec
2" 2.97 0.005 2.985 20.9 0.015 21.221
4" 7.4 0.007 7.451 3.8 0.008 3.829
6 20.8 0.013 21.079
]48Nd ISONd
I Tin T s Tin T s
psec Yot psec psec Yot psec
2" 80 0.052 84.120 1480 0.857  2748.360
4" 6.90 0.016 7.008 60.50 0.092 66.078
6 2.90 0.010 2.929 12.50 0.036 12.949
8" 1.40 0.034 1.447 4.70 0.021 4.796
107 2.59 0.014 2.626
12° 1.80 0.011 1.819
B- Calculations: isotopes, while Table 4 lists the best-fitting NEF
The cnergy ecigenstates and  electric parameters for the other states. Table 5 displays

quadrupole transition probabilities generated by
the Neutron-Proton Boson code (NPBOS) were
calculated by the best-fitting parameters listed in
Table 2.

The energy levels of positive and negative
bands of '**'*’Nd isotopes were calculated using
the BM and NEF implemented in MATLAB®
9.8 software. Table 3 shows the BM and NEF
parameters of the ground-state bands of '*"*’Nd

TABLE 2. IBM-2 parameters for '*~"*’Nd.

the best-fitting parameters of the other states of
BM for "*'Nd isotopes. Table 6 shows a
comparison of energy levels of the IBM-2, NEF,
and BM models with the experimental data for
even-even **''Nd isotopes. The reduced
transition probabilities were calculated by the
NEF and BM using MATLAB® 9.8 software,
and the results are shown in Table 7.

Xéq ]44Nd ]46Nd ]48Nd ISONd
&4 0.98 0.805 0.650  0.555
Kru -0.215  -0.098 -0.070 -0.093
Y -0.3 -1.200 -1.200 -1.200
1y -1.40 -1.100 -1.100 -1.200
& -0.01 -0.00 0.00 0.00
0.9 -0.600 0.0 8.0
CL, -0.05 0.0 0.0 0.0
-0.125 0.0 -0.05 0.0
0.0 0.900 0.0 1.00
CL, 0.0 -0.0 0.0 0.00
0.0 -0.0 0.0 0.00

Note: All parameters are in MeV except y, and y,.
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TABLE 3. NEF & BM parameters for Ground State, even-even '**"*’Nd

NEF BM
Isotopes Parameters Parameters
A, A, As A B C
¥INd 0.06 -0.417 0.807 1.116x107  2.532x10° 2.091 x 107
“*Nd 0.116 0327 -0.507 4.982x10%  2.143x 10" 3.872 x 107
“*Nd 0.093 0239 0.185 4.001 x 10>  2.431x 10" 7.350 x 107
INd 0.027 0.053 0.112 1843 x10%  4.107 x 10° 6.512 x 10
Note: NEF & BM parameters are in MeV except A, and A;.
TABLE 4: NEF parameters in MeV of other bands for even-even '*'*°Nd.
]44Nd ]46Nd
Isotopes Parameters Parameters
E\ B E' B
Band 2 (Beta Band) @~ - e e e
Band 3 (NPB), 1.0167 -0.0198 0.2309 -0.0097
Band 4 (Gama Band) 1.1991 -0.0183 0.9013 -0.0209
Band 5 (NPB), 2.0996 -0.0304 -0.1102 -0.0046
Band6 e e 0.2900 -0.0096
Band 7 (NPB); e e -0.3666 0.0107
Band8 e -0.1702 0.0026
TABLE 4 (continued). NEF parameters in MeV of other bands for even-even '**"*’Nd.
]48Nd ISONd
Isotopes Parameters Parameters
E\ B E' B
Band 2 (Beta Band) 0.8899 -0.0016 0.6836 0.0053
Band 3 (NPB), 0.4867 -0.0198 0.7907 -0.0088
Band 4 (Gamma Band) 1.0555 -0.0219 09113 0.0045
TABLE 5. BM parameters in MeV of other bands for even-even '*'Nd.
]44Nd
Isotopes Parameters
E, A' B' C'
Band 2 (Beta Band) @ - = e e e
Band 3 (NPB), 1.43 1.75x10%  -1.79x10° -8.73x10®
Band 4 (Gamma Band) 1.70 1.84x107  1.49x10°  4.94x10°
Band 5 (NPB), 0.91 3.79x10%  1.31x10*  1.99x107
Band6 = e e e s
Band 7(NPB); - eeee e e
Band8 e e eeeeee s
TABLE 5 (cont.). BM parameters in MeV of other bands for even-even '**Nd.
]46Nd
Isotopes Parameters
E, A' B' C'
Band 2 (Beta Band) @ - e e e
Band 3 (NPB), 0.95 1.91x10%  -1.23x10°  -8.53x10°
Band 4 (Gamma Band) 135 2.11x10%  3.07x10°  3.38x10°
Band 5 (NPB), 1.67 1.27x10%  -5.97x10°  -2.02x10°
Band 6 1.58 2.32x10%°  4.7x10°  4.67x10°
Band 7 (NPB); 1.87 8.67x10°  -4.56x10° -9.88x10°
Band 8 1.41 1.21x107  -4.79x10° -1.47x107
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TABLE 5 (cont.). BM parameters in MeV of other bands for even-even '**Nd.

]48Nd
Isotopes Parameters
E, A' B' C
Band 2 (Beta Band) 0.92 4.1x107  3.68x10"  2.04x10°
Band 3 (NPB), 0.81 1.48x10°  -1.54x10° -4.99x10°®
Band 4 (Gamma Band) 0.69 1.19x10"  4.89x10°  6.77x10”
TABLE 5 (cont.). BM parameters in MeV of other bands for even-even *’Nd.
]50Nd
Isotopes Parameters
E, A' B' C
Band 2 (Beta Band) 0.68 3.34x107  7.13x10"  9.71x10°
Band 3 (NPB), 0.84 6.64x10°  -1.34x10*  -1.12x10°
Band 4 (Gamma Band) 0.70 8.92x107  5.64x10°  1.41x10™

TABLE 6. Comparison of energy levels in MeV (positive & negative bands) for even-even '**"*Nd.

]44Nd
Band 1 (Ground State)
I Eexp NEF BM IBM-2
0 0.000 0.000 0.000 0.000
2" 0.697 0.719 0.583 0.697
4" 1.315 1.223 1.386 1.387
6" 1.792 1.888 1.769 1.742
8" 2.710 2.678 2.713 2.509
100 3.591 9472
127 e 4.628 35183 -
145 5.795 105.447
16" 7.098 263.868 -
Band 3 (NPB),
T Eexp NEF BM IBM-2
3 1.511 1.648 1.640
5 2.093 2.046 1.967 -
7 2.613 2.534 2451
9 2.903 3.103 3.088 -
1 3.830 3.755 3.855 -
13 4.743 4.492 4.689
(15) 5.473 5317 5466 -
(17) 5.967 6.236 5976 -
Band 4
I Eexp NEF BM IBM-2
2" 1.561 1.698 1.815 1.548
3" 2.179 1.854 1.924 2.509
4" 2.110 2.047 2.068 2.178
5 2.420 2.266 2245
6" 2.218 2.508 2456
8" 2.972 3.057 2972
9" 3.234 3.362 3278 -
(10") 3.673 3.690 3.617 -
(117 4.046 4.038 3.991 -
(12%) 4.355 4.409 4404
(14" 5.379 5.218 5375 -
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]46Nd
Band 1 (Ground State)
I Eexp NEF BM IBM-2
0" 0.000 0.000 0.000 0.000
2" 0.454 0.414 0.291 0.455
4* 1.043 1.092 0.914 1.049
6" 1.780 1.815 1.743 1.748
8" 2.594 2.545 2.621 2.554
10" 3.320 3.275 3.403 3.458
12° 3.994 4.003 4028 e
14" 4.694 4.729 4600 -
16" 5.461 5.453 5492 -
Band 3 (NPB),
r Eexp NEF BM IBM-2
3 1.190 0.911 1.179 -
5 1.518 1.562 oL H—
a 2.029 2.229 2.039 e
9 2.706 2.898 o X/1) E—
1 3.501 3.566 3.483 e
13 4.295 4233 75 1 I—
15 5.058 4.897 X1 57 S —
Band 4
I Eexp NEF BM IBM-2
2" 1.303 1.241 1.472 1.083
3" 1.777 1.510 1.595 1.713
4" 1.745 1.798 1.756 1.622
(59 2.046 2.093 1 L —
(6") 2.084 2.391 2180  eee-
14" 4.695 4782 4729 e
15" 5.160 5.079 30 (0] A ——
16" 5.461 5.376 T3 S —
Band 5 (NPB),
r Eexp NEF BM IBM-2
1 3.405 3.386 3.395 e
13 4.028 4.085 4.046 e
15 4.761 4782 4769 e
17 5.559 5.477 757 E—
19° 6.203 6.170 [k 7 —
21 6.807 6.863 6.800  -o—e-
Band 6
I Eexp NEF BM IBM-2
16" 5.363 5.292 5363  -o—e-
18" 5.900 5.955 5900 = -
20" 6.514 6.616 6.514 e
(229 7.364 7.277 7364 e
Band 7 (NPB),
r Eexp NEF BM IBM-2
107 3.246 3.210 3.245 e
127 3.958 4.005 3.958 e
14 4787 4.798 YN A—
16 5.612 5.589 L) —
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Band 8
I Eexp NEF BM IBM-2
8" 2.475 2.432 2474 ee-
10 3.124 3.178 3.124 e
12" 3.902 3.922 3902 e
14" 4.696 4.664 S
]48Nd
Band 1 (Ground State)
I Eexp NEF BM IBM-2
0 0.000 0.000 0.000 0.000
2" 0.302 0.302 0.231 0.302
4" 0.752 0.751 0.709 0.737
6" 1.280 1.280 1.306 1.289
8" 1.856 1.858 1.894 1.940
107 2.471 2.470 2.437 2.695
12" 3.106 3.107 3.114 e
14" e 3.762 4485 e
16° e 4.431 7.683 -
Band 2 (Beta Band)
I Eexp NEF BM IBM-2
0 0.917 0.890 0.924 0.888
2" 1.171 1.187 1.157 0.201
4" 1.604 1.628 1.613 1.802
6" 2.149 2.147 2,146  —ee-
8" 2.726 2.715 2726 e
Band 3 (NPB),
I Eexp NEF BM IBM-2
3 0.999 0.892 0.991 -
5 1.242 1.281 1258 e
7 1.645 1.720 1.640 e
9 2.132 2.190 2,124 e
11 2.676 2.683 2,683 e
13 3.264 3.193 3263 -
Band 4 (Gamma Band)
I Eexp NEF BM IBM-2
2" 1.249 1.287 1.241 e
3" 1.512 1.449 1532 e
4" 1.683 1.631 1.661 e
(59 1.688 1.828 1.699 e
6 2.099 2.036 2097 e
ISONd
Band 1 (Ground State)
I Eexp NEF BM IBM-2
0 0.000 0.000 0.000 0.000
2" 0.130 0.132 0.109 0.138
4" 0.381 0.381 0.353 0.382
6" 0.720 0.719 0.707 0.726
8" 1.130 1.130 1.139 1.173
10 1.599 1.599 1.617 1.727
12" 2.119 2.119 2123 -
14" 2.682 2.681 2,663 -
16" 3.280 3.280 3286 -eee-
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Band 2 (Beta Band)

I Eexp NEF BM IBM-2
0 0.676 0.684 0.676 0.907
2" 0.851 0.841 0.851 0.961
4" 1.138 1.138 1.138 1.181
6 1.541 1.542 1.541 e
Band 3 (NPB),
I Eexp NEF BM IBM-2
I 0.853 0.824 0.853 -
3 0.935 0.956 0935 = -
5 1.129 1.157 1.129 -
(7) 1.433 1.412 1433 e
Band 4 (Gamma Band)

I Eexp NEF BM IBM-2
2" 1.062 1.065 1.062 0.999
30 1.201 1.195 1.201 1.179
4" 1.353 1.355 1.353 1.345

TABLE 7. Comparison of the transitional probability calculated by IBM-2, NEF, and BM to the
experimental data for "**"*°Nd nuclei.

B(E>) B(E>) B(E>)
L— 1 exp ner  BEIBM g
ey ey ey ey
27, 507, 0.1155 0.0988 0.2821 0.116
Nd 45 2%, 0.0842 0.2334 0.0227 0.152
67 — 47 0.1089 0.0206 0.3255 0.167
27, 507, 0.1385 0.2182 1.2710 0.229
1oNd 47, — 2%, 0.2077 0.1030 0.1580 0.294
6+] — 4+] ------------------ 0287
27, 507, 0.26904  0.26585 1.01262 0.310
N g 4 2% 0.43454  0.44344  0.32583 0.474
67 — 47 0.47279  0.46842  0.25449 0.518
8 — 67, 0.61439  0.60509  0.55371 -
27 507, 0.55012  0.51614  1.32955 0.420
4 2% 0.86104  0.90046  0.99758 0.618
150N g 67 — 47 0.97436  0.98263  0.78790 0.679
8 — 67, 1.02550  1.01157  0.78368 -—-mmmm-

10", — 87, 0.95025  0.94099  0.85596 —mmoem-
12", > 107, 0.81637  0.82102 093781 -
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FIG. 1(a). Comparison between energy levels using NEF, BM, and IBM-2 and the experimental data [10] for
even-even ' **Ndisotopes.
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FIG. 1(b). Comparison between energy levels using NEF, BM, and IBM-2 and the experimental data [10] for
even-even '** **Ndisotopes.
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FIG. 2. The energy ratio r (%) as function of I for even-even "**"*°Nd [10].

Results and discussion

In general, the calculated energy levels of the
ground-state bands for '** "*°Nd isotopes are in
good agreement with the experimental data, as
shown in Figs. 1(a) and 1(b). It is clear from
Table 6 that calculations for the ground-state
band 1 obtained using the IBM-2 are closer to
the experimental data than those calculated by
the BM and NEF models. The results for band 2
using the BM are noticeably better than the
results obtained by the NEF and IBM-2. The
results of negative bands 3 and 5 and positive
band 4 using the BM are approximately exact to
the experimental data.

It is obvious from the comparison of the BM
and NEF calculations of other positive bands
(bands 6 and 7) in Table 6 that the results of the
BM and NEF are in good agreement with the
experimental data.

In Fig. 2, to define the symmetry for the
excited band of even-even nuclei, Nd'*, the
energy ratio started with a small value within the
vibrational limit, then rocketed sharply, reaching

r (g) at y-unstable nuclei. The energy ratio then

dropped again to the vibrational limit at higher
I’s. The values of the energy ratios for "** "**Nd
were confined in the range of 0.1-0.35 and
within the vibrational limit. The calculations of
Nd"° showed a steady decrease in energy ratio,
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dropping from the rotational limit into y-unstable
nuclei.

As shown in Table 7, the -calculated
transitional probability using the IBM-2 gave
close results for '**Nd with the experimental
data, while results obtained using the NEF were
in good agreement with the experimental data for
"*Nd and "*’Nd.

Conclusion

The energy levels and electric quadrupole
transition probabilities of the even—even '***Nd
isotopes were investigated using the IBM-2,
NEF, and BM models. The positive-parity bands
were calculated using all three models (IBM-2,
NEF, and BM), while the negative-parity and
other excited bands were analyzed using the
NEF and BM.

The results of this work show that both the
BM and NEF models reproduce the available
experimental data with very good agreement.
The IBM-2 model also provides satisfactory
agreement with experiment, particularly for spin
values below 12.

The plot of the r (%) as a function of spin |

confirms that the '**'**Nd isotopes exhibit the
U(5)-0(6) property, while "°Nd has the shape
phase transition from SU(3)-O(6) property.
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The reduced electrical quadrupole transition
probabilities, B(E2), were also calculated, and
good agreement with experimental data was

obtained for '*Nd and "’Nd using the NEF
model.
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Abstract: When a mode-locked laser is focused on the tunneling junction of a scanning
tunneling microscope optical rectification generates microwave harmonics at integer
multiples of the laser pulse repetition frequency. These harmonics set the present state-of-
the-art for a narrow-linewidth microwave source because of the high stability of passive
mode-locking in the laser. Hundreds of harmonics are measured with a signal-to-noise ratio
exceeding 25 dB with a metal sample in the STM. However, the harmonics are attenuated
by the spreading resistance with a resistive sample. Now the spreading resistance is
quantified and analysis with equivalent circuit models is used to characterize the effects to

support further measurements with semiconductors.

Keywords: Microwave frequency comb, Microwave source, Mode-locked lazer.

1. Introduction

We have previously generated a microwave
frequency comb (MFC) by focusing a mode-
locked laser on the tunneling junction of a
scanning tunneling microscope (STM) with a
metallic sample electrode. For example, the 200™
harmonic at a frequency of 14.85 GHz, which is
200 times the laser pulse repetition frequency,
has a power of -145 dBm, which is 25 dB above
the displayed average noise level (DANL) [1].
Each harmonic has a linewidth less than 0.1 Hz,
setting the present state of the art for a narrow
linewidth microwave source [2]. Thus, the
quality factor (Q) of the 200™ harmonic exceeds
1.5x10". For comparison, the Q is typically 100
for resonant circuits with discrete components,
10° for metal microwave cavities, and 10° for
superconductive  microwave cavities. We
attribute the extremely narrow linewidth to the
high stability of the mode-locked laser, noting
that if the laser pulse train were exactly periodic,
the linewidth would be zero, so the Q would be

infinite. With metal samples, the power at each
harmonic is inversely proportional to the square
of its frequency. We attribute this roll-off to
shunting by the capacitance (= 6 pF) between the
leads for the tip and sample, but within the
tunneling junction, the harmonics may extend to
terahertz frequencies [3].

In our first measurements of the MFC with a
semiconductor, we used intrinsic (n-type)
gallium nitride (GaN). As the DC bias for the
STM was slowly increased, the harmonics were
first seen at a value of 9 V at which the DC
tunneling current was 1 pA. Then, as the bias
was reduced, the harmonics continued until
reaching 5 V. We measured the first five
harmonics of the MFC in 1,062 scans of the
spectrum analyzer over a duration of 43 minutes.
However, after that, it was not possible to see the
harmonics [4]. We have seen the harmonics in
more recent measurements, but they do not have
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the stability that is found with metallic samples.
The analysis in this paper was made with the
objective of understanding and optimizing our
measurements with semiconductors.

2. Modeling Spreading Resistance in
the Semiconductor

The electrical resistance between a small
contact at the surface of an object with resistivity
p and a second contact with much greater area is
called the “spreading resistance” and is
independent of the location and size of the larger
contact. The spreading resistance is given by

05

134}
[—=]
=

gpot radius, ™
= :
(53

02

p/4a, where “p” is the resistivity of the object,
“a” is the radius of the contact, and the object is
much larger than a [5]. We previously extended
the Simmons analysis of quantum tunneling
between two infinite parallel flat metal plates [6]
to approximate the distribution of the tunneling
current on a metallic sample in an STM by
modeling the tip as a metal sphere with a flat
metal plate as the sample [7]. Now, in Appendix
I, we extended this method to approximate the
spreading resistance in the resistive sample of an
STM. Examples of these calculations are shown
in Figs. 1 and 2.

o

3x107

ing Resistance, 0

Spreaqd

FIG. 2. Spreading resistance for the tunneling current.
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Figure 1 shows the effective spot radius “a”
calculated for the tunneling current at the surface
of a resistive sample in an STM as a function of
the tip-sample distance and the tip radius. Figure
2 shows the spreading resistance, which is
proportional to the resistivity, for a sample
resistivity of 1 Q-cm. Figure 2 shows that the
spreading resistance is increased by reducing the
radius of the tip or the tip-sample distance. The
axial extent of the contribution to the spreading
resistance within the sample is comparable to the
spot radius. The resolution is measured by laser-
assisted scanning tunneling microscopy may be
much finer than the spot size because the laser
radiation is focused to a finer size by the tip,
which acts as an optical antenna. By analogy,
sub-nanometer resolution is already achieved in
tip-enhanced Raman spectroscopy because of
near-field intensification of the laser radiation by
the tip [8].

3. Delimitations in the Measurement
and Analysis of the MFC with a
Semiconductor Sample

Figure 3 is a block diagram of the apparatus
we have used to measure the MFC with a
semiconductor as the sample in a commercial
STM (UHV 300, from RHK Technology) at Los
Alamos National Laboratory. With a metallic
sample, the MFC is measured by connecting a
spectrum analyzer to a Bias T inserted between
the sample and the bias supply. However, with a

Laser

semiconductor, each laser pulse generates a
pulse of carriers that has a comparable duration
(e.g., 15 fs), and simulations show that the
carrier pulse undergoes severe attenuation and
dispersion as it moves outward from the tip
through the semiconductor [9]. Thus, the
harmonics are only seen with a surface probe
that is close to the tunneling junction as shown in
Fig. 3. It would be simpler to measure the
harmonics between the tip and the preamplifier
for the STM control electronics but a Bias-T or
miniature transformer inserted at that point
interferes with feedback control of the tunneling
current in the commercial STM to cause the
tunneling current to be unstable. A rigorous
analysis of the MFC with a semiconductor
sample would require modeling the transport of
carriers from the tunneling junction to the
surface probe [9]. However, to simplify the
calculations, we assume that this probe is close
enough to the tip that no correction is required
for attenuation and dispersion of the carriers
after they have passed through the spreading
resistance. In the analysis, we assume that the
photon energy for the laser is less than the
bandgap energy of the semiconductor to prevent
surge currents caused by the formation of
electron-hole pairs, which interfere with
measuring the MFC [10]. We also neglect other
photon processes that may occur within the
semiconductor.

STM Control
Electronics

Spectrum
Analyzer

Semiconductor Sample £

+
—_Bias

| s

Supply

FIG. 3. Block diagram for measuring the MFC with a semiconductor in the STM.
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4. Procedure for Simulations Based on
the Derivations in the Appendices

4.1 Method to Determine the Operating Point
with Example

First, it is necessary to determine the DC
tunneling current IDC and the tip-sample
distance d when the DC bias voltage VB, the
effective emitting area of the tip A, and the work
function ¢ are specified, by using procedures
that are described in Appendix 1. The DC
equivalent circuit model for the tunneling
junction of an STM with a resistive sample
consists of the applied DC bias VB in series with
the tunneling resistance RT and the spreading
resistance of the sample RS. The tunneling
resistance is defined by RT = VTS/IDC, where
VTS is the tip-sample voltage and IDC is the DC
tunneling current. We use Eq. (1) to approximate
the DC tunneling current, where the parameters
a and B are given in Egs. (2) and (3) [6]. Thus,
the tunneling resistance is given by Eq. (4).

Ipc =%e—ﬁd (1)

2
a=,2mo,e (%) 2)
B =" Zmd,e ()

d
Ry =z @)

Equation (5) from Appendix [ is used to
determine the spreading resistance RS, where

0.5
0.4
0.3 4

0.2 4

Tip-sample separation, nm

0.0 4

functions F1(R) and F2(R,p) are defined in Eqgs.
(6) and (7).

Rs = F,(R, p) - e1(®4 (5)

F;(R) = 4.773 x 10° + 2.480 x 108Ln(R) (6)
2462

F,(R,p) = Ro.—zwf)) (7

Thus, the DC tunneling current is given by
Eq. (8), which may also be written in the form of
Eq. (9). We solve Eq. (9) iteratively by the
method of bisection to determine the tip-sample
distance d and then use Eq. (1) to determine
IDC. Gaussian noise is added to simulate the
measured current, which is reported to the user.
However, the values of A, ¢, and d are unknown
to the user.

Vg Vg

Inc = = 8

DC ™ Rs+ry FZ(R,p)-e""l(R)-d+0;iAeﬁd )
d v

FZ(R: ,0) . €F1(R)'d + a_Aeﬁd — ﬁ =0 9)

Figure 4, which was prepared by following
this procedure, shows the simulated tip-sample
distance d as a function of the current IDC for
sample resistivities of 0, 0.001, 0.01, 0.1, 1, and
10 Q-cm with a tungsten tip having an apex
radius of 0.3 nm and a DC bias of 1 V. Note that
for each value of the resistivity the curve
deviates from that for zero resistivity as the
current is increased because the voltage drop
across the spreading resistance is greater.

0.01 ©-cm
0.001 ©-cm

0 ©-cm

1x10°° 1x10°

1x10”’

1x10° 1x10° 1x10™*

Set-point current, A.

FIG. 4. Tip-sample distance vs. current for an applied bias of 1 V, and sample resistivities of 0, 0.001, 0.01, 0.1,
1, and 10 Q-cm, from the top curve to the lower one.
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4.2 Simulations of the Power at the Microwave
Harmonics

In Appendix II, it is shown that the
microwave power at each harmonic is given by
Eq. (10), where the prefactor K depends on the
nonlinear relationship of the tunneling current to
the applied voltage, the power and focusing of
the laser, and the harmonic number. In our
simulations, we use K =1.44x10>* W-mtr’,
which is based on our many measurements for
the case p = 0 with metal samples [1].

Ke™2Bd

=K 10
P ) (10)

5. Results of the Simulations

Figure 5 shows the simulated microwave
power as a function of the applied DC bias and
the DC tunneling current that were calculated
using p = 0.1 Q-cm in Eq. (10). Note that the
microwave power is maximum and remains
constant for a specific set of values for VDC and
IDC.

FIG. 5. Microwave power vs. applied DC bias and DC tunneling current as calculated using Eq. (10) with p =
0.1 Q-cm.

Figure 6 shows the simulated microwave
power as a function of the DC tunneling current
ISP for p = 0.1 Q-cm in Eq. (10) with DC bias
values of 0.5, 1.0, 1.5, 2.0, and 2.5 V. Note that
this is a cut through the “ridge” that is seen in
Fig. 5 for specific values of the DC bias voltage.
This figure shows that the microwave power is
maximum and remains constant for a specific set
of values for the bias voltage. Again, in Figs. 5
and 6, the calculations were made for a tungsten
tip having an apex radius of 0.3 nm and a DC
bias of 1 V. A “ridge” similar to that in Fig. 5,
where the microwave power is maximum and
constant, is also seen with other values of the

sample resistivity. Fig. 7 shows the microwave
power for each value of the sample resistivity
when the applied DC bias and the DC tunneling
current are chosen to obtain the maximum power
for that resistivity. We have recently developed a
low-noise solid-state preamplifier that increases
the signal-to-noise ratio in these measurements
by 14 dB with our spectrum analyzer. Thus, the
displayed average noise level (DANL) may be
reduced from -170 dBm (seen in Fig. 3) to as
low as -184 dBm, as shown in Fig. 7. As noted
earlier, the extremely narrow linewidth of the
microwave harmonics makes it possible to
measure attowatt level signals.
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FIG. 6. Microwave power vs. DC tunneling current for specific values of the applied bias as calculated using Eq.
(10) with p=0.1 Q-cm.
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FIG. 7. Values for the microwave power, as a function of the sample resistivity, that are obtained by varying the
applied DC bias and DC tunneling current to maximize the microwave power.

It may be seen in Fig. 7 that increasing the
resistivity by a factor of 10 reduces the
maximum possible microwave power by 19.5
dB, so that the maximum power varies
approximately as the inverse square of the
resistivity. For example, a 10% change in the
resistivity of the sample would cause
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approximately a 20% change in the measured
microwave power. Fig. 8 shows simulated values
of the applied DC bias as a function of the DC
current that give the maximum power at sample
resistivities of 1.0, 0.5, 0.2, 0.1, 0.05, 0.02, 0.01,
and 0.005 Q-cm, from the top to the bottom
curve. The power at each of these resistivities is
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-194.1, 188.2, -180.5, -174.6, -168.7, -161.0,
-155.1, and -149.2 dBm, again from the top to
the bottom curve, respectively. These
calculations were made for a tungsten tip having
an apex radius of 0.3 nm. The reduction seen in
the microwave power when increasing the
resistivity is consistent with that shown in Fig. 7.
A best-fit of all of the data in Fig. 8 gives the
following empirical equation:

Vg = 2.60 x 107 [5pp97° (11)
1x10" 3
1x10° 3

1x107" 4

Applied bias, V.

1x107 3

1x107° =4+

Figure 9 shows simulated values of the
microwave power as a function of the tip-sample
distance. The data correspond to three sets of
simulations performed with DC currents of 10-8,
10-7, and 10-6 A, with the applied bias adjusted
to maximize the power at each point. These
calculations were made for a tungsten tip having
an apex radius of 0.3 nm, with sample
resistivities of 0.005, 0.010, 0.020, 0.050, 0.1,
0.2, 0.5, and 1 Q-cm. Note that the three sets of
data overlap in this figure.

1.0x10®

——
1.0x10”7

——
1.0x10°

Set-point current, Amp
FIG. 8. Applied bias vs. current to obtain the maximum microwave power with sample resistivities of 1.0, 0.5,
0.2, 0.1, 0.05, 0.02, 0.01, and 0.005 Q-cm. The power at each of these resistivities is -194.1, -188.2, -180.5, -
174.6, -168.7, -161.0, -155.1, and -149.2 dBm from the top to the bottom of the 8 curves, respectively.
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FIG. 9. Microwave power vs. tip-sample distance for three sets of simulations in which the applied bias and the
current were adjusted to maximize the power at each point.
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6. Possible Applications

One possible application of this technology is
improved metrology for semiconductor devices.
Roadmaps for the semiconductor industry
request that the carrier concentration be
measured with a resolution finer than 10 percent
of the dimension at each lithography node.
Scanning Spreading Resistance Microscopy
(SSRM) is generally the method of choice for
carrier profiling of semiconductor devices at and
below the 20-nm lithography node in the
semiconductor industry [11]. However, the
diamond probes used to measure the spreading
resistance in SSRM have an initial diameter of
10-15 nm that blunts to 50 nm or more during a
single set of measurements [12], so this method
fails to satisfy the roadmaps at the 12 and 20 nm
nodes, which are now in production. We propose
to develop new instrumentation for carrier
profiling that is based on laser-assisted scanning
tunneling microscopy, using a tunneling junction
in place of the probes in SSRM, to provide sub-
nm resolution while mitigating damage to the
semiconductor. We would use a substitution
method analogous to that already used to
interpret the data in SSRM [12]. We would
measure the power of the harmonics in the MFC
by consecutive measurements with the test
samples and standards under the same conditions
of laser power, DC tunneling current, and many
other parameters. We would use standards such
as those already used with SSRM, which are
silicon wafers with multiple sections having
different known wvalues for the carrier
concentration [13]. Each sample and each
standard would be cleaved and prepared with the
same cleaning processes in order to compare
ecach test sample with the standards under
controlled conditions.

7. Conclusions

For each value of the DC applied bias, the
DC tunneling current may be adjusted to
maximize the microwave power. Also, for each
value of the DC tunneling current, the DC
applied bias may be adjusted to maximize the
microwave power. In both cases, the maximum
value for the microwave power and the value of
the tip-sample distance at which it occurs are
uniquely determined by the resistivity of the
sample. The microwave power is generated by
the nonlinear interaction of the incident laser
radiation with the tunneling junction. The
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function of the DC tunneling current and the DC
applied bias is to adjust the tip-sample distance
so that the microwave power is maximized for a
specific value of the sample resistivity. We are
concerned about the apparent need for high DC
tunneling currents when measuring the MFC
with semiconductors. In our most recent
measurements, scanning electron microscope
(SEM) images show that the tip electrode is
generally damaged at the end of each session of
measurements. In our earlier measurements [4]
we attribute the sudden onset of the harmonics as
the DC bias was slowly increased to 9 V to the
consequent reduction in the tip-sample distance,
and attribute the relatively long period of time
(43 minutes) in which the first 5 harmonics were
measured to the gradual increase in this distance
as the DC bias was slowly reduced to 5 V. The
subsequent failure to detect the harmonics in that
session was probably caused by a tip-crash. In
tip-enhanced near-field Raman microscopy, a
metal tip acts as an optical nanoantenna for near-
field enhancement of the incident laser radiation
at a spot of interest on the sample to obtain
stronger signals and sub-nm resolution with the
Raman effect [8]. By analogy, in laser-assisted
scanning tunneling microscopy, the near-field
enhancement of the optical radiation within the
tunneling junction is strongly dependent on the
tip-sample distance and the sharpness of the tip,
so the resolution in imaging and the microwave
power are strongly dependent on the placement
of the tip and its sharpness. This shows the
importance of optimizing the DC tunneling
current and the applied DC bias voltage to avoid
damaging the tip while obtaining the maximum
microwave power and resolution.
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Appendix 1. Approximation of the
Spreading Resistance

The following three equations, corresponding
to Eq. 25 in Ref. [6] by Simmons, give the
tunneling current density J between two parallel
metal plates, where a factor of 3/2 is deleted as a
typographical error [14]. From symmetry, this
may be used to determine the tunneling current
density between two infinitesimal objects. Here,
V is the potential difference, d is the distance, m
and e are the mass and charge of the electron, h
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is the Planck constant, and ¢M is the mean of the
work functions for the two infinitesimal objects.

J = aZEehd (Al-1)
2

Where @ = 2mgye (<) (A1-2)

And B = %,/mee (A1-3)

Earlier, our group developed a method to
determine the radial distribution of the tunneling
current at the surface of a metal sample in an
STM [7] as an extension of the analysis by
Simmons. We model the hemispherical apex of
the tip electrode, having radius R, to be on the z-
axis with z = d in cylindrical coordinates. The
surface of the sample is at z = 0, so the tunneling
current in the annulus with rmin < r < rmax is
given by the following expression:

I = 2maVys [ = rdr (A1-4)
min
Where s = Vr?2 +d? — R (A1-5)

Later, we also used Eq. (A1-4) to determine
the total tunneling current and its distribution at
the surface of a resistive sample. In this method,
we approximate the current distribution by a
radial hat (chapeau) function having width “a”
that is called the “spot radius”, defined to contain
one-half of the total current in the distribution,
and setting the height to contain the total current
in the distribution. This is equivalent to
approximating the current distribution for a
metal disk having radius a at the surface of a flat
slab with resistivity p when the radius of the disk
is much less than the thickness of the slab. Thus,
we approximate the spreading resistance by

using the following expression, which is
appropriate for a metal disc [5]:
Ry = 4% (A1-6)

Now we have used this procedure to generate
a database consisting of a matrix with 12 values
for the tip radius from 0.05 to 0.60 nm in steps of
0.05 nm, and 40 values of the tip-sample
distance from 0.1 to 4.0 nm in 0.1 nm steps. In
order to provide a simpler method to
approximate the spreading resistance, we have
used Egs. (Al-7), (Al-8), and (Al-9),
determining their four numerical parameters to
obtain a best fit of the database, in which the
errors have a mean magnitude of 6.4 percent and
a maximum of 21.7 percent for the full set. Here,
the spreading resistance RS (Q) is given as a

function of the resistivity of the sample p in Q-
cm, with the radius of the tip electrode R, and
the tip-sample distance d (both in meters).

For example, with R = 4x10-10 m, FI(R) = -
5.936x108 m-1 and F2(R,p) = 1.414x107 Q.
Then, Egs. (A1-7)-(A1-9) may be used to show
that, for p = 1 Q-cm and d = 3x10-10 m, the
spreading resistance RS = 11.8 MQ.

F;(R) = 4.773 x 10° + 2.480 x 108Ln(R)

(A1-7)
2462

F,(R,p) = Ro,—4£ (AL-8)

Rs = F,(R, p) - efa(R)d (A1-9)

Appendix II. Derivation of the
Harmonics with a Semiconductor
Sample

The following three equations, corresponding
to Eq. 25 in reference [6] by Simmons, give the
tunneling current density J between two parallel
metal plates, where a factor of 3/2 is deleted as a
typographical error [14]. From symmetry, this
may be used to determine the tunneling current
density between two infinitesimal objects. Here,
V is the potential difference, d is the distance, m
and e are the mass and charge of the electron, h
is the Planck constant, and ¢M is the mean of the
work functions for the two infinitesimal objects.

J = alEehd (A2-1)
2

Where @ = 2mgye (<) (A2-2)

And B = %,/mee (A2-3)

We extend the analysis by Simmons to
approximate the DC tunneling current in a
scanning tunneling microscope (STM), where
the second and third terms within the brackets
complete a power series to be consistent with
measurements of the tunneling current vs.
voltage in scanning tunneling spectroscopy.
Here, A is the effective emitting area of the tip,
and C > B2/4 because the DC tunneling current
has the same sign as the bias voltage:

aAVp

Ipc = e P[1 + BV + CV3?] (A2-4)

Equation (A2-4) is also a reasonable
approximation for the DC tunneling current,
even in the limit as the length of the leads to the
tunneling junction is reduced to approach zero,
where quasistatic approximations are
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appropriate. Thus, we also use this equation at
microwave and optical frequencies, following
the approach that we have used previously to
determine the linewidth for the harmonics of the
MFC when using a metallic sample in an STM

[2].

Ve
R Ry
CAVA— A
=
i
SA

FIG. A2-1. Equivalent circuit for measuring the
microwave frequency comb when the laser is focused
on both the tunneling junction and the spreading
resistance.

Figure A2-1 is the approximate high-
frequency equivalent circuit for measuring the
harmonics of the microwave frequency comb
with a semiconductor sample. Then the high-
frequency potential from the quasistatic electric
field of the laser is imposed across the series
combination of the tunneling resistance and the
spreading resistance. Thus, the voltage drop
across the spreading resistance reduces the
voltage across the tunneling junction to attenuate
the harmonics of the MFC. Then the high-
frequency current through RT and RS in series is
given by the following equation, where VT is the
high-frequency potential across the tunneling
resistance:

I(t) = e P [Vr(t) + BV ()" + CVr(8)°]
(A2-5)

The tip electrode in an STM acts as an
antenna in which a time-dependent feed-point
voltage VL is received from the laser [6]. This
potential is independent of the tip-sample
distance because that distance is much less than
the optical wavelength, so the optical electric
field within the tunneling junction may be much
greater than that in the incident field from the
laser and varies inversely with the tip-sample

464

distance. Now VL and VT are related by the
following expression:

Ve + I()Rs = V,(t) (A2-6)

Combining Egs. (A2-5) and (A2-6) gives the
following expression in the voltage across the
tunneling junction:

V,(6) = Vr(t) =
CVr(t)3]

Assuming that a mode-locked laser is used
with a long pulse sequence where each pulse is
Gaussian with an effective width of t, we
express the time-dependent voltage across the
tunneling junction by Eq. (A2-8), where the Cn
are coefficients to be determined, ®0 is the
optical frequency, and T is the time between
consecutive laser pulses. The total voltage EL(t)
is given by Eq. (A2-9).

e[V () + BV () +

(A2-7)

—(ﬂ)z cos[wy(t—nT)]
Vr(t) = X%, Cre U o (A2-8)

Substituting Eqs. (A2-6) and (A2-8) into Eq.
(A2-7) gives the following equation where VLO
is the magnitude of VL:

_nT)Z cos[wy(t—nT)] _

Vi 2% e_(T
Ziooo Cne_(¥)2 cos[wo (t-nT)] _

2
uc/:iRge_ﬁd Ziooo Cne_(g) cos[wy (t—nT)] +

t—-nT

2
B [szoo G () °°S[°’°“—"T>]] +

t—nT

. 3
C [Ziooo Cne_(T) cos[wo(t—nT)]] (A2-9)

Since T << T, the double and triple products
of the summations in Eq. (A2-9) are each
equivalent to single summations as follows:

Vio 2% e_(_TnT)Z cos[wy(t-nT)] _
2% C e_(ﬁ)ZCOS[wo(t—nT)] _
%% Cn

)

%e_ﬁd [fooo Cne_(%) coslwo(t=nD]
B Ziooo ane_z(#)z cos? [wo (t—nT)] n
)
ez, cle (%) cos3[wo<t-ml] (A2-10)

Using trigonometric identities to simplify the
square and cube of the cosine functions:
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2
VLO 20—0 e—(g) cos[wo(t—nT)] _

_(t—n
22 Cre Ve
t—nT

2
aff;Rg e_ﬁd 20—000 Cne—(T) cos[wo (t—nT)] +

T)2 cos[wo(t—nT)] —

t—

nT\2
gzo_ooo ane_z(T) [1+cos[2w (t—nT)]] +
Ezoo C 38_3(#)2[3 cos[wo (t—nT)]]+cos[3w, (t—nT)]
g Hmomn

(A2-11)
Deleting all terms at frequencies other than
the optical frequency gives the following
expression:
Vi 5 (52 costeonn)
Zoo C e—(#)zcos[wo(t—nT)] —
X0 Cn

a2
a/:iRs e_ﬁd [Ziooo Cne_(g) cos[wy(t—nT)] +

t-nT\?2
%Ziooo CnBe—B(T) cos[wo(t—nT)] (A2-12)

Rearranging the terms in Eq. (A2-12) gives
the following expression:

T2 T2
Ziooo |:VLOe_(¥) — Cne_(t T T) —_

t—nT\2
3C;12Rse ﬁdC e 3(7) cos[w, (t —
Ty = 0 (A2-13)

But Eq. (A2-13) must be satisfied at each
value of n in the summation, with the additional
approximation that the coefficient C may be
deleted. Thus, we have Eq. (A2-14) for the
coefficients, which is used with Eq. (A2-8) to
obtain Eq. (A2-15) for the potential across the
tunneling junction:

_ VLo -
Cy = (1+$e_ﬁd) (A2-14)
Vr(t) =

VLo 0 e—(t_TnT)z cos[wy(t—nT)]

(o)
(A2-15)

Next, Egs. (A2-5) and (A2-15) are combined
to obtain Eq. (A2-16) for the current:

I(t) =
2
A pa|___ Ve vy —(t_rnT) cos[we (t—nT)]
d e (1+W;Rs _Bd)Z_ooe +
2
Vio? o —(= T) cos[wo (t—nT)]
B——— T 0
(1+a:ARs —Bd [E +
tenT 3
VLo o = cos[w (t-nT)]
C————— T 0
<u“&wd[2 ]l

(A2-16)

Since T << T, the double and triple products
of the summations in Eq. (A2-16) are each
equivalent to single summations as follows:

It =

aA v B —nT)2 _
&2 ,-pd Lo oo ( - cos[wy (t—nT)]
P e (1+a’1jiRs _Bd)Z +
2
B AVLO [Zw - TnT) cosz[wo(t—nT)]] +
(1+4%8se—pd)

C AVRLo [200 - _TnT)zcos:"[wo(t—nT)]]
(1475 5e=pa)

(A2-17)

Using trigonometric identities to simplify the
square and cube of the cosine functions:

t—n'

A _ v, _(t=nTy? -
1@=%6”k@%m§%eh)mm“mu
d

B Vio® L3 o2 :T)Z[1+cos[2wo(t—nT)]] :
2 ( aARs —Bd ©
nT)?
c Vio® 3 e T) [3 cos[w (t—nT)]+cos[3w, (t—nT)]]
4 (1 aARs —Bd ©

(A2-18)

The objective is to determine the harmonics
of the MFC in RT and RS so that all terms in Eq.
(A2-18) that are at or above the optical
frequency are deleted to give the following
expression:

1) =

1 LXABVLO
T

(t nT)

(A2-19)

Thus, we obtain Eq. (A2-20) for the power at
the nth harmonic, which may be written in the
form of Eq. A2-21) to show the effect of the
ratio of the spreading resistance to the tunneling
resistance.

_ﬁdz

B) =

1 ma2A2B2V te~Bd (‘r)z
@ARs,_pq 2 2nm A\r
(1+ q B ) 4d [1+( T RSACs)

(A2-20)
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B) =

2 42p2 4,-Bd 2
1 Ta*A*B*Vi e (‘L’) (A2-21)

% 27\
Rs 2 2nm T
(HE) 4d [1+( = RSACS) ]

In the main body of this documentation, we
alluded to the possibility of using a substitution
method to determine the spreading resistance,
and thus the carrier concentration of a sample,
instead of making an absolute determination of
the carrier density. That is, we would determine
the carrier concentration by comparing
measurements of the power at one or more of the
harmonics in the MFC with test samples to
measurements made with a group of standards
under the same conditions of laser power, DC
tunneling current, and the other parameters.

In order to examine the possibility of using a
substitution method, we write Eq. (A2-21) in the
form of Eq. (A2-22), where G will have the same

value for the test samples and the standard
samples having known resistivities. Thus, if the
test samples and the standards are measured at
the same harmonic, the microwave power will be
proportional to the prefactor y, defined in Eq.
(A2-23). Procedures for determining the
resistivity from these measurements by using the
prefactor are described in the body of this
documentation.

P, = yF(n)G (A2-22)
—2pd

y=——=x (A2-23)

d2(1+§§)

Fin) = ———— (A2-24)

1+(TRSACS)
2
G =Za?AB?EL," () (A2-25)
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Abstract: The charge density distributions were calculated using the folding model, which
was applied to study the roles of center-of-mass motion and Pauli pair association affecting
the density dependence of effective two-body interactions. A formula for the two-body
density applicable to light nuclei was derived in terms of the pair correlation function. For
8Si and *’S, the elastic electron-scattering form factors F(q) and the root-mean-square
charge radii (r*)""? were determined. The inelastic longitudinal electron scattering form
factors associated with the isosceles transitioning T = 0 of the (0t - 2%),(0" -
21),0%t > 4}) for the *Si and *’S nuclei were determined. A wave function within the

y, Was found to be

model space defined by the orbits 14 lds‘,-: , 25 8155, and 14

52
insufficient to produce an acceptable form factor. The core-polarization impacts were
assessed by incorporating the Tassie-model shape and the two-body charge density
distributions into the model space, which resulted in a high degree of matching with the
experimental data.

Keywords: Charge density, Elastic electron scattering, Tassie-model, Form factor and

interactions.
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1. Introduction

Electron scattering is the consequence of an
electromagnetic interaction. There is a multitude
of theories that consider an electron as an
effective instrument for the study of the structure
of nuclear particles [1, 2]. The electron's
fundamental attachment to the object that can be
used as a targeted nucleus is well-established. It
is feasible to conduct measures on the targeted
nucleus without substantially altering its
structure as a result of the relatively faint
interaction. However, the target's shape and its
relationship to nuclear particles are not known.
This makes it very difficult to make distinctions
between them during the examination of the
results of experiments. The effect of the
electron-scattering operator instantly links its
cross-section to the change in the matrix
components of the localized charge and current-
density operator, which, in turn, is directly
related to the target nucleus's structure [3].

Radhi et al. [4] studied the nuclear structure

of F nucleus using inelastic electron-scattering
form factors, energy levels, and transition
probabilities for positive and negative low-lying
states. Mahmood and Flaiyh [5, 6] employed an
effective two-body density operator for a point-
nucleon system folded with the tensor-force
correlations. The operator was used to derive an
explicit form for the ground-state two-body
charge density distribution (TBCDD) applicable
to some light nuclei.

Sarriguren et al. [7] studied magnetic form
factors corresponding to elastic electron
scattering from odd-4 nuclei using the plane-
wave Born approximation.

Al-Rahmani et al. [8] studied short-range
effects on the longitudinal Coulomb form factors
C2, C3, and C4 in the **Mg nucleus. Flaiyh and

Corresponding Author: H. K. Issa

Email: hassan.kalid@sc.uobaghdad.edu.iq
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Sharrad [9] studied the effective two-body
density operator for a point-nucleon system
folded with the full two-body correlations
(which include the tensor correlations and short-
range correlations).

The folding model has proven highly
effective for the phenomenology examination of
nucleon-nucleus. In this approach, the scattering
results are obtained using the ground-state
density of the target nucleus and an effective
two-body interaction [10]. In the model's initial
applications, the objective density was thought to
be unrelated to the effective interaction.

In this work, charge density distributions as
well as elastic and inelastic form factors were
investigated for the **Si and *’S target nuclei. It
has been previously acknowledged that electron-
scattering data are inadequately described when
form factors are calculated exclusively using the
extensive particle-shell model space.

Thus, it has become imperative to include the
consequences for the two-body effective folding
model (core polarization) in the equations. This
phenomenon can be attributed to the polarization
of core protons by ligand protons and neutrons.
The gamma-transition and the excited state of
nuclei through electron-scattering have been
described using the Tassie model. It is the
multipole analysis of inelastic scattering. This
model is limited to the standard liquid drop
model when a uniform charge distribution is
assumed. The Tassie model is an attempt to
develop a model that is more elastic and can be
modified to accommodate a non-uniform charge
and mass density distribution. The density of the
core-polarization transformation is contingent
upon the nucleus's ground state charge density,
as per this model. The ground charge density is
expressed according to the two-body charge
density distributions across all occupied shells,
which includes the core. The Tassie model [11]
provides the shape of the transition density for
the excitation in question. This model, when
coupled with the two-body charge density
distribution and simple shell model predictions,
results in a high degree of accord in both the
evaluated and observed data for the longitudinal
structure factors of elastic and inelastic materials
during transitions J; T; —J; Ty 0+ 0 — 27 0 and
4} 0 for **Si and **S nuclei.

468

2. Theoretical

The charge density of a nucleus composed of
A particles that are shaped like points is
expressed by the following operator equation
[12]:

R, (1)

1
) _ .
PY ) =0, 27+ D)

ntj

where the state's livelihood percentage is

represented by the parameter 7,,, R, (r) is the

harmonic oscillator radial wave function, and
(2j+1) is the occupation number of sub—orbits.

The pair-correlation function can be used to
determine an equation for the density of two-
body operators that are suitable for finite nuclei,
based on the following relation:

P =p (1) p (1) + C3. 1) 0]
C(#,7) is the center of massC, (7,7) and Pauli

pair-correlation functions C,(7,7), respectively
[13]. That is:

C(’_ﬂ;’a)gccm(’_ﬂ;”é)+cp(’_ﬂ;”é) (3)

where, according to Ref. [13]:

C., ()= [1%][i%] @)

24’ \ r; dry \ r, dr
K% .
NI PR T Lot i eV
CP.‘F._'F:J = 2|t Al Ip
k2
N 1 C 47’1—7’2
C, (R = ——| 1o
A-1|  A4-1 (5)
PPV

where ¢, =3(n/5)"*, a is the oscillator constant
(a2 =0.99A_l/3), and k, is the local Fermi
momentum.

By substituting Egs. (4) and (5) into Eq. (3),
and then using Eq. (3) in Eq. (2), we get:
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,0(2)(?],?2) Zp(])(ﬂ)p(])(;z) +

s (Ldp | 1dp ),
24a’ \ 1, dr, \r, dn

pujill kf.A ) (6)
1 1% 17172
A-1 A-1
p" @) p (%)

The ground-state for a two-body charge
density distribution, p$’(r), is given by the
expected result for the functional two-body
charge density distribution generator given in
Eq. (6), which can be rewritten as
p5 )= (i P, i)~ /i) (7)

i<j
where |ij) is the two-particle wave function.

The root-mean-square charge radius for
nuclei is based on the following relation:

(PYe =22 ] S LXGI ®)

The ground-state charge density distribution
can be utilized to compute the elastic electron-
scattering form factors for spin-zero nuclei such
as **Si and **S. All coming and scattered waves
of electrons are approximated as plane waves
according to the plane wave Born approximation
(PWBA), where the ground-state charge density
distribution is real and spherically symmetric.
Consequently, the form factor is simply the
Fourier transform of the ground-state charge
density distribution [14, 15]:

dr < . 2
Fg)=—-] po(r) jolqr)r"dr ©
0
where p,, . Po (r) is the ground-state two-body
charge density distribution defined in Eq. (7),
and Jo(gr) =sin(gr)/(qr)
jo(qr) = sin(qr) /(qr) is the zeroth order

of the spherical Bessel function. Here, ¢
represents the momentum transferred from the

incident electron to the target nucleus. It is
possible to express Eq. (9) as:
A ¢ :
F@=_7 [ P ()sin(gr)rdr (10)
0

The form of the factors of inelastic
longitudinal electron scattering, which involves
angular momentum J and momentum transfer, is
expressed as [1 1]:

@l =yl el .
E,@f [F.@"
where 7/(q) TF(q) is the longitudinal

electron-scattering generator. Consequently, the
form factors in Eq. (11) can be expressed in
terms of matrix elements that are decreased in
both angular momentum and isospin, as the
nuclear states have clearly established isospin

T, [16]. Alternatively:
AT
Bl = Z(U 5 2 [T 0 T]( 7))
F o (O |F s (] (12)
'chvx I F}'s(q)|_
where T T is constrained by the subsequent

selection rule:

‘Tf—Ti‘STS T, +T, (13)

with T, = (Z — N)/2. The bracket ( J in

Eq. (12) is the 3—j symbol. The decreased matrix
elements in spin and isospin space of the
longitudinal operator between the final and
initial plurality of particle states of the structure,
such as the arrangement of mixing, are expressed
as a function of the one-body density matrix
(OBDM) clements produced by the single-
particle matrix elements of the longitudinal
operator [17] as:

(7]

)= 0BDM " (i, f.J,a,b) (14)

<bT a>

Additionally, the longitudinal operator's
numerous particle-reduced matrix components
include two components: one for the model
space and the other for the core polarization
matrix element [18]. Thus:
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(Fll T a)li) = (f

(0l =< # fi

T“rs(r q)” > (

1

i> +
(15)

which is the model-space matrix element in Eq.
(15), which can be written as

v

The model-space transition density is
p7*(, f,r). This sum is calculated as the
product of the OBDM and the single-particle
matrix components, and it is denoted by [3]:

T; (z,,9)

cor

i

TJL(TZ’q)

ms

T}(TZ,Q)

z>—e Jdee), ) p,, G f.r) 16)

ms

p,. (.f.x)= > OBDMG,f.,J,j,j.t.)
‘ ii'ms) (17)

Y, 7) R (0) Ry (1)

The core-polarization matrix element in Eq.
(15) takes the following form [14, 15]:

fic

Here, p5”"® is the core-polarization transition
density, which is contingent upon the model
used for core polarization. To account for the
effects of core polarization within the model
space, the collective modes of the nuclei are
represented by the core-polarization transition
density, which complements the model-space
transition density. The total transition density is
calculated using:

CO}"

T (t2,9)

l>—ejdrr ]J(qr);;(zfr) (18)

core

P, @ fi=p, G.fD)+p,, [0 (19)

The core-polarization transition density is
determined by the Tassie form, as per the
collective modes of nuclei [19]:

p;tore(lfr) N (1+ )rJ] po( L f,1) (20)

which represents the base state two-body charge
density distribution, as expressed in Eq. (6), and
includes a proportionality constant N. The
Coulomb form factor for this model is as follows
[18]:
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1
il

@) = (25 )70 et fa) dr +

) J-1 dpo(lfr)}

fo drr? j](qr o

ch (Q) Ffs (q)

(21)
The radial integral
Ojodr () dp,(i,f,1) can be expressed
0 ’ dr
as:
[ <47 () p, G f e
o dr
~[dr (T +1)r’ j,(gr)p, G /1) (22)
0

R ad . .
~[dr "= j,(qr)p, G 1),
0 dr

In Eq. (22), the initial term contributes zero,
while the second and third terms can be joined to
give:

+ J+1:|]J (gqr)(23)
qgr

qJ drr’"p, (i, f, r){ i

Based on the recursion link of the spherical
Bessel function [19]:

{dml
d(gr) gr

Hence,

}J s(qr)=j,(qr) (24)

T +1 - d ia ar
Idr I'J IJJ (qr) po( f ) —
0 dr

(25)

0

—q[drr’" j,\(ar)p, G f )

0

Using Egs. (21)-(25), the form factor may
have the form:

4 1/2 1 J.rsz(qr)sz: dr —
FL _ T 1o
@ (2J,.+1] AN _
Ng[drr’" p, G, f,7) j,-1(qr)
0

F,(q)Fy(q)
(26)
The constant of proportionality N may be

identified by evaluating the form of the factor for
q=k, resulting in the following expression:
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[ 2, +1
e, oy . fo0)~ FE ()2 o

o 27)

kJ‘dI‘rH]pn (i5f5r)jj—l (](T)

The transition amplitude for

interaction at g=k, B(CJ) as:

photon

(@7 +D1] z

B(CJ) = T
T

2 2 2
¢ ‘Ff(k)‘ (28)

The transitional amplitude B(CJ) is correlated
with its form factor.

0 o J,+)BC)) ,,
N_ld” JJ(kr)pJn(”f’r)_m ¢

kj‘di’l’JHpo (iafar)jJ—l (ki’)
0

(29)

This is the coefficient of proportionality for
open (closed) shell nuclei, which can be
established by incorporating the measured
reduced transitional amplitude B(CJ) using Eq.
(29).

TABLE 1. Spreadsheet (1) of parameters used in the calculation.
32

3. Results and Discussion

Figures 1 and 2 illustrate the ground state
charge density distributions (in fm™) in relation
to r (in fm) for **Si and **S nuclei, respectively.
Spreadsheet (1) contains all the parameters
necessary for the calculations, including the
dimension parameter of the harmonic oscillator

(b). The occupancy probabilities (77 ;) of the

states are shown in Figs. (1) and (2), which
illustrate the charge density distribution. The
blue dash is the one-body charge density
distribution without correction which depends on
Eq. (1), the solid blue line is the two-body
charge density distribution, while the black (¢)
“dotted symbols” are the measured data [20, 21],
in units of (fm™).

Spreadsheet (1) summarizes the variables and
parameters employed in the present calculations.

S R Nuclei
1.91 1.644 b
0.315 0.329 o (fin’)

1 1 77151

2

1 1 Nips

2

1 1 Mipy

2

1 0.8333 Mas

2

0.5 0.5 M2sy

2

0.25 0 M1as

2

1/2

3.282 3.14 2

<I' >thco.
3.239 3.085 <r2> [20]

exp.
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FIG. 2. Charge density distribution for the **S nucleus.

As shown in Figs. 1 and 2, the theoretical
results exhibit very good agreement with
experimental data compared to the two-body
charge density distribution in the region 0.5<r
<2.5 due to the reduction of the hard-core effects
in two-body correlations (center of mass and
Pauli pair correlations). The comparison between
the one-body and two-body charge density
distributions demonstrates that the two-body
formulation (solid line) provides a significantly
better fit to the experimental data within this
region.

The calculated elastic electron scattering form
factors F(q) are plotted in Figs. 3 and 4, the
calculated F(q)'s are limited to those of

1

® e Expermintal
- = = with out correction

——— with correction

0 0.4 0.8 12 16 2 2.4 2.8

q(fm?)
FIG. 4. The elastic form factors for the **S nucleus.
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’
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FIG. 1. Charge density distribution for the **Si nucleus.

experimental data for the **Si and **S nuclei,
where the blue dash is the elastic form factors
without correction using Egs. (1) and (10). The
solid blue line is the two-body elastic form
factors with the correction using Egs. (7) and
(10). The black () “dotted symbols” are the
experimental data in these figures. The
calculated F(q)'s are plotted as a function of q, as
shown in Figs. 3 and 4. When the two-body
charge density distribution is included, a second
diffraction minimum appears at q = 2.4,
consistent with the experimental observations.
This indicates that incorporating two-body
correlations yields results that closely match the
measured elastic form factors.

<~ N . ® Expermantal
0.1

= + with out correction

——— with correction

0.01
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q(fm?)
FIG. 3. The elastic form factors for the 2Si nucleus.
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A formula for the transition charge density
given in Eq. (19) was employed to determine the
inelastic longitudinal electron-scattering form
factors F(q). The OXBASH code was used to
calculate  OBDM elements required for
evaluating the form factors of open-shell nuclei.
The model-space transition density was
determined using Eq. (17) [22], with the
interaction matrix elements taken from the
USDB (Universal sd-shell B) interaction for 2s-
1d shell nuclei [23]. The theoretical
determination of the proportionality constant N
does not involve any adjustable parameters. In
this section, the computed longitudinal Coulomb
C2 form factors are presented as functions of the
momentum transfer q for the transitions with an
observed Ex = 1.78MeV [24] and experimental
value of B(C2) = 415 &’.fm* for **Si, and
observed Ex = 2.237 MeV [25] with an
g:zxperimental value of B(C2) = 235 ¢’.fm" for

S.

0.01

/ 1.‘ "0\.‘ ® & ecpermintal
) . LN MS
0.001 S "N ". ——— MS+CP
K4 4 — - cp
7 \
[ N
00001 | / N S,
/7 .
~ / \ Ilr’ Je
— |4 [ 7 Y
T 1E0s | f I }\
el | | LN
= [t " ‘\
i il t

1E-06 |* I.

0 0.4 0.8 1.2 1.6 2 24 2.8
q(fm)
FIG. 6. The inelastic longitudinal C2 form factors for
the S nucleus.

Figure 7 illustrates the inelastic longitudinal
Coulomb C4 form factors of the **Si nucleus.
The calculated longitudinal Coulomb C4 form
factors are depicted in relation to the momentum
transfer q for the transitions with an observed
excitation energy of 4.617 MeV. The
experimental B(C4) of the above nuclei is 27
500 e*fm®* [24]. In this figure, the blue dashed
shapes symbolize the influence of the model
space in **Si, adjusted for configuration mixing.
The blue dash-dotted shape symbolizes the core
polarization investment, which is adjusted for the
effect of two bodies. The solid blue shape
symbolizes the overall investment, obtained by

Figures 5 and 6 illustrate the calculated and
experimental results. The blue dashed curves
represent the model-space contributions, which
include configuration mixing. The blue dash-
dotted curves correspond to the core-polarization
contributions, which account for two-body
effects. The solid blue curves show the total
calculated form factors obtained by combining
the  model-space  and  core-polarization
components. The experimental data are shown as
black dotted symbols (¢). The results
demonstrate that the experimental data cannot be
reproduced using the model-space contributions
alone, as these underestimate the measured
values across the full momentum transfer range.
However, when both the model-space effects and
the core-polarization contributions are included,
the calculated longitudinal C2 form factors show
excellent agreement with the experimental data
for all momentum transfer values q.

e & expermintal
— - cp
o MS+CP

1E-06

1E-07

1E-08 "

1E-09

1E-10
0 0.4 0.8 12 16 2 2.4 2.8

q(fm-1)
FIG. 5. The inelastic longitudinal C2 form factors for
the *Si nucleus.
combining the model-space and
polarization contributions for **Si.

core-

Figure 8 illustrates the inelastic longitudinal
Coulomb C2 and C4 form factors of the *’S
nucleus. The calculated longitudinal C2 and C4
form factors are depicted in relation to the
momentum transfer q for the transitions. For the
0" — 23 and 0*— 4F for *°S with observed

excitation energies of 4.282 MeV and 4.46 MeV,
respectively. The experimental values of B(C2)
and B(C4) of the above nuclei are 68.8, 50700
(e’fm*) [25]. In this figure, the blue dash shapes
symbolize the influence of the C2, the blue dash-
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dotted shapes symbolize C4, which includes both
contributions of the model space and core
polarization effect, adjusted for the effect of two
bodies. The blue solid shapes symbolize the
overall investigated data, calculated by
combining the C2 and C4 for *°S. The black (*)
“dotted symbols” are the experimental data.
These figures demonstrate that the model-space

0.1

0.01 -

0.001

0.0001

IF(a)]2

1E-05

1E-06

1E-07

0 0.4 0.8

12

alfm-1)
FIG. 8. Illustration of the inelastic longitudinal (C2+C4)
form factors For **S nucleus.

2.4

2.8

4. Conclusions

Based on the obtained results, we draw the
following conclusions:

1. Considering the effects of the center of mass,
Pauli pair correlation functions, and higher
occupation probabilities is generally crucial
to achieving strong agreement between the
calculated charge density distributions and
the experimental data for the **Si and *°S
nuclei.

2. The fixed characteristics and energy levels can
be accurately described by the sd-shell

contribution alone cannot accurately reproduce
the experimental data across the full range of
momentum transfer q. However, when the
effects of core polarization are incorporated, the
calculated longitudinal Coulomb C4 form factors
show good agreement with the experimental data
throughout the entire momentum transfer range,
as indicated by the solid curves.

0.01

e Expermintal
---MS
- - cp
——— MS+CP

0.001

0.0001

1E-05

1E-06

[F(a)|2

1E-07
1E-08
1E-09

1E-10

0 0.4 0.8 12 16 2 2.4 2.8

q{fm-1)
FIG. 7. Illustration of the inelastic longitudinal C4
form factors For **Si nucleus.

models. However, these models are less
effective  in  characterizing  dynamical
characteristics, including the rates of C2 and
C4 transitions and the form factors of electron
scattering.

3. The core-polarization impact improves the
form factors and brings the mathematical
predictions of the longitudinal form factors
closer to the experimental data in the C2 and
C4 transitions, which is the subject of this
study.
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Abstract: In this paper, a CZTS precursor solution was prepared using ethylene glycol, and
CZTS thin films were synthesized by spraying the solution on heated substrates. The
effects of annealing temperature on structural, optical, and electrical properties of the
sprayed CZTS thin films were studied. XRD studies revealed a wurtzite-structured CZTS
thin film at an annealing temperature of 450 °C, while images obtained from SEM showed
a homogeneous and agglomerated surface at the same temperature. UV-Vis spectroscopic
studies revealed increasing absorbance with an increase in wavelength and a bandgap of 1.5
eV at 450 °C. Electrical studies showed the lowest resistivity at 450 °C, and a conversion
efficiency of 0.12% was obtained from a spray-fabricated CZTS absorber-based thin-film
solar cell with the configuration glass/ITO/i:ZnO/n:ZnS/p:CZTS/Ag.

Keywords: CZTS, Spray pyrolysis, Annealing, Structural properties, Optical properties,

Electrical properties.

1. Introduction

Thin-film solar cells have been considered as
alternatives to silicon-based solar cells because
relatively fewer materials are required for their
fabrication [1]. In a thin-film solar cell, sunlight
generates  electron-hole  pairs in  the
semiconductor material. These pairs are
separated by an electric field created by a
junction or doping. Electrons are collected at the
bottom electrode, while holes are collected at the
top. The collected carriers flow through an

external circuit, generating an electric current for
powering devices or storage. It should be noted
that although nanocrystalline silicon thin films,
which can find applications in solar cells, have
been developed [25], the abundance of silicon in
the Earth’s crust may be threatened by its present
rate of consumption [26]. Some organic-
inorganic hybrid nanomaterials have been
explored as alternatives to silicon [27-29], but
this class of semiconductor material suffers from
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instability in the form of degradation over time
due to the interactions between the organic and
inorganic components or environmental factors.
Moreover, their synthesis is often complex,
requiring precise control over the interactions
between organic and inorganic components.
Copper indium gallium selenide (CIGS) and
cadmium telluride (CdTe) are thin-film solar
cells that have achieved commercial success.
However, the indium constituent in CIGS is a
rare earth element and, as a consequence, has a
negative impact on the affordability of CIGS
solar cells. At the same time, cadmium’s
carcinogenic nature raises concerns about the
environmental and  health  effects of
decommissioned CdTe solar cells [3]. Copper
zinc tin sulfide (CZTS) is a suitable alternative
due to the abundance of copper, zinc, tin, and
sulfur in the Earth’s crust. CZTS has a high
absorption coefficient (> 10 ¢cm™) and a direct
bandgap of 1.5 eV [4]. The theoretical
conversion efficiency of the CZTS absorber-
based solar cell has been calculated to be above
30%. Highly efficient CZTS absorber-based
solar cells have been created through physical
techniques. Nevertheless, the inclusion of
vacuum equipment in this deposition process
raises the market cost of the final product in the
event of commercialization [5, 6].

Chemical or solution-based techniques are
alternatives to physical techniques in terms of
cost. The most successful CZTS solar cells to
date have typically employed cadmium sulfide
(CdS) as the n-type junction material or
incorporated cadmium into the absorber layer
[7], and a solution other than water has been
used as a solvent in the case of a solution-based
fabrication process. The CZTS solar cell with the
present highest efficiency (12.6%) was
fabricated using a solution-based technique with
hydrazine employed as the solvent [8].
Hydrazine is an explosive and toxic material,
and its use in commercial fabrication of CZTS
solar cells will lead to extra costs due to stringent
safety and handling requirements [9].
Developing a cadmium-free CZTS solar cell
using both physical and chemical techniques can
be challenging in terms of cost and safety. Patel
and Gohel [10] investigated the effects of
different solvents on the properties of CZTS thin
films and found that films synthesized using
ethylene glycol and propylene glycol exhibited
superior characteristics. Recent studies on the
influence of annealing temperature on CZTS thin
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films have shown that their structural, optical,
morphological, and electrical properties improve
with increasing annealing temperatures between
250 °C and 550 °C. Olgar et al. [11] synthesized
CZTS thin films via magnetron sputtering and
reported enhanced film properties, achieving
optimal solar cell performance at 550 °C.
Electrical and Dback-contact studies of
metal/CZTS/ZnS/ZnO/FTO heterojunction
devices fabricated by spray pyrolysis were
conducted by Boutebakh et al. [36]. Their results
revealed rectifying behavior in CZTS/ZnS
structures for all tested back contacts, with gold
(Au) exhibiting the best rectification and the
highest ideality factor. These findings highlight
the strong potential for developing cadmium-free
CZTS-based devices capable of efficient power
generation. This research addresses a significant
gap in current knowledge regarding the synthesis
and characterization of copper zinc tin sulfide
(CZTS) thin films for solar cell applications.
Despite the promising attributes of CZTS,
comprehensive studies on the combined effects
of solvent choice, annealing temperature, and the
resulting structural, optical, morphological, and
electrical properties of CZTS thin films prepared
by spray pyrolysis are limited.

In our study, we utilized ethylene glycol as a
solvent to synthesize CZTS thin films via spray
pyrolysis and systematically examined the
effects of annealing temperature on their
structural, optical, morphological, and electrical
properties. Our objective was to enhance
understanding of how synthesis parameters
influence CZTS thin-film solar cell performance,
with particular emphasis on achieving improved
efficiency and device characteristics for
cadmium-free CZTS absorber-based solar cells.

The major contributions of this paper are
summarized as follows:

i. Methodological Advancement: We employed
ethylene glycol as a solvent for CZTS thin-
film synthesis, providing a cost-effective and
environmentally friendly alternative to
conventional solvents. The deposition
technique used is simple, scalable, and
economical. Furthermore, our systematic
investigation of annealing temperatures
offers valuable insights into optimizing the
fabrication process of CZTS thin-film solar
cells.

ii. Practical Implications: The insights gained
from our research can inform the
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development of more efficient and affordable
CZTS thin-film solar cells, thereby
supporting the advancement of renewable
energy technologies. By elucidating the
relationships between synthesis parameters
and material properties, this work lays the
foundation for future research aimed at the
commercialization of CZTS-based
photovoltaic devices.

2. Materials and Methods

A precursor solution containing 0.035 M
copper, 0.025 M zinc, 0.025 M tin, and 0.2 M
sulfur salts was prepared for deposition on
thoroughly cleaned substrates. The precursor
salts used in preparing the CZTS solution are
copper (II) acetate (C4HgCuO,), zinc acetate
dihydrate (Zn(CH5CQO,),.2H20, tin (IV) chloride
pentahydrate  (SnCL.5H,O), and thiourea
(SC(NH,),), serving as the sources of copper,
zine, tin, and sulfur, respectively. A precursor of
0.015 M copper acetate was also prepared. The
solvents used are deionized water and ethane-
1,2-diol ((CH,OH),), also known as ethylene
glycol. All reagents were analytical grade and
purchased from Sigma-Aldrich. The as-prepared
precursor mixture was stirred for 1 hour using a
magnetic stirrer. The concentration of thiourea
was higher in order to maintain stochiometry and
compensate for the loss of sulfur during
pyrolysis. The CZTS precursor solution was
deposited on clean glass and indium tin oxide
(ITO) substrates using the spray pyrolysis
technique, with the substrate surface maintained
at 350 °C. The resulting CZTS thin films were
annealed in a muffle furnace at temperatures of
250°C, 350 °C, and 450 °C, and labeled samples
A25, A35, and A45, respectively.

A heterojunction solar cell was fabricated
using optimized CZTS and ZnS thin-film layers.
A glass/ITO/iZnO/n-ZnS/p-CZTS/Ag solar cell
configuration was employed in the layering
process. The zinc oxide anti-reflective window
layer was synthesized by spraying zinc acetate
solution onto ITO-coated glass substrates in
open air and annealed at 350 °C for 1 hour. This
was followed by the spraying of ZnS precursor
solution on the annealed ZnO anti-reflective
layer and annealing of the ZnS layer at 350 °C.
The p-CZTS thin-film layer was obtained by
spraying the CZTS precursor onto the annealed
n-ZnS layer. The p-CZTS layer was annealed at
450 °C. Silver (Ag) was used as the back contact

for the cell. Colloidal silver was purchased from
Sigma-Aldrich.

The structural characterization of the
specimens was carried out with the aid of a
Rigaku D/Max-IIIC x-ray diffractometer with a
LynxEye detector using a copper target
(Cua,1.5418 A). All x-ray diffraction (XRD)
data for the samples were recorded at current and
acceleration voltages of 25mA and 40 kV,
respectively. Morphological and grain growth
analysis of the specimen was carried out by
using a Hitachi scanning electron microscope
(SEM), and optical characterization was done
using a CyberLab UV-vis spectrophotometer
(model UV-100). Film thickness measurements
were carried out using a Veeco Dektak surface
profilometer. The chemical composition of the
samples was studied using the energy dispersive
X-ray (EDX) analysis method. Electrical
characterization was carried out using the four-
point probe method. The equipment employed
was a Holmarc solar simulator and a Keithley
source meter (Model HO-SCIVK) with indium
used as the ohmic contact and with a 300 W
xenon lamp. The same Keithley source meter
was used to determine the current-voltage (I-V)
characteristics of fabricated solar cell devices.
The devices were illuminated under strong white
light.

3. Results and Discussion

3.1 Structural Properties

The XRD pattern of A-25 is shown in Fig. 1,
where diffraction peaks of kesterite CZTS can be
observed at 20 values of 23.00°, 42.90°, and
76.29°, which can be indexed to (110), (200),
and (332) reflection planes (JCPDS 26-0575).
Secondary phases that can be indexed to the
hexagonal plane of ZnS at 20 = 48.2° and also
ZnO at 20 = 67.30° were observed.

The XRD pattern of A35 is shown in Fig. 2.
Diffraction peaks of wurzite-phased CZTS
corresponding to (100), (202), (220), and (008)
reflection planes can be seen at 26.50°, 37.35°,
47.54°, and 69.43°, which are respective values
of 20. There is no standard JCPDS card for
wurzite CZTS. The crystal structure of wurtzite
Cu,ZnSnS; (CZTS) can be derived by
substituting Zn(Il) ions with Cu(l), while
maintaining the Zn(Il) and Sn(IV) positions in
the wurtzite ZnS structure. In this structure, each
sulfur ion is coordinated with two Cu(l) ions,
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one Zn(II) ion, and one Sn(I'V) ion, satisfying the
octet rule [(8/4)+6=8]. It's important to note that
in this model, the distribution of metal cations
occurs randomly within the fixed framework
formed by sulfur anions. Consequently, the XRD
pattern of wurtzite CZTS remains largely similar
to that of wurtzite ZnS [12]. Peaks
corresponding to ZnS and ZnO impurities can be
observed at 20 equals 30.2° and 62.60°,
respectively. The XRD of A45 is shown in Fig. 3
with diffraction peaks at 20 equals 26.97°,
37.41°, 47.50°, 69.81°, and 76.50°, which can be
indexed to the (100), (202), (220), (008), and
(332) reflection planes of wurzite-phased CZTS.
While the solvent may have indirectly influenced
the annealing process kinetics, the crystal
structure phase transition from kesterite to
wurzite is likely attributed to faster crystal
growth facilitated by high thermal energy. These
results are in agreement with Lu ef al. [12] and
Touati et al. [13]. The higher peak intensity
observed in sample A25 may be due to the
presence of a larger number of smaller
crystallites in the film annealed at 250 °C. These
small grains can contribute to a higher number of
diffracting planes that align with the X-ray
beam. As the annealing temperature increases,
the additional thermal energy promotes grain
growth and reorganization. Larger grains may
form, leading to fewer grain boundaries and a
more ordered crystalline structure. However,
fewer grains align in the optimal orientation for
diffraction, leading to a decrease in peak
intensity. The crystallite sizes were calculated
from the FWHM of the (110) orientation for
sample A25 and (110) for A35 and A45. The

crystallite sizes were 13.46 nm, 21.46 nm, and
45.10 nm. The results indicated that a better
crystallinity is obtained at an annealing
temperature of 450 °C. The crystallite sizes were
calculated using Eq. (1):

0.9A
- BcosO (1)

where 4 is the wavelength of the used X-ray
beam (1.54 A), B is the full width at half
maximum, and & is the angle of diffraction. The
microstructural strain (¢) is calculated using Eq.
(2), and the wvalues obtained at different
annealing temperatures are shown in Tables 1, 2,
and 3.
LcosO
=T )

Thermal expansion of CZTS thin films and
substrates upon heat treatment can be correlated
to strain in the films [12]. Calculation of strain
for annealed CZTS thin films showed a
reduction with an increase in annealing
temperature. Dislocation density, which is the
measure of linear crystallographic defects within
the crystal structure, was calculated for annealed
CZTS films using Eq. (3).

§== 3)

where D is the crystallite size and n is unity
when the dislocation density is minimum. The
values of the microstructural strain and
dislocation density are shown in Table 1. The
lowest microstructural strain can be observed in
specimen A45.

TABLE 1. Details of the structural analysis of annealed CZTS thin film specimens.

Specimen  Crystallite Size ~ Micro strain ~ Dislocation density
(nm) (e) x 107 8 (lines/m?) x 10"
A25 13.46 2.77 5.52
A35 21.46 1.61 2.17
A45 45.10 0.78 0.49
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FIG. 1. X-ray diffraction pattern of CZTS thin films annealed at 250 °C (specimen A25).
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FIG. 2. X-ray diffraction pattern of CZTS thin films annealed at 350 °C (specimen A35).
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FIG. 3. X-ray diffraction pattern of CZTS thin films annealed at 450 °C (specimen A45).
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3.2 Optical Properties

Figures 4 and 5 show the plots of the
absorbance and transmittance versus wavelength.
The highest absorbance and the lowest
transmittance within the ultraviolet-visible
region can be observed in A35 and A45,
although the absorbance of A45 surpasses that of
A35 around 550 nm wavelength. Phase change
from kesterite to wurzite at 450 °C and surface
roughness at that temperature may have been
responsible for the increase in absorbance of
A45 with increasing wavelength. The lowest
absorbance and highest transmittance can be
observed in A25. A good solar cell absorber
material must have higher absorbance and low
transmittance, and these results have
demonstrated that a very efficient CZTS
absorber material can be obtained at annealing

3.0

temperatures of 350 °C and 450 °C. The Tauc
plots are shown in Fig. 6 for A25, A35, and A45.
It can be observed from the (ahf)’ versus hf plot
that the band gap values of CZTS thin films
decrease with annealing temperature. A45 has a
band gap of 1.48 eV, which is almost equal to
the ideal band gap of CZTS, while band gaps of
1.80 eV and 1.93 eV were obtained for A35 and
A25, respectively. These results are in agreement
with recent works [14, 15]. An explanation for
the decrease in band gap with increasing
annealing temperature in A45 is the quantum
confinement effect. Quantum confinement effect
is observed when crystallite size is approaching
the de Broglie wavelength of an electron, and an
increase in band gap has been correlated to
greater quantum confinement of the grains [14].

25
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FIG. 4.
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Absorbance spectra of CZTS thin films with annealing temperatures.
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FIG. 5. Transmittance spectra of CZTS thin films with annealing temperatures.
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FIG. 6. Plot of (ahf)* versus hf for specimens A25, A35, and A45.

3.3 Surface Morphology

The top-down SEM images of A45, A35, and
A25 are shown in Figs. 7(a), 7(b), and 7(c),
respectively. The increase in size of crystals in
response to increasing annealing temperatures
can be observed from the micrographs. These
results are in agreement with previous works
[16, 17]. Large voids and small crystallites with
sizes below 500 nm are evident in A25. The
voids observed on the surface of A25 can be
attributed to the presence of an amorphous
carbon layer formed beneath the thin film that
did not completely evaporate during the
annealing process. Upon increasing the

annealing temperature to 350 °C, a reduction in
voids and an increase in crystallite size were
observed, although the surface morphology
remained nonhomogeneous. Large crystals,
which are undefined with distinct grain
boundaries, can also be observed in A35, with
some of the crystals having sizes greater than 2
micrometers. It has been reported that grain
boundaries reduce minority carrier diffusion,
which is detrimental to solar cell performance
[18]. Superior surface morphology can be
observed at an annealing temperature of 450 °C,
with voids almost completely absent, with
improved compactness and homogeneity.
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FIG. 7. SEM of CZTS thin film for specimens (a) A25, (b) A35, and (c) A45.

3.4 Analysis of the Composition of CZTS Thin
Films Annealed at 450 °C

The EDX spectrum of A45 is shown in Fig. 8.
The presence of copper, zinc, tin, and sulfur
peaks in the EDX spectra confirms the
composition of the CZTS compound in the A45
sample. However, it is noteworthy that all the

3.5 Electrical Properties

The electrical properties of sprayed CZTS
thin films were studied at different annealing
temperatures. The resistivity of the films was
obtained using Eq. (4):

o= (4 @

where V is the voltage measured across the outer
probes, [ is the current passing through the inner
probes, A is the cross-sectional area of the CZTS

484

films exhibit significant sulfur deficiency, which
can be attributed to the tendency of sulfur to
react with oxygen and form sulfur dioxide (SO,),
which is subsequently lost during the pyrolysis
process. High percentages of carbon and oxygen
seen in the spectra may not be solely as a result
of oxidation of the specimen

Elements

¢ 8 0
Energy KeV

FIG. 8. EDX spectrum of A45.

thin film specimen, and L is the distance between
the inner probes. The resistivity of annealed
CZTS thin films is shown in Table 2. It can be
observed that resistivity decreases with an
increase in annealing temperature. The results
show that better electrical properties can be
obtained at an annealing temperature of 450 °C
and are in agreement with previous works in the
literature [19]. An explanation for the high
resistivity of CZTS thin film annealed at 250 °C
is the high microstructural strain in the films,
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which can be observed in Table 1. Theoretical
calculations and experimental studies have
shown that strain in films is due to
inhomogeneity in composition, which in turn
alters the shape of the valence bands [20]. In
other words, strain can be induced by secondary
phases apart from the strain stemming from the
film fabrication process. The result is a negative
impact on hole carrier transport and electron-

hole recombination at the junction. It can also be
argued that high resistivity at low annealing
temperatures is due to the presence of
undecomposed organic residuals in the CZTS
thin film. The lowest resistivity was calculated
for CZTS thin film annealed at 450 °C, with the
lowest micro-structural strain shown in Table 1.
The electrical conductivity of CZTS films is
improved at an annealing temperature of 450 °C.

TABLE 2. Electrical resistivity of CZTS thin films annealed at different temperatures.

Specimen  Sheet Resistance (Q/sq) (x 10')  Resistivity (Qcm) (x 107)  Thickness (nm)
A25 1.60 2.59 1625
A35 1.10 1.71 1620
A45 8.79 0.71 1621

3.6 Characterization of Glass/ITO/i:ZnO/n:ZnS/
p:CZTS/Ag Solar Cell

Glass/ITO/i:ZnO/n:ZnS/p:CZTS/Ag solar
cells were fabricated at the optimized annealing
temperature parameter that has shown the best
properties for the absorber layer using the spray
pyrolysis technique. The I-V characteristics of
the cell, taken in the dark and under illumination,
are shown in Fig. 9, where a rectifying curve
with low reverse saturation current can be
observed. This is evidence that the junction
between CZTS and ZnS has diode
characteristics, with the possibility of the
production of an electron-hole pair when the
heterojunction is under illumination. The results
are in agreement with the work of Patel et al.
[23] and Fathima et al. [24], which have
exhibited comparable rectifying curves for
FTO/AL:ZnO/CdS/CZTS/CuS/FTO and
FTO/Ag/CdS/Ag solar cell architectures,
respectively. The photocurrent output was
obtained from Eq. (5).

Pmax FFVOCISC

" e T R ©)

where FF is the fill factor, V¢ is the open circuit
voltage, and Isc is the short circuit current. Py is
the maximum power that can be delivered by the
solar cell. P;, was calibrated to AM 1.5 to 100
mW/cm™ before measurements were carried out.
The photocurrent output of the cell was
extremely low, with the short circuit current
calculated to be 0.022 mA, and the efficiency of
the cell was less than 0.1%. The low
performance of the cell may be attributed to
secondary phases that may have similar XRD
peaks to CZTS. Since the formation of single-
phase CZTS can be very challenging, ZnS and
Cu,SnS; (CTS) phases that have the same XRD

patterns as CZTS will go undetected [21, 22].
Since ZnS was suspected to be the culprit, the
CZTS absorber layer was etched with 0.1 M of
HNO; for the removal of the ZnS phase by
immersing the synthesized CZTS thin film in
HNO; for 300 seconds. The decomposition of
ZnS is represented by Eq. (6).

HN03 + ZnS - H20 +S+NO +ZTl(N03)2
(6)

Another CZTS solar cell with the same solar
architecture as the first was fabricated using the
etched CZTS as an absorber layer, and the [-V
characteristics of the cell, taken in the dark and
under illumination, are shown in Fig. 9(a) and
Fig. 9(b), respectively, while those with the
HNO;- etched CZTS layer in the dark and under
illumination are shown in Fig. 10. After etching,
the photocurrent increased to 0.258 mA, with a
corresponding conversion efficiency of 0.13%.
The wurtzite phase of the CZTS thin film
annealed at 450 °C may have contributed to
reduced recombination losses by providing
efficient pathways for charge carriers to reach
the electrodes. A summary of the [-V parameters
of the fabricated solar cells is presented in Table
3. Recent literature on CZTS thin-film solar cells
is summarized in Table 4. Comparison shows
that the open-circuit voltage and photocurrent
output of our cells are lower than those reported
in literature; however, most high-performance
CZTS cells involve cadmium. Moreover, some
studies [30,31,37,38] incorporate germanium,
which is expensive due to the high cost of
achieving 99.9% purity. In contrast, our work
demonstrates a  simple, scalable, and
environmentally friendly fabrication method
using earth-abundant, low-cost, and safe
materials.
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FIG. 9. I-V characteristics of ITO/i:ZnO/n:ZnS/p:CZTS/Ag thin film solar cell in the dark and under
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FIG. 10. I-V characteristics of ITO/i:ZnO/n:ZnS/p:CZTS/Ag thin film solar cell with HNOs- etched CZTS layer
in the dark and under illumination.

TABLE 3. Summary of the [-V characteristics of the fabricated CZTS absorber-based solar cells under
illumination.

Voe I Vmax  Imax  Fill  Efficiency
volts) (mA) (volts) (mA) Factor (%)
ITO/i:ZnO/m:ZnS/p:CZTS/Ag  2.50 x 2.50 0.06 0.05 0.02 0.01 0.15 2.88x10°

ITO/1:ZnO/m:ZnS/p:CZTS/Ag
(etched with HNOS) 2.50 x 2.50 0.54 026 040 020 0.57 0.12

Device Area of cell (cm?) (

TABLE 4. Recent references on CZTS buffer layers.
CZTS Buffer Layer Solar Cell Structure Efficiency Deposition  Jsc 2 Fill
(%) Method (mA/cm®) Factor
Ge (alloyed with ~ CZTS/Ge (followed

Vo(mV) Reference

CZTS) by Sulphurization) 10.7  Sputtering 21.0 63.70 800 [30]
. SLG/Mo/CZTS/Cds/ .
CdS+Salvia dye 7n0/AZ0 0.27  Sputtering  8.54 0.29 107.0 [31]
Atomic 736
ZnSnO SLG/Mo/CZTS/ZTO 9.3 Layer 21.00 65.8 [38]
Deposition
. Sputtering
cdsmio, — SLOMOCZTSITION 5 54 and 138 310 347 [37]
AZ0
Plasma
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4. Conclusion

This paper presented the synthesis of CZTS
thin films via the chemical spray pyrolysis
technique. The effects of annealing temperature
on the structural, optical, and electrical
properties of the synthesized films were studied
broadly. The results show the growth of the
wurzite crystal structure for CZTS thin film
annealed at higher temperatures. The largest
grain size and lowest microstructural strain were
obtained at 450 °C. SEM images showed that a
more homogenous and void-free surface was
obtained at 450 °C. The optical properties are
widely affected by variation in annealing
temperature. An increase in absorbance and a
decrease in transmittance with increasing
wavelength were observed at 450 °C, and a
bandgap closer to the ideal bandgap of 1.5 eV
was obtained. The CZTS thin film annealed at
450 °C indicated the lowest resistivity. A solar

cell was fabricated with ZnS as an n-type
partner, and a conversion efficiency of 0.12%
was achieved.
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Abstract: Tunnel field effect transistor (TFET) has attracted significant attention due to its
extremely low sub-threshold swing (SS) and leakage current. However, due to the
ambipolar effect and relatively low ON-current, researchers are modifying the structures
and selecting appropriate materials. In order to increase the ON-current, a highly dense thin
layer, source pocket (SP) is used, while a hetero-dielectric gate is used to reduce ambipolar
current. Hence, various characteristics, properties, and parameters of the source pocket half
hetero-dielectric double gate TFET (SP-HHD-DG-TFET) are studied by varying the SP
height (4, 6, and 8 nm) using the Silvaco TCAD simulator. The optimized SP height of
6 nm shows a current ratio (Igy/Iopr) and a sub-threshold swing (SS) to be 3.90 x 102
and 17.59 mV/decade, respectively. Hence, the optimized height and the model are
suggested to be useful for low-power and high-speed devices.

Keywords: Sub-threshold Swing (SS), Conductance, Source Pocket (SP), Tunneling, Off—

current, On-current, Tunnel field-effect transistor (TFET).

1. Introduction

The tunnel field effect transistor (TFET) is
replacing conventional MOSFET due to its small
sub-threshold swing (SS), less than 60 mV/
decade [1], and low leakage current. Hence, it
can be used for low-current and low-power
circuits [2]. However, a major disadvantage is
the ambipolar current effect, where the n-channel
TFET behaves as an ‘ON’ state instead of an
‘OFF’ state when a high negative gate bias
voltage is applied. Hence, it became difficult to
use TFETs in CMOS circuit applications. To
address this challenge, various techniques have
been explored, such as gate engineering, drain

engineering, and spacer/ energy-band
engineering.
The °‘OFF’ state tunneling current is

controlled by using an additional gate, called a
tunneling gate [3], in the gate engineering
technique. Alternatively, using an underlap gate-

drain (UGD) in TFETs [2, 4] allows control of
channel resistance near the drain channel current.
However, both techniques require an additional
gate or extra area near the drain. It limits the
scalability of the device [5-7]. These challenges
of scalability and tunneling current can be
overcome by drain engineering, which involves
using an undoped (UD) [5, 8, 9] or lightly doped
(LD) drain, or introducing a pocket near the
drain [10-13]. For instance, Dhiman et al
proposed a graded-doped (GD) drain TFET to
mitigate the ambipolar effect [14].

On the other hand, Lu et al. [15] mentioned
that due to the large and indirect bandgap of Si,
Si-TFETs suffer from unacceptably low ‘ON’-
state currents, below the levels recommended by
the International Technology Roadmap for
Semiconductors (ITRS) [16,17]. The low ‘ON’-
current limits the switching speed of the device.
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To overcome this, the use of Heterojunction
TFETs (HTFETs), formed by junctions between
III-V semiconductors and silicon, has been
suggested. For p-channel TFETs, the InAs/Si
HTFET has been proposed because of its lower
tunneling mass [18], which facilitates the direct
tunneling process [19]. The ‘ON’-state current
can be improved by inserting an ultra-thin
doping pocket at the junction between the
heavily doped source and the intrinsic channel
within the channel region [20, 21], as there will
be the formation of steeper energy band bending
and a reduction in the tunneling distance.

Energy-band  engineering, i.e., using
heterojunctions and the novel device structures
of source pocket (SP), as done in the drain
engineering, is used in a single device,
specifically the InAs/Si heterojunction. The use
of SP and junction, i.e., the hetero SP-TFET
(HSP-TFET), is proposed by Lu ef al. [15]. The
authors have done comparative studies with
traditional Si-TFETs and found that the proposed
InAs/Si  HSP-TFET significantly enhanced
device performance.

Instead of using a single gate oxides of Si/Hf,
horizontally stacked layers of high-k gate oxides
have been shown to enhance multiple device
characteristics. The decrease in the ambipolar
current, along with SS values to below 5
mV/decade, is found by using SP along with a
layer of high-k oxide materials in the gate [22].
Even the current switching ratio (Ign/Iopp) is
improved by varying the concentrations of
doping and the height of the SP. Wang proposes
that the hetero-gate-dielectric (HGD) and SP in a
DG TFET enhance I,y and reduce the ambipolar
current [23].

TABLE 1. Constant parameters used for simulation.

Sharma et al. showed that an SP of SiGe with
hetero  oxides  gives  Dbetter  electrical
characteristics compared to that of normal
TFETs, Si0,-gate oxide TFETs, high-k TFETs,
and hetero-dielectric SP TFETSs [24]. Kavindra et
al. [25] also showed that the performance of SP
hetero-dielectric double gate TFET (SP-HD-DG-
TFET) is found to be better in terms of I-V
characteristics, Igyn/Iorr, and SS compared with
hetero-dielectric double gate TFETs (HD-DG-
TFET), high-k TFETs, and conventional DG
TFETs.

Using Silvaco TCAD [26], various
characteristics of the SP-half hetero-dielectric
double gate TFET (SP-HHD- DG-TFET) were
studied by varying the SP height. The optimized
SP height significantly improves the device’s
properties, making it suitable for low-power,
high-speed applications.

2. Device Structure,
and Simulation Details

The 2D schematic diagram of the SP-HHD-
DG-TFET is shown in Fig. 1. The gate consists
of Si0:2 oxide in the half region near the n-doped
drain, while the other half—toward the heavily
p-doped source—uses hetero high-k dielectrics,
specifically HfO. and AlQOs. Since the gate
structure is present on both the top and bottom
sides of the channel, the device operates as a
double-gate structure, which enhances channel
controllability. The channel is composed of
intrinsic Si, and a single, highly doped GaAs SP
is introduced at the source—channel junction
within the channel region. The various physical
parameters used in the model are provided in
Fig. 1 and summarized in Table 1. All
simulations were performed using the Silvaco
TCAD tool [26].

Parameters,

Doping Concentration (cm™3)

p-type Source (ng) 1 x 1020
n-type Channel (n.) 1x 1017
n-type Drain (ng) 5x 1018
n-type SP (ngp) 7 x 1018
Dielectric Constant

Si0, 3.9

HfO, 25

Al,0, 8.5
Length of the SP (nm) 2.5
Work function of gate (eV) 4.2
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13 nm

12 nm

v

13 nm

FIG. 1. Schematic cross-sectional view of the SP-HHD-DG-TFET. The gate consists of Si0, ( 3 nm in height)
near the drain, and the other half with hetero-dielectrics of Hf 0,- Al,0; (1 and 2 nm in height, respectively) is
near the source. The p-type source and the n-type drain have concentrations of 1x10"20 cm”-3 and 5x10"18

cm”-3, respectively. n-type SP of GaAs and the channel of Si are with concentrations of 7 X 10'8cm

3 and

1 X 10Y7¢m™3, respectively.

3. Results and Discussion

The 2D simulated structure of SP-HHD-DG-
TFET is shown in Fig. 1. The doping
concentration of the heavily doped source p* of
20nmin length is 10%2°cm™3. The nearly
intrinsic  n-type channel has a doping
concentration of 107cm™2 and a length of
50 nm. The n —type doping concentration of SP
of GaAl (length 2.5 nm), positioned between the
source and the channel, is 7 x 108cm™3. The
n —type drain has a doping concentration of
5x10®cm™3 and a length of 20 nm. Work
functions of the front gate (Fgate) and back gate
(Bgate) are equal (4.2 eV). The gates are made
common in the circuit connection, and the work
function of the SP is 5.3eV. All constant
parameters are given in Table 1.

In order to optimize the performance of the
device, the Silvaco TCAD [26] simulator is used
to vary the height of the SP (4, 6, and 8 nm).
The obtained simulated characteristics and
properties, such as surface potential, electric
field intensity, band energy, and the I-V
characteristics, are given in Figs. 2, 3, 4, and 5,
respectively. The calculated physical parameters
of the simulation, such as Vtg, Ign, lorp,

(Ion/Iopp) ratio, SS, and trans-conductance
(gm), are given inTable 2.

The variation of surface potential along the
channel length at Vgg = Vpg = 1V is shown in
Fig. 2. A sharp increase in surface potential is
observed at the source—channel junction. This
enhancement occurs because the gate oxide near
the source consists of high-k dielectrics (HfO,
and Al,03), and the heavily doped SP further
strengthens the potential. Among the examined
SP heights (4 nm, 6 nm, and 8 nm), the
maximum surface potential is obtained for the
SP height of 6 nm, as illustrated in the inset of
Fig. 2.

In contrast, near and within the drain side of
the channel, the effect of SP height is
insignificant, and the surface potential remains
nearly constant. This indicates that the region
corresponds to the depletion or space-charge
region. Kavi et al. [25] also included the drain—
channel depletion region in their modeling to
achieve accurate device representation in this
area.

The electric field distribution, shown in Fig.
3, exhibits a strong peak at the source—channel
interface. This is attributed to the high charge
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carrier density in the source region as well as in
the SP. The presence of high-k hetero-dielectrics
(HfO2 and ALOs) at the gate near the source
further contributes to the enhanced electric field.
The maximum value at the sharp peak of the
electric field is due to the presence of more
charge for the SP of 8 nm in height. This peak
indicates an increased number of charge carriers
tunneling through the junction.

Figure 4 shows the state at Vgg = Vpg =1V,
i.e., at the ‘ON’ state. It is known that with n-
type and p-type doping, the conduction band

energy level decreases and the valence band
level increases, respectively, i.e., the Fermi level
moves towards the conduction and valence band.
Under the unbiased condition, the energy band is
not sharp, representing the ‘OFF’ state. The
energy gap increases due to the reverse biasing
and becomes sharp, i.c., the higher level of the
conduction band energy and the lower level of
the valence band energy at the source and drain
sides, respectively. will come very close to each
other at the channel region due to the band
bending. It can be seen in the inset of Fig. 4.
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) / /Pocket height: 4 nm

h Pocket height: 8 nm
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FIG. 2. Surface potential versus the position along the channel for SP heights of 4, 6, and 8 nm at Vg = Vg =
1 V. The inset view highlights the difference in the characteristics.

492



Optimization of Source Pocket Height on Source Pocket Half Hetero Dielectric Double Gate TFETs (SP-HHD-DG-TFET)

Electric field (MV/m)
N

Source .

pocket height: 8 nm
,pocket height: 6 nm

Vae=1V
GS ,/ pocket '
Vpg=1V : ./ height: :
LN/ 4nm

Channel :

Drain

0.00

0.04
Position along the channel length (um)

0.08

FIG. 3. Electric field versus the position along the channel length for SP heights of 4, 6, and 8 nm at Vg =
Vps=1V.
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FIG. 4. Band Energy variation versus the position along the channel length for SP heights of 4, 6, and 8 nm at
Ves =Vps =1V.

At Vgs =0, the width of the tunneling
channel and the height of the energy band are
functions of the doping concentrations. Hence,
electrons do not have enough energy to move
from the valence band to the conduction band.
Whereas, as Vgs increases, both the CB and the
VB energy differences increase, as is the
condition of —ve biasing/reverse bias. Figure 4
shows the energy band diagram under the
condition Vgg = Vpg = 1 V. where the energy

varies along the effective channel length. With
an increase in the gate voltage, more band
bending takes place, i.e., the conduction band of
the source and valence band of the channel/drain
are increased and become sharper, causing a
reduction in tunneling length, facilitating faster
carrier movement in opposite directions across
the source—channel junction, resulting in a higher
drain current. At Vpg > Vry, the electrons move
from the valence band to the conduction band as
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they have sufficient energy to tunnel. The inter-
band tunneling is also due to the bands
approaching each other, i.e., the narrowing of the
effective length of the channel, corresponding to
the ON-state condition. With an increase in the
gate voltage, the current increases, as shown in
Fig. 5. The inset view of Fig. 4 also shows the
maximum narrowing of the effective channel
length at Vgg = Vpsg = 1V, causing such an
effect. For the tunneling of the electron from the
source to the drain via the channel region, the
non-local band-to-band tunnel (BTBT) model is
used [14, 27, 28]. Kavi et al. mentioned that to
recombine the electron-hole pair during
conduction through the channel, the Auger
recombination and Shockley-Read-Hall
recombination models are also used [22]. In

incorporate the effect of doping, electric field,
and concentration [22]. Due to the high
concentration of doping in the source and drain,
compared to that of the channel, the band gap
narrowing (BGN) model is incorporated [29,
30]. Collectively, these physical models are
included in the simulation to accurately describe
the current tunneling phenomena.

The wvariation of drain current versus
reverse/back gate voltage for pocket heights
ranging from 4to 8 nm is given in Fig. 5 at
Vps =1V. The drain current for the 8 nm
pocket height is slightly higher than that for the
rest of the heights, which is expected due to the
availability of a larger number of carriers as the
SP is heavily doped.

addition, the Lombardi model is used to

1
B
?;L Pocket height: 8 nm
= 1E-4 — — Pocket height: 6 nm
S —-— Pocket height: 4 nm
3 Vps=1V
=
‘s 1E-8
a

1E-12 T T T
0.0 0.4 0.8

Bgate voltage (V)

FIG. 5. Variation of drain current versus backward gate (Bgate) voltage for SP heights of 4, 6, and 8 nm at
Vps=1V.

TABLE 2. Physical parameters obtained by simulation with the height of the SP.

Height of the SP (nm)

S.N. Parameters 8 6 )
1. Vru (V) 0.3465 0.3446 0.3445
2. Ion (A/um) 5.20 X 107> 455 x 107° 431 x107°
3. Iopr (A/um) 1.78 x 10717 1.17 x 10717 1.48 x 10717
4. Ion/ToFF 2.93 x 1012 3.90 x 1012 2.91 x 102
5. Sub-threshold slope 53.62 56.85 54.31
6. SS (mV/decade) 18.35 17.59 18.41
7. gm (Siemen) 3.39X10* 2.93 x 107* 2.77 x 10~*
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The threshold voltage (V) does not vary
significantly with the change in pocket height.
Ion decreases with a decrease in the height of the
SP, whereas the Igpg decreases and then
increases with the height of the SP. However, the
current ratio is found to be maximum for the
6 nm height, with a value of 3.90 X 10'2. The
current ratio is close to the p-channel SP-HD-
DG-TFET, reported at 4.4 x 1012 by Kavi et al.
[25]. The SS for the 6nm SP height is
17.59 mV/decade and found to be the
minimum when compared to that of the other
heights. The trans-conductance g, for the height
is also found to be lowest, i.e., 2.93 x 107%S.
So, the optimized height of the SP is expected to
be appropriate for a low-power consumption
application.

4. Conclusions

Due to the importance of using a SP along
with the hetero-dielectrics of high-k materials in
a DG-TFET, various electrical characteristics,
such as surface potential, electrical energy,

bandgap energy, and I-V characteristics, are
studied using Silvaco TCAD simulation
software.

The calculations of threshold voltage, ON and
OFF currents, current ratio, SS, and
transconductance are also done.

The variation of such properties and
parameters due to the height of the SP on the SP-
HHD-DG-TFET is studied/obtained. The SP
with the height of 6 nm is found to have the
highest current ratio (Ign/Iorr) and the lowest
SS. Hence, the optimized height of 6 nm is
recommended for low-power and high-frequency
applications.
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Abstract: The objective of the study is to reuse the waste materials generated from daily
household activities, as well as food and mining industries, and to determine the radiation
shielding capabilities of materials produced from these wastes. In this context, four groups
of waste samples were prepared using various combinations of waste glass, agricultural
wastes, and mining wastes, including tea waste, eggshell waste, peanut shell waste, tincal
waste, Bayburt stone waste, and green clay, mixed in different ratios. The effects of adding
Ta and W to these waste-based composites on their shielding performance were also
examined. The Phy-X/PSD, a widely used code, was applied to calculate the radiation
protection parameters. In addition, spectroscopic results were provided based on X-ray
diffraction (XRD), electron paramagnetic resonance (EPR), scanning electron microscopy
(SEM), and energy dispersive spectroscopy techniques. The results of the shielding
parameter analysis revealed that all prepared samples exhibited radiation shielding
capability, with the second and third samples showing superior performance. The highest
mass attenuation cross-section value at 0.015 MeV was observed for sample B3
(comprising waste glass, Bayburt stone waste, eggshell waste, and tungsten), measured at
34.960 cm’g”’, while the lowest value was found for sample X1 (comprising waste glass,
tincal waste, and green clay), measured at 7.704 cm’g™. A clear relationship was observed
between the content of tantalum, tungsten, and eggshell waste and the radiation protection
capacities of the samples. It can also be noted that the neutron shielding abilities of the
samples were found to be consistent with their photon shielding properties. For sample B3,
the a-W main phase at ~40° exhibited a crystallite size of 41.51 nm, suggesting that
structures with larger crystallite sizes demonstrate better shielding performance. Overall, it
can be concluded that the newly developed waste-based composites show promising
radiation protection characteristics. Their use as alternative materials in place of cement,
aggregate, or concrete can be recommended to promote recycling and sustainable material
reuse.

Keywords: Waste glass, Waste types, Phy-X/PSD, Radiation shielding capability.
PACS: 28.41.Qb, 91.62.Rt.

1. Introduction

The use of complementary cementitious
materials (CCMs) to partially replace cement in
concrete has recently become a widely adopted
approach to mitigate the negative environmental
impacts of industrial activities. Various

industrial by-products have been successfully
used as CCMs [1, 2]. The addition of the
materials into cement can improve the durability,
strength, and workability of concrete while also
offering economic benefits [3]. Among these by-
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products, waste glass has emerged as a candidate
for use as a CCM. Waste glass has become a
bigger problem as consumption increases with
the increasing population all over the world.
Implementing and increasing technologies for
waste recycling and reuse has become a global
need to focus on. Although recycling
technologies are used, a high amount of waste
glass is still awaiting evaluation [4]. As seen in
several studies, waste glass is thought to be
suitable for use as aggregate based on its
characteristics and chemical composition similar
to conventional CCMs [5-8]. It was reported by
Kim et al. [5] that incorporating waste glass
enhances the durability and radiation shielding
performance of mortar. Binici et al. [6] studied
the effect of eggshells on radiation shielding
efficiency and concluded that their inclusion
improved the protective capacity of the samples.
Given its abundance and low cost, waste glass
can also serve as a practical replacement for
cement in concrete production [9, 10]. Taha and
Nouna [10] examined the use of recycled glass
in concrete as both sand and pozzolanic powder
and stated that there is not much difference in
compressive strength of concrete with the
presence of recycled glass sand as sand
replacement.

Although concrete possesses many favorable
properties, it also has certain drawbacks, such as
a lack of optical transparency and a reduction in
mechanical strength when exposed to radiation.
In this context, glass is a type of radiation shield
material that can be an alternative to concrete
due to its optical transparency, ease of
manufacturing, non-toxicity, low cost, and
physical and chemical properties. Radiation
protection properties can be changed and
improved by adding different materials to the
glass. Soda-lime-silica (SLS) glass is a type of
glass used generally in glass containers or
window glass, such as bottles and jars, and is
often employed as an alternative SiO, source.
SLS glass typically appears in green or brown
colors and contains elements such as Si, Na, Ca,
Mg, Al and Fe. In addition, waste materials rich
in silica and calcium—such as eggshells, peanut
shells, tincal waste, Bayburt stone waste, and
different types of clay—can be reused to
minimize environmental impact and provide
economic benefits [11].

Cement production, on the other hand, is
energy-intensive, costly, and associated with
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significant CO: emissions. Therefore, limestone-
based materials can serve as effective fillers in
concrete, among which eggshells are a viable
option [12]. Other industrial waste materials,
including tincal waste [13], Bayburt stone waste
[14], and clay types [12], possess good refractory
properties and can be recycled or repurposed as
building  materials. = Furthermore,  waste
composites can be doped with heavy elements or
oxides such as W, Ta, and WOs to enhance their
radiation shielding capabilities [15, 16].
Materials containing tungsten (W) and tantalum
(Ta) are characterized by a superior shielding
effect due to the high atomic number and high
density properties of W (Z:74, p:19.3) and Ta
(Z:73, p:16.67) [16]. W and Ta are considered
effective and non-toxic alternatives to lead,
offering additional advantages such as high
melting points, low neutron activation, and
superior thermal conductivity. Moreover, Ta
doping contributes to improved tensile strength
at elevated temperatures [16].

Although radiation offers numerous benefits
and is widely used in fields such as science,
industry, agriculture, energy, medicine, and
radiology, prolonged or excessive exposure can
lead to serious short- and long-term health
problems for individuals who work in or receive
services from these sectors. Consequently,
protection against the harmful effects of
radiation on all forms of living organisms has
become an increasingly important research
focus. Recent studies have concentrated on
developing shielding materials with enhanced
radiation  absorption capabilities.  Various
materials, such as glass, rock, composites, thin
films, polymers, and concrete, have been
investigated for this purpose, particularly those
that are novel, non-toxic, cost-effective, and
lightweight [4-6, 16-21]. Eid et al. [4]
investigated the effects of adding waste glass
into cement to evaluate its radiation shielding
properties and found that this approach not only
improves shielding performance but also
supports waste reuse. Aygun ef al. [18] reported
good radiation protection performance for green
and red clays reinforced with waste tire and
marble dust residues. Elsafi et al. [19] studied
the radiation shielding properties of a newly
developed eco-friendly epoxy composite
containing waste marble and WO3, and stated
that it exhibited superior radiation protection
compared to other polymers. Effective radiation-
shielding materials can be developed by
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optimizing parameters such as attenuation
capability, environmental friendliness, and
sustainability, aiming to reduce both radiation
exposure and environmental pollution.

The minimization and recycling of waste
materials are fundamental aspects of an effective
waste management strategy. The protection of
natural resources, diminishing the necessity for
raw materials to manufacture new products,
reducing environmental pollution, providing
opportunities for new employment, and
decreasing energy consumption are some of the
advantages of preferring waste materials. In this
context, the motivation of the study is to produce
materials with strong radiation shielding
performance using waste glass and other types of
waste generated from daily household activities
and various industries. Accordingly, the
exposure and energy absorption buildup factors
(EBF and EABF), linear attenuation coefficients
(LAC), mass attenuation coefficients (MAC),
effective atomic number (Z_eff), mean free path
(MFP), half-value layer (HVL), and fast neutron
removal cross-section (FNRCS), i.e. the key
shielding parameters, were calculated for
samples containing different proportions of
waste glass (WQ), green clay (GC), peanut shell
waste (PSW), waste tea (WT), eggshell waste
(ESW), tincal waste (TW), and Bayburt stone
waste (BSW) using the Phy-X/PSD code [22].
The prepared samples were also analyzed by
spectroscopic techniques, as well as their
shielding abilities. X-ray diffraction (XRD) was
performed to ascertain the crystalline phases or
amorphous structure of the samples. Electron
paramagnetic resonance (EPR) was used to
investigate the magnetic features of the systems
by applying a microwave frequency and an
external magnetic field. Scanning electron
microscopy (SEM) provided information on
surface morphology, while energy-dispersive

spectroscopy (EDS) was used to determine
elemental composition.

The development of non-toxic and effective
materials is a requirement of effective radiation
protection. While meeting this requirement, it is
desirable that such materials are environmentally
friendly and contribute to reducing pollution. For
this purpose, this study demonstrates that waste
materials generated both in households and in
the food and beverage industry can be
repurposed as substitutes for cement, aggregate,
or concrete, offering promising protective
properties. By investigating newly developed
waste-based materials, this work provides
valuable insights into the potential reuse of waste
glass and other types of waste as effective
radiation shielding materials.

2. Materials and Methods
2.1. Sample Preparation

Four kinds of samples were produced and
designated as the S group (S1, S2, S3), B group
(B1, B2, B3), A group (Al, A2, A3), and X
group (X1, X2, X3). The waste components used
in the samples included waste glass (WQ), green
clay (GC), peanut shell waste (PSW), waste tea
(WT), eggshell waste (ESW), tincal waste (TW),
and Bayburt stone waste (BSW). The
proportions of these components in each sample
group are presented in Table 1. Initially, the
waste glass and other waste materials were
ground into fine powders, measured in specified
quantities, and placed in porcelain crucibles. The
mixtures were then melted in a furnace at 1100
°C for 2 hours, followed by heat treatment at 500
°C for 3 hours. Finally, the furnace was turned
off, and the glass samples were allowed to cool
naturally to room temperature. The resulting
glass samples were subsequently crushed and
prepared for experimental analysis. The sample
preparation procedure is demonstrated in Fig. 1.
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FIG. 1. Procedure of sample preparation.

TABLE 1. Compositional rate of the prepared samples.

Sgroup WG (%) ESW (%) PSW (%) Ta(%) W (%)
S1 80 10 10 - -
S2 70 10 10 10 -
S3 75 10 10 - 5

B group WG BSW ESW Ta \W
Bl 80 10 10 - -
B2 70 10 10 10 -
B3 75 10 10 - 5

A group WG ESW WT Ta W
Al 90 5 5 - -
A2 90 4 4 2 -
A3 90 4.5 4.5 - 1

X group WG ™ GC Ta w
X1 90 5 5 - -
X2 90 4 4 2 -
X3 90 4.5 4.5 - 1

2.2. Experimental Techniques in Fig. 1 were used in all experimental
techniques.

Room temperature EPR spectra were taken
by X-band JEOL JESFA300 EPR spectrometer
operating at = 9.2 GHz frequency with a 100
kHz (0.0002-2mT) magnetic field modulation
amplitude. A 4 mm diamagnetic tube was used
for the EPR experiment. XRD patterns were
taken by BRUKER D8 ADVANCE XRD. XRD
results of the samples were recorded with
2.5°/min (40 kV and 40 mA) scanning speed in
the range of 20 = 10°-90° by Cu-Ka (A =
1.54060 A) at room temperature. SEM images
were recorded by ZEISS EVO LS10. EDS was
performed with a JEOL JSM-6610 spectrometer
at room temperature. Powder samples illustrated
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2.3. Theoretical Process

The calculation of radiation shielding
parameters using the Phy-X/PSD code begins by
entering the material composition, which can be
defined either in terms of weight fraction or
mole fraction. For the determination of the
attenuation parameters, material density (g/cm’)
is also necessary. The obtained results are
supplied in an MS Excel file. For detailed
information on the Phy-X/PSD code and the
attenuation parameters, readers are referred to
the work of Sakar et al. [22].
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The rule of mixtures was used to determine
the density (pmix) of the samples [23]:
Yitq cidi
Pmix = Z?:ici“‘i (1)
P

where ¢;, A; and p; are the atomic weight of
element iy atomic fraction, and density,
respectively.

The MAC can be determined based on the
Beer—Lambert law as:

I =Ie H )
tm === In(lo/D)/pt = In(lo/D)/tm 3)

where t,, (g/cm?), t (cm), x(cm ™), and w,(cm?*/g)
are the sample mass thickness, thickness (the
mass per unit area), LAC, and MAC,
respectively.

The MAC for any compound can also be
found by the following equation [24]:

u/p = X;w; (u/p); 4)

where (u/p);and w; are the MAC of the ith
constituent element and the weight fraction,
respectively.

The HVL is the thickness of the material
required to halve the amount of incident
radiation, and the MFP is the distance traveled
by a photon between two consecutive collisions.
The MFP and HVL can be determined by the
formulas [22]

1
MFP =~ (5)
HVL = % (6)

The atomic cross-section (ACS), the potential
for interaction between atoms within a given
volume of any given material, (o.), can be
calculated as:

N

ACS = 0, = 3= (4/p) )
A

The electronic cross section (ECS),

representing the probability of interaction

between photons and electrons, is given by:
Oq

Zeff

ECS =0, = ®)

In the analysis of compounds composed of
multiple elements, the atomic number of the
resulting compound is designated as Zes. Zefr is
found with the help of Egs. (7) and (8) as:

Oq

Zepy =% 9)

The EBF and EABF can be calculated using
the formulas provided in Refs. [25, 26]. The
geometric progression (G-P) fitting parameters
can be obtained from Ref. [27] and used in Eq.
(11). EBF and EABF can be obtained using Eq.
(12) or (13) by determining K(E,x) from Eq.
(14), where a, b, ¢, d, and X, are the exposure G-
P fitting parameters, and x is thickness in mean
free path (mfp). The ratio (R) of the Compton
partial mass attenuation coefficient (MAC) to the
total MAC can be determined for the material at
a given photon energy. R; and R, denote the
(M)compton/(MM)Toral Tatios of these two adjacent
elements with atomic numbers Z; and Z,. F; and
F, are the corresponding G-P fitting parameters
for these elements at a specific energy. X and E
indicate the depth of penetration and the initial
energy of the photon, respectively. The
combination of K (E, X) and X represents the
photon multiplication dose and defines the
spectral shape [22].

__ Z1(logRy—1ogR)+Z,(logR—1logR,)

Zeq - logR,—logR, (10)
F= Fl(logZZ—logZeq)+F2 (logZeq—logZy) (1 1)
logZ,—logZ,
B(E,x) =1+ &RED g kg (12)
(K-1)
B(E,x) =1+ (b— 1)x for K =1 (13)
tanh(xi—z)—tanh(—z)
— . a k
K(E,x) = cx* +d T h2)
for x <40 mfp (14)

The FNRCS (3 R) values of the compounds
are defined by the following equation [22]:

SR =R/, (15)

where p; and (Z R/ p)i are the mass RCS and

partial density of the compound of the i"
constituent element, respectively.

The crystallite size is calculated by the
diffraction pattern depending on the full width
half height (FWHM) and the Debye-Scherrer
equation [28]. Here, f is the FWHM in radians,
K is the Scherrer's constant (= 0.9), d is the
average size of the crystalline, A is the X-ray
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wavelength, and @ is the Bragg angle in degrees
[16]:

kA
d = LcosO (16)

3. Results and Discussion
3.1. EDS and SEM Analysis

The SEM images of the samples are given in
Fig. 2. If the micrographs obtained from the
surfaces of the samples are studied, smooth
surfaces with some microcrystallites are seen.
From the micrographs of the samples with Ta
and W additions, the structures represent o-Ta,
B-Ta, and o-W structures. It is obvious that Ta
and W, due to their high melting points and
densities, gather in some locations and thus
affect the homogeneous structure of the samples.

The EDS spectra are given in Figs. 3-6, and
the weight % ratios of the elements obtained
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from these spectra are given in Table 2. It is
understood from both the mapping images and
the EDS analyses that the most homogeneous
structure is in the A and X samples. EDS
analysis results were found to be consistent
except for the B3 and X3 samples for the W
amount. As a result of selecting a certain area for
measurement during EDS mapping analysis, the
area in question is not completely homogeneous,
and W shows the feature of clumping during the
melting process of the material. Since Ta and W
possess considerably higher melting points than
the other constituent elements, their incomplete
dissolution during the casting process can lead to
compositional inhomogeneities. Consequently,
the EDS results for Ta and W show acceptable
but slightly different values from the nominal
casting ratios, likely due to limited solubility and
uneven element distribution.
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FIG. 5. The results of EDS for the A group samples.
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TABLE 2. EDS results of the samples determined in the SEM images.

T T
z 10 12 1®

samples.

-

Sampless O C Ca K Si Na Fe Ti Mg S P Al B N Mn Ta W Density
S1  45.10 1.21 10.86 0.33 24.37 5.53 0.37 - 0.56 506 - 0.71 - 577 0.14 - - 1.645
S2  48.60 2.05 22.82 0.14 1.03 3.52 023 - 090 085 - 120 - 6490221194 - 2567
S3  39.27 1.12 11.02 0.39 19.26 9.78 0.29 - 1.38 283 - 123 - 3.120.16 - 10.14 2.566
Bl 4259 1.11 14.38 0.24 23.68 6.06 0.35 - 0.68 572 - 0.84 - 418 0.17 - - 1647
B2 51.68 1.84 1045 0.28 5.00 9.55 021 - 120095 - 136 - 4.600.12 1276 -  2.695
B3 34.552.01 991 0.3513.61 581 025 - 0.78 618 - 093 - 516 0.13 - 2033 3.722
Al 4430 1.62 845 0.24 23.83 6.27 042 0.13 1.26 - 11.6 132 - 025030 - - 1678
A2 35314982922 0.1 7.54 0.47 0.38 0.08 0.54 - 791 0.58 - - 0121187 - 2611
A3 36.86 1.01 8.02 0.43 24.54 11.63 0.25 0.06 2.27 - 578 1.68 - 0.01 0.10 - 736 2.321
X1 38.99 1.24 8.47 0.34 22.36 6.28 0.35 - 1.09 1.74 8.01 1.07 6.06 3.89 0.14 - - 1.664
X2 27.04 093 9.35 0.39 21.37 6.94 0.28 - 1.21 2.05 998 1.18 1.59 4.12 0.14 1342 -  2.939
X3 20.80 1.10 8.29 0.57 23.16 5.27 0.40 - 0.96 2.87 11.81 0.90 3.15 4.15 0.18 - 16.39 3.384
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3.2. XRD Analysis

The room-temperature XRD patterns are
displayed in Fig. 7. The observed diffraction
peaks were evaluated by the literature [16, 29-
34]. The X-ray analyses of the S and B groups
reveal similar properties and the presence of a-
Ta, B-Ta, a-W, calcite, and ferrite main phase
peaks. The S2 and B2 samples, which were

produced with Ta addition, exhibit dominant a-
Ta and B-Ta. The S3 and B3 samples produced
by W addition give the a-W main phase. It is
observed that the A and X groups show more
amorphous structure in XRD patterns. In the S
and B group samples, both amorphous and
crystalline features are determined.

o] .
o0 . 1 S2 *—=33 a-Ta(110) v S0 * —B1-—B2 —B3 g?lme S
- B-Ta(200) # 5 4
a-Ta(200) < 800 i
=1 10 0-Ta(002) £ _ 700 " CaWOs A
% 600 - E 600 | Fe203 ¢
@ > Fes0s4 &
S 500 - £ 500 4
5 g
— 400+ T 400 -
300 leg; Av i ) <)f ) 300
200 ¥ v WV oy, 2o |
ool “WWMWW 100 4
0 . : . . — . . : - - : .
20 30 40 50 60 70 80 90 0 20 30 40 50 60 70 80 90
26 (Degree) 26 (Degree)
800 800
700 —A1 A2 —A3 700 —X1 X2 —X3
600
= = 500
s i} 'fh’
z Z 400 ‘h
@ @
c S ‘
[ D
IS £ 300
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50
26 (Degree)
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26 (Degree)
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FIG. 7. XRD patterns of the samples.

The presence of the a-Ta main phase at = 36°,
seen in the X-ray spectra of the S2 and B2,
corresponds to a crystallite size of 20.42 nm for
£ = 0.428. In the S3 and B3 samples, the a-W
main phase at = 40° has a crystallite size of
41.51 nm for f = 0.213. The crystallite size of
the other main phase at = 29° assigned to calcite
is 27.46 nm for £ = 0.318.

The relationship between crystallite size and
grain size suggests that variations in crystallite
size directly influence grain size. Consistently,
the B3, which exhibits the largest crystal size
among the samples, as determined by SEM
images, also shows the largest grain size in SEM
images. This correlation confirms that the
calculated crystallite sizes align well with the
grain size observations from SEM analysis.

3.3. EPR Study

EPR is a method used to detect paramagnetic
centers in materials under the influence of an
external magnetic field. The EPR resonance
condition is expressed by the equation hv = gfH,
with g-value, where P is the Bohr magneton, H is
the magnetic field, h is Planck’s constant, and v
is the microwave frequency. This equation is
used for the determination of the values. In EPR
spectra, centers can originate from both
crystalline and glassy regions of the material.
The g-factor characterizes the paramagnetic
center by indicating the effect of the local
magnetic field on unpaired electrons; hence, it
provides information about the orbital nature of
these electrons and the type of paramagnetic
center present [35]. The room-temperature EPR
spectrum common to all samples is shown in
Fig. 8. Fe” ions or high-spin isolated Fe"* in the
structure are determined with a g value of =~ 4.21
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for the samples [36]. The line was observed to be
similar for all the studied samples; therefore, the
spectrum of S3 is shown in Fig. 8. In general, it
is expected to observe six hyperfine lines of
Mn™ in the EPR spectrum, but in this study, a
broad EPR signal with a g-value of = 1.996,

Fet3
4.21

/

Intensity (a.u.)

which can be assigned to Mnt+2 (I = 5/2) was
observed. This broad signal can be the result of
the random and close localization of Mn ions
and their dipole-dipole or exchange interactions
[37].

3000 G

Mn+2
1.996

500 G » H

Magnetic field (Gauss)
FIG. 8. EPR spectrum of the sample S3.

3.4. Radiation Protection Analysis

The Phy-X/PSD code was used to calculate
radiation attenuation parameters based on the
chemical compositions (w%) of the samples
determined by EDS (Table 2). The variation of
MAC with photon energy (1 keV-100 GeV) is
shown in Fig. 9(a). The behavior in low,
medium, and high energy regions corresponds to
the photoelectric effect (PE), Compton scattering
(CS), and pair production (PP), respectively,
which influence the observed changes in MAC.
To validate the results, XCom [38] calculations
were also performed, showing good agreement
with the Phy-X/PSD values. The MAC values at
representative low, medium, and high energies
calculated by both methods are listed in Table 3.
The LAC values changed with photon energies
(1keV-100GeV), as demonstrated in Fig. 9(b).
Since LAC depends on the material density and
MAC, the LAC values of all samples are
observed to be similar across the energy range.
Additionally, the samples” MAC results were
compared with previously reported values for
ordinary concrete (OC) [39] and cement [40], as
shown in Fig. 9(c). At low photon energies, the
MAC values (and consequently the shielding
efficiencies) of the samples can be ordered as
follows: B3 >X3 > A2>X2>S82>B2>S3>
A3 > Cement > B1 > Al > S1 > X1 > OC. At
high photon energies, the shielding efficiency
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ranking of the samples is as follows: B3 > X3 >
A2 >X2>S2>B2>Cement > A3 >S3 > Bl >
Al >S1> X1 > OC. Among the samples with W
addition, the B and X groups exhibit higher
shielding performance, while among the samples
with Ta addition, the A and X groups show
better protection. Interestingly, the B and A
samples without Ta or W also demonstrate
higher shielding efficiency than the remaining
samples. Across all energy ranges, a common
observation is that all prepared samples
outperform OC in radiation protection.

The variations of mean free path (MFP) and
half-value layer (HVL) with photon energy are
shown in Fig. 10(a)-10(b). Materials with lower
HVL and MFP values are considered better
shields. The B3 sample exhibits the lowest MFP
and HVL values, indicating the highest shielding
potential, while the X1 sample shows the highest
MFP and HVL values. Based on HVL values,
the order of shielding efficiency for all samples
is: B3>X3>X2>A2>S2>B2>S3>A3>
Al > Bl > S1 > X]1. The radiation shielding
capabilities of the samples were also compared
with OC and cement (Fig. 10c). It is evident that
samples numbered two and three consistently
have lower HVL values than OC and cement,
whereas the first-numbered samples exhibit
lower shielding efficiency than these
conventional materials.
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FIG. 9. The dependence of (a) MAC, (b) LAC, and (¢) comparison of MAC values with OC and cement on
photon energies.
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TABLE 3. MAC values of the samples obtained by Phy-X/PSD and XCom for some energies.

1.5x10°  1.5x10° 1.5x10" 1.5x10° 1.5x10" 1.5x10° 1.5x10°
MeV) MeV) MeV) MeV) MeV) MeV) (MeV)
S1 Phy-x/PSD 1351.6 8.164 0.143 0.052 0.021  0.025  0.029
S1 Xcom 1351.0 8.163 0.143 0.052 0.021  0.025  0.029
S2 Phy-x/PSD 1597.6 24.62 0.310 0.052 0.025  0.033  0.038
S2 Xcom 1508.0 23.41 0.300 0.052 0.025  0.032  0.038
S3 Phy-x/PSD 1523.1 21.52 0.288 0.051 0.025  0.032  0.037
S3 Xcom 1526.0 21.57 0.288 0.051 0.025  0.032  0.037
B1 Phy-x/PSD 1378.1 9.201 0.144 0.052 0.022  0.025  0.029
B1 Xcom 1378.0 9.201 0.144 0.052 0.022  0.025  0.029
B2 Phy-x/PSD 1650.0 22.78 0.318 0.051 0.025  0.032  0.037
B2 Xcom 1650.0 22.78 0.320 0.051 0.025  0.032  0.037
B3 Phy-x/PSD 1471.3 34.96 0.435 0.051 0.028  0.039  0.045
B3 Xcom 1471.0 34.96 0.435 0.051 0.028  0.039  0.045
Al Phy-x/PSD  1333.9 8.224 0.142 0.051 0.021  0.025  0.029
Al Xcom 1334.0 8.225 0.142 0.051 0.021  0.025  0.029
A2 Phy-x/PSD  1447.8 27.54 0.312 0.051 0.026  0.035  0.041
A2 Xcom 1448.0 27.54 0.312 0.051 0.026  0.035  0.041
A3 Phy-x/PSD  1493.7 17.69 0.248 0.051 0.024  0.030  0.035
A3 Xcom 1494.0 17.69 0.025 0.051 0.024  0.030  0.035
X1 Phy-x/PSD  1278.8 7.704 0.141 0.051 0.021  0.024  0.028
X1 Xcom 1278.0 7.702 0.141 0.051 0.021  0.024  0.028
X2 Phy-x/PSD  1335.6 25.89 0.329 0.051 0.026  0.035  0.040
X2 Xcom 1336.0 25.91 0.329 0.051 0.026  0.035  0.040
X3 Phy-x/PSD  1260.8 30.83 0.379 0.051 0.027  0.037  0.043
X3 Xcom 1261.0 30.83 0.379 0.051 0.027  0.037  0.043

The variation of Z.r values versus photon
energy is shown in Fig. 11. In the low-energy
region, due to the PE cross-section (Z*), the Z.
values are the highest. In the mid-energy region,
based on the change of CS cross-section (E~7), a
rapid decrease is determined. In the high-energy
region, because of the variation of the PP cross-
section (Z%), the values increase slightly and then
remain constant [41]. The Zgvalues are affected
by the presence of elements with different
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N ]
25+
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atomic numbers within the material. Since Z.s is
the atomic number of the material, including
more than one element, structures with large
atomic number differences cause fluctuations.
Samples numbered two and three, which contain
Ta and W, show the highest Z.s values and the
most pronounced fluctuations. Consequently, B3
and X3 exhibit the highest shielding
performance, while S1 and X1 show the lowest,
based on Z.s values.
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FIG. 11. The dependence of Z.¢ on photon energies.
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The EABEF is the buildup factor related to the
energy absorbed or deposited in the interacting
material. On the other hand, EBF is another type
of buildup factor in which there is an exposure to
interacting material. The dependence of EBF and
EABF on photon energies is illustrated in Figs.
12-13. In the low-energy region, EBF and EABF
have lower values based on the PE, whereas in
the mid-energy region, they have their highest
values based on CS due to the scattered large
number of photons. In the high-energy region,
the PP effect causes strong photon absorption,
and EBF and EABF decrease [41]. According to
the obtained EBF and EABF values, the photons
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« 1mb

R 81 ), ——2mty n
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cluster relatively higher in X1 and Al samples
and lower in B3 and X3. Therefore, it is noted
that the CS process is dominantly seen for X1
and Al samples.

The samples’ fast neutron shielding
capabilities were also established by Phy-
X/PSD, and the cross-sections are given in Fig.
14. As seen in the figure, the highest neutron
attenuation is achieved for B3 and X3, the lowest
attenuation is for B1, S1, and Al. It can also be
concluded that FNRCS values of B3 and X3 are
better than that those of the previously reported
OC.
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4, Conclusion

The motivation of this study was to produce
alternative materials by reusing waste, aiming to
achieve higher RSC. In accordance with this
purpose, RSC and structural features of the
waste samples were determined by Phy-X/PSD
code and spectroscopic techniques. The EPR
spectra revealed a signal with a g-value of 4.21,
which is assigned to the ferric center. Using the
Debye-Scherrer equation, crystallite sizes of the
main phases were calculated based on the XRD
spectra. Both EDS analysis and elemental
mapping indicate that the A and X groups
exhibit the most homogeneous structures. Based
on the computational results of radiation
shielding parameters, it is noteworthy to
emphasize that the existence of heavy metal Ta
and W contents with higher atomic number in
the sample advances the RSCs of the material.
The addition of Ta and W to the samples can
also improve the mechanical features, such as
tensile strength and durability of the materials. In
addition, it can be said that the neutron
attenuation capacity of B3 and X3 is the highest,
similar to their photon attenuation capacity.
Among the samples numbered one, Bl has the
highest RSC, and X1 has the lowest. X2 is the
most effective shield, and B2 the least among the
samples numbered two. RSC of B3 is the
highest, while that of A3 is the lowest within the
samples numbered three. Overall, all designed
waste-based samples show promise as novel
radiation shielding materials. Future studies
focusing on mechanical properties, such as
elasticity and tensile strength through
measurements of Young’s modulus or Poisson’s
ratio, would provide additional valuable insights
into the applicability of these materials.
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Abstract: In this study, we focused on investigating the electrical transport processes
within the three-dimensional "’Ge:Ga system at low temperatures, ranging from 0.05 K to
0.25 K, in the absence of a magnetic field. Our analysis specifically targeted the insulating
side of the metal-insulator transition (MIT). The five samples studied had Ga
concentrations n ranging from 1.753 10" to 1.844 10" cm™. We established that the
temperature T dependence of the electrical conductivity follows the Efros-Shklovskii
variable range hopping (ES-VRH) mechanism between the localized states located around
the Fermi level (Er). This behavior indicates that the density of states (DOS) is canceled
very close to the Ef, the formation of a soft Coulomb gap (CG) near Eg. Notably, we did
not observe any transition to the Mott-VRH regime with T*°, which is characterized by a
nearly constant and non-zero DOS near Egp. Furthermore, we estimated some Efros and
Shklovskii hopping parameters to further understand the electrical transport properties of
the °Ge:Ga system.

Keywords: Variable range hopping, Electrical transport properties, Coulomb gap, Density
of state, Electrical conductivity, "°Ge:Ga semiconductor.

1. Introduction

Germanium, as a semiconductor material,
holds  significant  importance in  the
microelectronics industry [1] due to its
remarkable electrical transport properties. It
finds diverse applications in various industrial
sectors, including field effect transistors [2],
photovoltaic cells [3], laser diodes, temperature
sensors [4], photodetectors, magnetic field
sensors, and fiber optic manufacturing.
Additionally, germanium is widely utilized as an

alloy with silicon to create high-performance
integrated circuits, further extending its impact
in modern electronic devices.

On the insulating side of the metal-insulator
transition (MIT), the low-temperature electrical
transport in insulators, amorphous, and
disordered semiconductors is primarily governed
by the variable range hopping (VRH) conduction
mechanism [5-21]. This mechanism involves

Corresponding Author: Mohamed Errai

Email: errai2013@gmail.com
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charge carriers hopping between localized
electronic states, as defined by Anderson's
localization [22, 23], situated near the Fermi
level (Ef). Specifically, this behavior is observed
in materials where the Fermi energy lies below
the mobility edge. VRH conduction establishes a
relationship between electrical conductivity (o)
and temperature (T), providing insights into how
the electrical conductivity varies with changes in
temperature, offering valuable information about
the transport properties of the materials in
question.

The temperature-dependent electrical
conductivity of °Ge:Ga material has been
extensively studied near the MIT. Errai et al. [9]
provided a comprehensive analysis of the
transport mechanisms on both sides of the
transition. For n > nc (metallic regime), the
conductivity behavior is governed by weak
localization and electron-electron interaction
effects, while for n < nc (insulating regime),

VRH conduction dominates. Their study
highlighted the critical role of impurity
concentration in determining the transport

behavior across the MIT. Additionally, in a
subsequent study focusing on the insulating side,
Errai et al [11] investigated the VRH
conduction mechanism at very low temperatures,
emphasizing the density of states (DOS) near Er
and the hopping processes between localized
states. These foundational studies provide
essential context for the current investigation,
particularly regarding the interplay between
disorder and electronic interactions in °Ge:Ga.

This study focuses on investigating the
temperature-dependent electrical conductivity of
"Ge:Ga material on the insulating side of the
MIT in the absence of a magnetic field. By
analyzing five samples with varying impurity
concentrations (see Fig. 1), the research aims to
elucidate the VRH conduction mechanism in this
material and to characterize the DOS near Ep.
The critical impurity concentration, n, =
1.859x10"7 cm™, marks the transition between
metallic (n > n.) and insulating (n < n.) regimes.
This investigation seeks to deepen our
understanding of the transport properties of
"Ge:Ga and explore the implications of these
findings for potential technological applications.
It is worth noting that we have reanalyzed the
experimental data for the "’Ge Ga system, which
was prepared and reported by Itoh et al. [24].
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2. Theoretical Background

In the strong localization regime, electrons
hop via tunneling between spatially distant but
energetically close sites, and the hopping is not
necessarily limited to nearest neighbors.
Consequently, electronic conduction occurs
through the variable range hopping (VRH)
mechanism involving states close to the Er. In
this case, the temperature dependence of the
hopping conductivity follows a universal form at
low temperatures, expressed as:

o = g exp [~ (2)] ()

where 0, represents the hopping conductivity
prefactor, T denotes the Kelvin absolute
temperature, and T, symbolizes the hopping
temperature  characteristic.  The  hopping
exponent, x, depends on the dimension of the
system and the specific hopping conduction
mechanism. Indeed, it takes on values 1/3 and
1/4, respectively, for two-dimensional (2D) and
three-dimensional (3D) materials in the case
where the electrical transport is governed by the
Mott variable range hopping (Mott-VRH)
mechanism [25-29]. On the other hand, if x =
0.5, irrespective of the system's dimensions, the
electrical conduction occurs within the Efros-
Shklovskii variable range hopping (ES-VRH)
regime [25-29]. In Mott 3D-VRH conduction,
the hopping electrical conductivity exhibits the
following behavior:

Ln(o) « T7025 ()

This dependence arises from the fundamental
assumptions of Mott's theory, which states that
the DOS is nearly constant around the Egr or
varies very slowly. Furthermore, it assumes that
long-range Coulomb interactions between charge
carriers are negligible. Under these conditions,
the hopping exponent takes the value x = 0.25
for 3D materials, and the temperature
dependence of electrical conductivity can be
expressed in a universal form known as Mott's
law:

Tro 0.25
0 = ouore exp |- (2222) | G)

where oo denotes a conductivity prefactor in
the Mott regime and Ty represents the Mott
characteristic temperature, indicating the degree
of disorder, given by the relationship [37]:

Tvott = Bmott/ksN(Eg) E3 4)
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The constant Puee is determined through
numerical calculations employing  the
percolation method, and for 3D systems, it is
evaluated as By = 16. In the context of Eq. (4),
kg refers to the Boltzmann constant, N(Ep)
represents the DOS at the E, and § signifies the
localization length of the electronic wave
function at zero magnetic field.

On the contrary, as per the ES-VRH model,
electronic interactions gain significance between
localized states, leading to a reduction in the
DOS near the Er. This interaction results in the
formation of a parabolic pseudo-Coulomb gap
[38, 39] at the Eg, commonly known as the soft
Coulomb gap (CG). Under such conditions, the
conductivity exhibits the following behavior:

Ln(c) o T~05 (5)

Furthermore, it is essential to note that within
the ES-VRH conduction mechanism, the DOS
vanishes precisely at the Er and exhibits a
parabolic variation in the vicinity of Eg,
particularly in three dimensions.

N(E) = 25 (E — Ep)? (©6)

e
The presence of the CG leads to the ES-VRH
regime, where the power-law temperature
dependence of electrical conductivity applies
universally across all dimensions, and it is
expressed as follows:

o = ogs exp[ — (Tgs/T)"/?] (7)

In the ES regime, the conductivity prefactor
is denoted as ops, and Tgs represents the
characteristic ES temperature. As per the ES
model, the temperature Tgs can be expressed
using the following relation:

_ L")E.S'e2 (8)

TES - (4meey) kg &

The expression (8), involves various
parameters, where Bgs,e, €, €, kg, and & are
denoted as follows: Pgs is a constant evaluated to
be 2.8 by Shklovskii and Efros, e represents the
charge of an electron, &€ denotes the dielectric
constant of the material (in Ge, € is 15.4), €o
symbolizes the permittivity of vacuum, kg stands
for the Boltzmann constant, and & signifies the

localization length of the wave function in zero
magnetic field.

3. Results and Discussions

We conducted a thorough reanalysis of the
experimental data for the "Ge:Ga system, as
reported by Itoh et al. [24]. In Figs. 1 and 2, we
present the logarithmic variations of the
electrical conductivity In(c) versus T** and T
on the insulating side of the MIT for the five
samples of the 3D system "’Ge:Ga, within the
temperature range of 0.02-0.25 K and at zero
magnetic field.

Upon examining Figs. 1 and 2, we observe
that both plots show nearly straight lines of
similar quality. As a result, it becomes
challenging to distinctly differentiate between
the two laws, T* (Mott VRH) and T (ES-
VRH), solely based on these graphical
representations. In order to determine an
acceptable and accurate physical solution, we
implemented the graphical procedure proposed
by Zabrodskii and Zinoveva [40], along with the
percentage deviation procedure [41-43]. These
techniques facilitate the identification of the
most appropriate conduction mechanism for the
"Ge:Ga system in the insulating regime.

Zabrodskii and Zinoveva employed the
general formula of VRH (o = o, exp [-(To/T)*])
to calculate the mathematical function w(T).
This function exhibits a variation with
temperature T, which can be expressed using the
following formula:

dl
w(T) = In d;gi =In(x) + xIn(T,) —

xIn(T) ()]
Notably, Eq. (9) is equivalent to the form
derived from Eq. (1). For a given point i, we can

calculate the average values of w(T) and In(T) as
follows:

— Ln(cj41)—Ln(cj_1))

w(Ti) = Ln [Ln(Ti_,_l)—Ln(Ti—l) (10)
with:

Ln(T,) = (T +Ln(Tioy)

2
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FIG. 1. Logarithmic variation of the electrical conductivity at zero field as a function of T *° for the five
samples of the three-dimensional "’Ge:Ga system over the full temperature range 0.05-0.25 K.
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FIG. 2. Logarithmic variations of the electrical conductivity at zero field as a function of T for the five
samples of the three-dimensional "’Ge:Ga system over the full temperature range 0.05-0.25 K.

Note that the procedure of Zabrodskii and
Zinoveva involves plotting the graphical
representation of the function w(T) against In(T)
throughout the temperature range. This plot
typically forms a straight line with a slope equal
to —x, where w(T) = A-x.In(T) and A is a
constant.

If =x > 0, the sample exhibits metallic
behavior and is situated on the metallic side of
the MIT. On the other hand, if —x < 0, the sample
is located on the insulating side of the MIT, and
electrical conduction takes place through the
VRH mechanism. In this scenario, two
possibilities arise: x = 0.25, representing Mott-
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VRH conduction, and x = 0.5, indicating ES-
VRH conduction.

We will now apply the procedure proposed
by Zabrodskii and Zinoveva [40]. To do so, we
have plotted Figures 3(a), 3(b), 4(a), 4(b), and 5,
showcasing the variations of the function w(T)
as a function of In(T) for the five samples of
"Ge:Ga at zero magnetic field. Upon analyzing
these figures, we observe that all the plots of
w(T) against In(T) exhibit straight lines with
negative slopes (—x < 0).

This clear result indicates that all five studied
samples exhibit insulating behavior and are
located on the insulating side of the MIT.
Additionally, the values of the exponent x
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closely approach 0.5, with no indication of a
change in slope towards x = 0.25 across the
entire temperature range of T = 0.02-0.25K (see
Figs. 3, 4, and 5). This compelling finding, x =
0.5, strongly suggests that the electrical transport
mechanism occurs through the ES-VRH regime
at very low temperatures for these samples.

In the ES-VRH regime, the DOS is sensitive
to Coulomb interactions, leading to the
emergence of a parabolic Coulomb gap near the
Er at zero magnetic field. The values of the
hopping exponents obtained through the
Zabrodskii and Zinoveva procedure for the five
insulating samples of °Ge:Ga are presented in

hopping by introducing the natural logarithm. As
a result, we obtain the following expression:

Ln(o) = In(oo) — (To/T)* (1)

Next, for each sample, we systematically vary
the exponent x of the previous formula within
the range of 0.1 to 1, with steps of 0.05 and 0.01
near the minimum deviation. By performing the
linear regression, we can extract the
corresponding values of 6y and T, for each value
of x.

Finally, we calculate the percentage deviation
Dev (%) [41- 43] using the following formula:

1 100
Table I. Dev(%) = [; (— (oexp [—(To/ )] -
In order to clearly determine the conduction s
type through the VRH mechanism and the values 2
of the jump exponent for the five samples, we Gi) (12)
will employ the percentage deviation procedure.
To begin, we linearize the general expression of
2.2
204 .. samplez n=1.795"10"7cm™3
3 . i n=1. cm
.
s I " x=0.57
=164 Eigd(b) e
-
; 1.4 4 \\‘1.\
1.2 4 =
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L L L L L L L
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214 S
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FIG. 3. Variation of the function w(T) as a function of In(T) for samples 1 and 2 in the temperature range 0.02-
0.25 K.

This process is performed for each sample
and for various values of the exponent X, over
the entire temperature range. It is essential to
note that the minimum deviation Dev (%)
corresponds to the best value of the exponent x.

The procedure involves calculating the
percentage deviation Dev (%) based on the
formula mentioned earlier, where n denotes the

number of data points, and o0; represents the
experimental value of the electrical conductivity.

In Figs. 6(a), 6(b), 7(a), 7(b), and 8, we have
presented the variations of Dev (%) plotted
against the exponent x for all five insulating
samples of "’Ge:Ga within the temperature range
T=10.02-0.25 K.
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According to these figures, the minimum
values of Dev (%) are obtained for exponents x
close to 0.5: x = 0.6 for sample 1, as seen in Fig.
6(a), x = 0.58 for sample 2, as seen in Fig. 6(b),
x = 0.55 for sample 3, as seen in Fig. 7(a), x =
0.5 for sample 4, as seen in Fig. 7(b), and x =
0.45 for sample 5, as seen in Fig. 8. These results
strongly corroborate our previous findings
obtained through the procedure of Zabrodski and
Zinoveva. The close agreement between the two
methods provides robust evidence for the
validity of the values of x determined, indicating
the dominance of the ES-VRH conduction
mechanism at very low temperatures for these
five samples.

The latest findings from our study provide
clear evidence that the dominant hopping
conduction mechanism in the five Ge:Ga
samples is the ES-VRH, rather than the Mott 3D-
VRH, across the entire temperature range.

This indicates that electron interactions are
significant and influence the behavior of the
DOS near the Ef, resulting in the creation of a
parabolic pseudo-Coulomb gap at zero magnetic
field. Furthermore, the values of the hopping
exponent X, obtained through the numerical
deviation percentage procedure [41, 43] for the

five ’Ge:Ga samples, are compiled in Table 1
for reference and further analysis. These results
contribute to a comprehensive understanding of
the electrical transport properties of the materials
and emphasize the importance of considering
electron-electron interactions in the insulating
side of the MIT.

It is crucial to highlight that within the
temperature range of 0.02-0.25 K, no transition
from the ES-VRH to the Mott-VRH behavior
was observed in any of the five samples.
Nonetheless, this transition may take place under
various circumstances. For instance, with an
increase in temperature, a decrease in impurity
concentration, or when the jump energies for
each VRH regime become comparable.

In cases where the ES-VRH conduction
mechanism is no longer dominant, the Coulomb
interactions diminish, resulting in the DOS
remaining nearly constant around the Ep.
Notably, this transition from Efros-Shklovskii to
the Mott VRH has been observed by several
researchers across different localized
semiconducting materials, including studies by
Yamaura [44], Bedoya-Pinto [45], Zhang [46],
Bennaceur [47], Errai [48], and Zhaoguo Li [49].
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TABLE 1. Values of the hopping exponent x in
temperature range 0.05-0.25 K.

Egs. (9) and (12) for the five samples in the

Exponent x Exponent x
(Zabrodski-Zinova Method) (Minimum of Dev %)
Samplel 0.58 0.59
Sample2 0.57 0.58
Sample3 0.547 0.55
Sample4 0.483 0.5
Sample5 0.448 0.45
Investigating  the  electrical  transport = method. This enabled us to extract the two

parameters in the ES regime is a fascinating
aspect of our study. To achieve this, we utilized
the data presented in Fig. 2 and applied the ES
hopping formula, using the linear regression
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crucial parameters, Tgs and ogs. Furthermore, to
calculate the localization length &, we employed
Eq. (8). This calculation allowed us to evaluate
the average hopping distance Ry es [28, 30] and
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the average hopping energy Eiopes [28, 30] using
the following two equations:

1 (Tgs\ /2
Rnopes == () ¢ (13)
1 Tgs\ /2
Enopss =3 KaT (“25) (14)
These  determinations are  vital in
comprehending the electrical conduction

mechanism in the ES regime and contribute to a
deeper understanding of the material's transport
properties.

The results obtained for all five insulating
samples, covering the entire temperature range
of 0.05-0.25 K, are summarized in Table 2.

It is crucial to highlight, based on the analysis
of the results in Table 2, that as the impurity
concentration n increases while remaining below
n., the localization length (&) increases, whereas

the Efros temperature (Tgs) decreases (TES [

%) . In this regime, transport is governed by the

ES-VRH mechanism, and Coulomb interactions
between strongly localized electrons play a
predominant role. When n = n., & becomes very
large, and Tgs becomes very small, as the
electrons become less localized. This leads to the
occurrence of a metal-insulator transition (MIT),
where electrical transport acquires a metallic
character.

TABLE 2. The essential parameters characterizing ES VRH conduction across the five insulating
samples of "’Ge:Ga. These measurements were conducted within the temperature range of 0.05—

0.25 K.
) Oks Tes § Rnopps X T™%°  Epopps X T*®
nlemd @lem’) (K om) @mK'™) (K
Samplel 1.753 x 10" 18.8350 20.2001 146.50658  164.6169  3.1026x 10>
Sample2 1.795 x 10" 26.3510 11.7370 252.14635  215.9595  2.3649x 107
Sample3 1.823 x 10" 20.4262 7.1387 414.5606  276.9109  1.8444x 107
Sample4 1.842 x 10"  8.0396 2.8982 1021.1365  434.5982  1.1752x 107>
Sample5 1.844 x 107 54660 0.9214 3211.7748  770.7590  0.6626x 107
p

4. Conclusion

In this study, we investigated the electrical
transport properties of the three-dimensional
"Ge:Ga system on the insulating side of the
metal-insulator transition (MIT). Our analysis is
done as a function of temperature and in the
absence of a magnetic field. Initially, we
graphically represented the function In(c) as a
function of T*** and T™. Although both plots
showed good linearity, it was challenging to
differentiate between the Mott-VRH and ES-
VRH conduction regimes based solely on these
curves.

To resolve this issue and precisely identify
the dominant hopping regime in the system, we
utilized two methods: the one proposed by
Zabrodskii and Zinoveva and the percentage
deviation method. Remarkably, for all five
samples and across the entire temperature range,
the hopping exponent x was found to be very
close to 0.5. This strongly suggests that the
electrical conductivity follows the hopping law ¢
= ops exp [-(T/Tes)™’], indicating that the
electrical conduction occurs through the Variable
Range Hopping (VRH) mechanism, specifically

the Efros-Shklovskii (ES) VRH regime, without
any crossover to the Mott VRH regime.

Furthermore, the behavior In(c) ~ T
indicates that the long-range Coulomb
interactions between the localized charge carriers
significantly influence the system. These
interactions reduce the density of states (DOS)
around the Fermi level, leading to the formation
of a pseudo-parabolic Coulomb gap at the Fermi
level, known as the Coulomb gap (CQG).
Additionally, we have determined several
hopping parameters within the ES regime,
further enriching our understanding of the
electrical transport properties of the "°Ge:Ga
system on the insulating side of the MIT.
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Abstract: The alternative mechanism of the emergence of cosmic microwave background
radiation (CMB), associated with the thermal radiation of primordial gas-dust clouds in the
early Universe, is considered. The emergence of such clouds in the theory of infinite
hierarchical nesting of matter is a natural stage in matter evolution. The mass, radius, and
spatial concentration of typical primordial gas-dust clouds, the distance between
neighboring clouds, and the power of CMB energy generation per unit volume and per
nucleon of the early Universe were calculated. The masses and radii of these clouds
correspond to the masses and radii of the observed Bok globules. The presented mechanism
is consistent with the cluster model describing the appearance of angular multipoles in the
CMB power spectrum. In addition to CMB radiation, cosmic infrared background (CIB)
radiation and cosmic optical background (COB) radiation are also considered. According to
the presented model, the sources of CIB are primordial protoplanetary clouds. As for the
COB radiation, it is associated with the radiation of the first protostars. During evolution,
each primordial cloud, with a mass of about 31 solar masses, first generates CMB radiation,
and then CIB and COB radiations. Since protostars give rise to neutron stars, the
concentration of primordial gas-dust clouds is also the concentration of observed neutron
stars. In the course of the calculations, a new definition of the radiation intensity is used,
which is based on the vector of the surface energy flux density and accounts for the angles
of incidence of radiation on a flat receiver from all sides of the hemisphere. According to
Poynting's theorem, the relationship between the intensity and energy density of black body
radiation is derived from the concept of photons.

Keywords: Cosmic microwave background, Infinite hierarchical nesting of matter, Early
universe, Cosmology: theory, Matter evolution.

PACS: 98.70.Vc.

1. Introduction

The cosmic microwave background radiation
(CMB) in the wavelength range of 0.3-30 mm
contributes most to the total energy of cosmic
background radiation. The standard explanation
for the origin of the CMB is based on the Big
Bang concept, in which the CMB appeared in the
early Universe. However, the idea of the Big
Bang still has drawbacks [1]; therefore, other
alternative cosmological theories continue to
appear. For example, in the quasi-steady-state
cosmological model, it is assumed that the CMB
could be the result of processing stellar radiation
by cosmic dust [2].

However, even in this case, there are
difficulties associated with the fact that the CMB
is too homogeneous and isotropic and exhibits an
ideal blackbody spectrum. According to the
dynamic Universe model [3] and the hierarchical
Universe model [4], the stellar radiation in the
early Universe could be sufficient for the CMB
to have the observed energy density and be
isotropic, so that the Big Bang is not needed.
According to [5], the models based on a
Universe in dynamical equilibrium without
expansion predicted the 2.7 K temperature prior
to and better than models based on the Big Bang.
In addition, it was shown in [6] that isotopes of
all the observed chemical elements can be

Corresponding Author: Sergey G. Fedosin

Email: fedosin@hotmail.com
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formed from hydrogen in stars over a timescale
of approximately 100 billion years, which makes
it possible to do without the Big Bang.

It is known from measurements [7] that the
CMB temperature corresponds to the blackbody
temperature 7 =2.7255 K. If the CMB is in
equilibrium with respect to some global
blackbody of the Universe, it would have a
volumetric ~ energy  density  equal to
_4oT N

C
Stefan—Boltzmann constant, and ¢ is the speed
of light. This relation characterizes, for example,
the state of a hollow black body, which is in
thermal equilibrium with radiation in the inner
cavity. The surface of such a cavity emits and
absorbs radiation energy with an intensity of
I=0T"=3.13x10"° W/m’. This means that

ideal receivers, close in their properties to a
blackbody, would measure within the cavity a
CMB intensity on the order of /. In this case,
the contribution to the intensity / will be made
by photons incident on the receiver at various
angles.

u =4.17x10"* J/m’, where o is the

In measurements, the angular intensity

sz_éz is often used, where Q denotes the

solid angle in steradians, from which the
radiation arrives at the receiver. According to the
Stefan—Boltzmann law, for CMB radiation—if it
were in thermal equilibrium with matter as in a
hollow blackbody—the following relation would

I T
J:—:O-
V4 T

This value is in accordance with the results in
[8].

When plotting the radiation spectrum of a
blackbody, the dependence of the spectral

angular intensity aJ on the radiation frequency
dv

v is usually plotted. This value reaches a

be true:

=9.96x107  W/(sr-nm).

maximum when a small frequency range dV is
selected near the frequency v, =160.23 GHz,

corresponding to the maximum of the CMB
radiation. In accordance with Wien’s law of
displacement for the frequency,

v, =%kT ~5.879x10"-T, where constant

o ~2.821439..., h is the Planck constant, k is

530

the Boltzmann constant, and the radiation
temperature 7' is measured in kelvins.

The purpose of this work is to explain the
origin of background radiation in the model of a
hierarchical Universe. Based on the thermal
equilibrium of radiation and matter of radiation
sources in the early Universe, we will find the
sizes, masses, and concentration in space of
these sources. As will be shown below, in the

4o T*

C
the energy density of background microwave
radiation in the Universe can no longer be valid,
nor can it be applied to the background infrared
and optical radiation.

presented approach, the formula 4 = for

2. Definition of Intensity

The standard definition considers intensity as
the amount of energy passing per unit time
through a unit area oriented perpendicular to the
direction of energy propagation. However, to
account for different orientation angles of the
receiver relative to the incident radiation, an
alternative definition should be used. Within the
photon framework, intensity can be regarded as
the magnitude of a vector—the vector of the
surface density of the radiation energy flux.

Let us assume that the radiation receiver
responds only to the radiation component, which
is perpendicular to the receiver plane. This can
happen, for example, when the receiver is
sensitive to the momenta of the photons falling
on the receiver from all sides. Then, the
momenta components of the set of photons,
which are parallel to the receiver plane, mutually
cancel each other, and the sum of the
perpendicular momenta components of the
photons is considered. In this case, we can
assume that the energy flux surface density
vector I is determined by the amount of incident
radiation energy on the flat radiation receiver
from all sides of the hemisphere per second per
unit area S of the receiver, taking into account
the angular dependence:

d|d(Ep,-n)|, d|d(p,-n)|,
) i B S/ ey ) E SO N B U ey )
st{ dr }' CZ‘dS{ a |

dF,
:CZ%(Fi-ﬁ)ﬁ:cz —h=cY P, =P

| | (1)
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where E, =cp, denotes the energy of the
photon with momentum amplitude p,; the index
i specifies the photon number during summation
in (1); P, is a unit vector directed along the
photon momentum p,, such that p, = p,p,; i

i
1S a unit normal vector directed to the receiver

i

: dp
plane from the hemisphere; F, :7 defines
4

the force acting from the photon on the receiver;
F,

in

:(E-ﬁ)is the force projection on the

n

normal; P :d—; denotes the pressure from

the photon’s side, perpendicular to the receiver
P =)P, is the total

1

perpendicular pressure from all photons.

surface; and

If we take into account that the
electromagnetic radiation pressure is
u 1
= —=—, then according to (1), we have
3 3c
3P .~ 3cP .
Pnz—,I:annzTn. )

In (2), the vector I is directed in the same

way as the unit normal vector M and is
proportional to the speed of light and the
electromagnetic pressure on the receiver.

The difference between P and P in (2) can
be attributed to the well-known 4/3 problem,
according to which the mass-energy m, of the
electromagnetic field of a charged body moving
at a very low velocity, derived from the Poynting

vector and proportional to the field momentum
density, is 4/3 times greater than the mass-

energy m,, corresponding to the field energy

. . 3m
density. The relation m, :TP corresponds to

3P
the equality P, :T’ so that the radiation

pressure P is related to the Poynting vector, and
the pressure P exerted on the receiver is related
to the field energy density. According to [9], the
4/3 problem occurs because the electromagnetic

field energy density and the field momentum
density are not the four-momentum components

but rather the field

components.

stress-energy  tensor

To check formula (1), first place the receiver
on the surface of the sphere of radius 7, at the
center of which there is a certain source with the
power of isotropic radiation W . In this situation,
the radiation falls on the receiver at a right angle.
In (1), the scalar product (P, -fi) =1 is obtained,

and the energy flux density recorded in the
receiver is then equal to:

w

1= .
Arr?

)

Let us consider another situation, when one
of the many existing radiation sources is the
volume element dV. We can assume that

dW:udV

is the differential of the radiation

energy, leaving the volume element dJV per unit
time Af. Let us choose the hemisphere radius
R=cAt, where ¢ is the speed of light, and
place the receiver at the coordinate origin on the

plane ZOX at the center of the hemisphere.
This situation is shown in Fig. 1.

v

X ¥
FIG. 1. The receiver D (in this case rectangular in
shape) is located at the coordinate origin on the plane
ZOX at the center of the hemisphere of radius R.
The current radius 7 and the angles Q and @ specify

the position of the radiating volume element d} in
the spherical coordinate system.

Now, all the radiation energy contained in the
hemisphere with a radius R falls into the
receiver at time Af.

Then, in spherical
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coordinates for the intensity differential of the
volume element dV  located inside the
hemisphere at a distance » from the center, in

accordance with (1) and (3), we have:
usinQ sin¢g dV

dl = >
Ar-At

; 4)

Here, dV =r’drsinQdQd¢ is the volume
element considered as a source of isotropic
radiation. The product sinQ sin¢g defines the
angular dependence of the radiation intensity, so
that at J =0 photons move along the OZ axis
and do not enter the receiver at all. At ¢ =0,
photons move in the ZOX plane and do not
enter the receiver either. If Q=x/2, and
o= 7[/ 2, photons fall on the receiver at a right

angle to its surface and make the maximum
contribution to the intensity. The appearance of

sinQ sin¢g in (4) follows from the fact that,
Fig 1, n=—(0,10),
P, =—(sinQ cosg,sinQ sing,cosQ), and in
definition (1), we have (p,-fi)=sinQ sing.

according  to

Integration over the hemisphere’s volume
replaces the summation in (1) and gives the
following:

R=cAt n

1:4;At ! drIsiandQ;[sin¢d¢=%- )

The calculation in (5) shows how, in the case
of equilibrium blackbody radiation, we can
understand the relation between the intensity 7
and the energy density u of radiation that enters
the receiver from different directions. Hence, we
can see that [/ is actually related to the mass-
energy of the field energy density, and not to the
mass-energy of the momentum density, which is
found using the Poynting vector.

3. CMB Energy Production

It is known that CMB radiation originates
from large distances; therefore, in one way or
another, it is generated by many sources. Let us
assume that, on average, each cubic meter of the
early Universe was a source of the CMB and
produced L joules of CMB energy per second;
then, the volumetric power L of energy
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generation is measured in W/m’. Next, we
proceed as in [4].

Let us suppose that radiation sources
uniformly fill the hemisphere, while radiation
from some sources does not fall on the receiver
at a right angle. This means that to determine the
intensity [/, we should integrate the entire
hemisphere’s volume and take into account the
angles of incidence of radiation on the receiver,
similar to (4) and the definition of intensity in
(1). We will place the receiver at the origin of
the coordinate system and position it in the ZOX
plane to measure the CMB energy.

If some radiating volume is located at a
distance » from the origin of coordinates, then
the effective amount of energy dI , incident per
unit time on the unit area of the receiver, will be
equal to:

L exp(—m) exp(—snr)sinQ sing dV
c

2

dl =

9

(6)

Ay

where H is the Hubble constant.

The first exponent exp[_ﬂj in (6)
c

describes the exponential decrease in the energy
of CMB photons as they travel a distance 7. As
a result, the wavelength of the photons is shifted,
which is known as the cosmological redshift of
the spectra of distant radiation sources.

The second exponent exp(—snr) sets the

degree of scattering of photons on their way to
the receiver, reducing the number of arriving
photons. This exponent corresponds to the Beer—
Lambert law for light scattering, where s is the
scattering cross section, and #n is the
concentration of objects scattering light.

Let us take the integral in (6) over the volume
of the hemisphere of infinite radius:

=L ” exp (— %) exp(—snr)dr

4T 0

Jo sin?Q dQ [, sing d¢ = "

—~H -
—+sn)
c

L

(7

In (7), the relation between the measured
intensity / and the volumetric power L of
CMB energy generation in cosmic space is
presented.
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Considering that the exponent eXp[_ﬂj in

¢
(7) describes the exponential decrease in energy,
as well as in the frequency of CMB photons as
they travel a distance 7, the following is
obtained for the photon wavelength and redshift:

A=4, exp[Hrj,
c

7= A=A :i—lzexp(ﬂ)—la
A Ao ¢

r=%1n(z+l). (®)

If in (8) z is small compared to unity, then
ln(z +1) ~ z , which leads to the Hubble law in

cz
the form r & —.
H

Due to the decrease in energy and scattering
of photons in (6), some blurring of images of
distant galaxies should be observed, since
photons change their motion direction as a result
of scattering. In fact, the observed blurring is
insignificant, which can be explained by the
small size of the electrogravitational vacuum
particles described in [4] and [10], which are
unable to significantly change the direction of
the photons’ momenta. We can also refer to
more recent works [11-12], in which, in light of
new data, the observed dependence of the
duration of supernova explosions on the distance
to them, the dependence of the surface
brightness of galaxies on the redshift, and the
relationship between redshift, relic radiation, and
the blackbody spectrum were analyzed.

In addition, observations of the angular radii
and surface brightness of galaxies at a given
luminosity do not correspond to the expanding
Universe hypothesis in the A—CDM model,
but are in good agreement with relation (8),
which describes the relationship between
distance and redshift, as well as with the static
Universe model [13-14], in which the surface
brightness does not depend on the redshift z.
With relation (8), the supernovae type la data
give almost the same result as the A—CDM
model.

4. The Sources of CMB

In the theory of infinite hierarchical nesting
of matter [4], [10], [15], it is assumed that the

substance of a certain level of matter arises in the
course of the evolution of the substance of lower
levels of matter. Therefore, stars as objects of the
stellar level of matter appear after the
compression of large gas clouds. The main
objects of these clouds are nucleons belonging to
the nucleon level of matter. In turn, the
appearance of gas clouds is a consequence of the
evolution of the substance of the praon level of
matter, and praons can form the substance of
nucleons in the same way as nucleons can form
the substance of stars.

Based on this, suppose that in the early
Universe, the entire volume was more or less
uniformly filled with CMB sources at
concentration 7, the average radius of these
sources was equal to a, and the effective
temperature of particles on the surface of these

sources was equal to the temperature T . In this

case, we can write:
L :4716Ts4a2n. C)

In (9), the CMB generation power per unit
volume L is expressed through the surface area

of a typical CMB source, equal to Ara® ,

through the intensity o7 * of radiation from this
surface, and through the concentration 7 of
CMB sources in the Universe.

Substituting L from (7) in (9) and taking into
account that / = T*, we find:

4 2 4
IT'a"n T

ﬁz—. (10)
—+Sn
C

We assume that, during the time required for
CMB photons to reach the Earth from distant
regions of the Universe, the number of baryons
and their concentration in cosmic space did not
change significantly. In the first approximation,
we can use the results of the A—CDM model
(Lambda-cold dark matter model), where the
critical mass density reaches the value of

_3H?

787G

the Hubble constant /' equals 70 km/(s-Mpc) or
2.268x107"% s [16].

The physical density of the visible baryonic
matter in this case is p, =0.0227p,, =2.1x107*
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kg/m’. This value is chosen in such a way that,
among other things, it best fits observations of
the amount of visible matter in galaxies. This
approach will be sufficient for us since we will
further derive various relationships, the physical
meaning of which does not depend on the

specific value of p, .

Let us now take into account that the CMB
sources, that is, the primordial gas-dust clouds,

were located discretely in space with a
concentration n = Py , where m is the mass of a
m

typical CMB source. Each source has a cross-

section equal to S =ra’. At very large
distances, all sources begin to overlap, which
makes it difficult to see the most distant CMB
sources and weakens the intensity of the
radiation that could be at the radiation receiver.

This leads to the appearance of the exponent
exp(—snr) in (6).

The mass of a typical source is expressed by

dna’p,  p,

3 n
mass density of the source substance. Expressing
n from here and substituting into (10), while

the formula = , where p, is the

taking into account thats = ma’, we have:

P 38 T (11)
m 4ra’ -
Ps 1Jr4HapS
3cp,

The last formula in (11) relates the radius a,
mass density p, of CMB sources, and the

effective temperature 7, of the surface particles
of these sources.

5. The Origin of Energy in CMB
Sources

For the particles of numerous CMB sources
to have a kinetic temperature on the order of T,

and to be able to subsequently radiate at this
temperature, it is necessary that the particles of
these  sources  somehow  acquire  the
corresponding thermal energy as the energy of
proper motion.

Let us turn to the theory of infinite
hierarchical nesting of matter, according to
which different matter levels are found in the
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Universe, and the main objects of these levels
have significantly different masses and sizes. In
particular, there are metagalactic, stellar,
nucleon, praon, and graon levels of matter [4],
[10], [15], [17-21].

All  matter levels are structured by
gravitational clustering. This process is
accompanied by the opposite process of
fragmentation when particles collide with each
other and with radiation quanta. In large gas
clouds, under appropriate conditions, atoms and
molecules can combine under the action of
gravitational forces first into molecular
complexes and then into more massive dust
particles, until planets, stars, and their clusters
are formed. Dust particles of micron size have a
fairly dense core surrounded by a layer of loose
matter. The minimum time required for the
formation of such particles can be estimated by
the approximate formula for the radial fall of
matter to the accretion center under the action of
gravitation [22]:

(o | (12)
2nGp

where G is the gravitational constant, and p is
the mass density of matter at the initial moment
of fall. For example, with a density of p =100

kg/m’ in (12), we obtain a duration of
approximately 2.3 hours. The lower the initial
mass density of an object is, the longer it takes
for such an object to be formed. For a gas cloud

with an initial density of p =107 kg/m’, the

time ¢ will be approximately 2.7x10’ years. If
we substitute in (12) the current density of

baryonic matter, p = p, =2.1x 107* kg/m’, the

corresponding duration of metagalaxy formation
will be on the order of 180 billion years.

A more accurate calculation accepted in
astrophysics takes into account the time required
for a gas cloud to increase its density with
decreasing radius instead of taking into account
the time of fall into the accretion center. Let us
assume that the evolution of matter in the
hierarchically structured Universe leads over
time to the formation of baryonic matter with

average mass density p, . This process cannot be

uniform everywhere, and in those places where it
goes faster, the matter can compress under the
action of gravitation, regardless of the
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surrounding volumes of space with lower
density. For the acceleration of particle motion
in the gravitational field outside the gas cloud
with the mass M , we have:

d’r _ M (13)
dr’ P

Equation (13) is also suitable for describing
the motion of the gas cloud’s outer shell. The
solution of (13) should be sought in the form

2
ﬂ:i £+B,ﬂ:_i,
dt \ r dr’ 2r?

it follows that 4 =2GM ,

and if

, where 7, is the initial radius of the

Hence,
2GM

7

cloud, we obtain the relation for the velocity of
the shell motion, which is associated with the
law of conservation of energy:

B=-

2
ngzzaw 2GM‘ (14)
dt v A

For the case of cloud compression, the
coordinate 7 decreases over time ¢, and
therefore, we use the following equation:
dr  |2GM 2GM
dt r v, '

(15)

The solution of the differential equation (15),
in the case of compression from radius 7, to

radius 7, , is as follows:

r—b—1+ Marctg 2 _

ZG

JTbTs o |5 T _
WoraTi 1+ em arctg 1. (16)

The maximum time is reached when the
matter falls to the point center with the radius

2G

/3
3IM
r.=0. Assuming that 7, :( ] , in the

4z p,
r |5 RY/4
case of (16), [, =— = .
2 \V2GM 32Gp,

This time depends only on the initial mass
density p, of the cloud and is estimated, since
the solution does not consider the pressure forces

in the gas cloud, which rapidly increase as the
radius decreases.

Considering this approach, two scenarios are
possible. In the first of them, the matter of the

observable Universe with an average density p,

arises from praons, the smallest particles of the
lowest level of matter, in a period of time
determined by the physical conditions of this
process. To understand how a nucleon can be
formed from a set of praons, it is enough to
imagine a similar process, in which a set of
nucleons in a large gas cloud is compressed to
the maximum extent under the action of
gravitation. If the mass of the emerging star is
large enough, then the result of its evolution
would be a supernova and the birth of a neutron
star. Praons, nucleons, and neutron stars are
similar because they have the highest possible
mass densities and the strongest electromagnetic
fields at their levels of matter. In this case, it is
assumed that at the level of nucleons the
particles’ matter is held together not by ordinary
gravitation but by strong gravitation [10], [15].

In the second case, baryonic matter is first
created; this matter is distributed in space with a

certain mass density o, and subsequently

compressed to density p,. Let p, significantly

IM
exceed p, . By substituting 7, :me ] for
b

M
r, and 7, :[ 3 ] for r, in Eq. (16) and

drp,
neglecting the first term, we obtain
R4 . .
t. = As an estimate, we will
32Gp,

substitute here p, =2.1x10° kg/m’ for p,

and will obtain the corresponding minimum
compression time, if it actually took place:

fx RY/2
min 32pr

=145 billion years.

For comparison, in the standard cosmological
A—CDM model, based on general relativity,
the age of the Metagalaxy is estimated to be
approximately 13.8 billion years. Moreover, to
account for the spatial flatness, homogeneity,
isotropy, and large-scale structure of the
Universe, this model invokes the hypothesis of
cosmological inflation during the early stages of
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the Big Bang. The exotic character of such
inflation is associated with the fact that during a
period of time from 107 sec to 107 sec after
the start of the Big Bang at the initial Planck
matter density of approximately 10°° kg/m’, the
radius of the Metagalaxy should have increased
by a factor of 10*° [23]. As can be seen from the
estimates made above, if the hypothesis of
cosmological inflation is not used, the minimum
age of the observable Universe should be an
order of magnitude greater than in the

A—CDM model.

We can consider a typical CMB source as a
relativistic uniform system and estimate its
internal thermal energy using the virial theorem
[24-25]. Considering the contributions of
gravitational energy and pressure field energy to
the system’s potential energy, according to [26],
the following relation is obtained for the kinetic

energy FE, :

_ 8IGm?
100140

However, the

(17)

energy L, can be
approximately expressed in terms of the average
temperature 7, of the source:

_3mkT,

2mp

E

k

; (18)

where the ratio of the source mass to the

. m .
nucleon mass in the form — = N specifies the
m
p
total number of nucleons N as an estimate of
the total number of atoms, and k is the

Boltzmann constant.

Comparing expressions (17) and (18) for £,
3

T
in view of the relation m = Tps , yields the

following:

/w, (19)
187Gm, p,

A primordial gas-dust cloud with mass m,
which is the source of CMB, can be considered
as a blackbody, in which matter is in thermal
equilibrium with CMB radiation. The radiation
energy density inside the cloud should be equal

536

4cT*

S

to u, = . When a typical CMB source is
c

formed in the form of a gas-dust cloud, the

binding energy AE should be released, which is

equal in order of magnitude to the total kinetic
energy E, of the cloud particles. A more precise
estimate in [26]

Mzg[m\/ﬁ

——1JE ~1.57E. . We can assume

gives

that the binding energy AFE is radiated from the
cloud by means of CMB radiation. In this case,
the following equality must be satisfied:

Y- 40T _AE _471E,
’ c V. 3

N

20
dra 20)

3

where V, = is the cloud’s volume.

from (18) in (20) and

considering the relation m = p V., we find:

Substituting  E,

3
8ol m,

" 21
4.71ck @)

Py =
6. Parameters of CMB Sources

Relations (11), (19), and (21) can be
considered as a system of three equations to

determine unknown quantities @, 7, and p,.

Substituting o, (21) into (19), we get:

LSk 4.71\/ﬁc' o)
127, m, rGo

Multiplying a (22) by p, (21), we find:

1072 | 14
ap, =2 = (23)
3 471\ ncG

Substituting (23) into (11) leads to a quadratic
equation for 7 >

LA40HT* | 4o

T'-T .
90, \471nc’ G

N N

~T*'=0. (24

Solving equation (24) gives the surface
temperature of a typical CMB source:
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T, =

20HT? Vido 400V14 H2T4o
T + s+ 1=
9pp 4.71mc3G 81(4.71) mc3Gpj

3.472K. (25)

Substituting 7, (25) into (22) and into (21),
we obtain the radius @ of the CMB source in the
form of a gas-dust cloud and the density o, of
the substance of the cloud:

a=2.088x10" m. p =1.629x10™"* kgm’. (26)

The radius of the cloud in (26) reaches the
value a = 0.68 pc.

Next, taking into account (26), we find the
mass of the source:
3
dra p,

=6.21x10" kgor 31.2M_, (27)

where M, is the mass of the Sun.

Parameters (26-27) of a typical CMB source
correspond to a rather large gas-dust cloud, the
particles of which acquire their kinetic energy
due to gravitational work to compress matter.
When the particles collide, the energy of motion
is converted into heat and can then be radiated in
the form of CMB quanta.

If we take into account that the obtained in
(26-27) parameters of the sources belong to gas
clouds in the early Universe, then we can expect
that the first stars appeared precisely in such
clouds. Later, similar clouds could give rise to
the first open star clusters, which became the
main elements of emerging galaxies. For
comparison, the number of stars in currently
observed open star clusters can be more than one
hundred, the typical masses of clusters can
exceed 50M,, the core radius can reach

approximately 0.6 pc, and the radius of the
corona in a typical cluster can reach 6 pc.

The concentration of CMB sources in the
early Universe is found through the density of
baryonic matter p, and the mass m of a typical
source according to the first relation in (11):

n=Pr 34510 m?. 28)
m

If we assume that each source is located in a
certain cubic volume in a cubic lattice, then the

shortest distance between the nearest sources

will equal R, :%z6.7><10'9 m. This means
n

that the distance between the centers of the

a
than the radius a of a typical source and is equal

to the value on the order of R ~2.16 kpc at
a = 0.68 pc according to (26).

nearest sources is ~3.2x10° times greater

The value of L, that is CMB generation
power per unit volume of the Universe, is found

from (9) taking into account 7, (25), a (26),
and n (28), or from (7) taking into account the
relations [ =oT*, s =rma’:

H
L=4rcT'a’n=4cT" [—+7ra2nj =1.53x10""
c

W/m’. (29)

The values of L may differ slightly in
different directions, reflecting the variability of
the Hubble parameter and the spatial matter
distribution.

The average concentration of nucleons in the

Universe is 7, =Pe _0.125 m*. Taking this

m

P
into account, from (29), the power of CMB
energy generation per nucleon of the Universe is

determined:

L
— =1.22%x107*" W/ nucleon. (30)

n,
Dividing the binding energy AE ~1.57E, of

m
one SMB source by the number N =— of

m,

nucleons in this source, taking into account
expressions E, (18) and T, (25), we find the
binding energy per nucleon:

AE  A4T71kT,
N

On the other hand, an estimate of the

photon’s concentration in the volume of a CMB

source in a state of temperature equilibrium
between radiation and matter at the temperature

T =3.472 K is obtained as

n =L =849 x 10° m?, where

=1.1x107* J/ nucleon. (31)
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160"  4u,
3c .
volumetric density of the CMB entropy and the

—422x10" J/(K'm’) is the

coefficient f = 45 j
0

2
(295 L 0.2776...
4zt Y et —1

Dividing the
_4oT!

photon energy density

u

N

(20) by the photon concentration

n, , we obtain the average energy per photon:

S

ny

3kT
U 2 129%102 J/photon. (32)

Note that the binding energy per nucleon

AE . U, .
~ in (31) and the energy per photon — in

n,
(32) are close to each other in magnitude. After
the photons leave the CMB sources, fill outer
space, and reach the Earth, their average
temperature  decreases from the value
T =3.472 K to value 7 =2.7255 K. In this

case, the energy of a photon with a frequency of
v, =160.23 GHz corresponding to the

maximum in CMB radiation at temperature
T =2.7255 Kis equal to 4v, =1.06x107 J.

Hence, the ratio of the number of CMB
photons in cosmic space to the number of matter
nucleons present in this space should be on the
order of unity. On average, we can assume that
each nucleon of the observable Universe
produces only one CMB photon.

In the course of our calculations, we assumed
that all the nucleons present in the Universe with
an average density of p, =2.1x 107 kg/m’

were compressed by gravitation into primordial
gas-dust clouds with an average density of

p, =1.629x10™"° kg/m’ (26). These clouds
play the role of typical CMB sources. Let

3

V- m _ 4ra
Py

source, and let ' denote the volume of the same

mass of matter in the homogeneous Universe

denote the volume of a typical

with density p, and with the same mass m (27).

Then, the ratio of the volumes equals
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<

=L =7,76x10°, Now, in view of E,

V. P
(18), the binding energy AE ~1.57E, of one

m .
source, and the number of nucleons N =— in

mP
the source, we can estimate the average CMB
energy density in the Universe in the following

form:

7= £ __ 157Egxpp _ 1.57Expp _ 1.57pp 3kTsN

%4 Vs ps m m 2
271PKTs — 4 4 % 1023 ]/m’. (33)
Zmp

When deriving relation (20), we use the

AE
expression u, =——. Combined with (33) and

N

14
the relation — = P —7.76%10° , this gives
V.o P
the following:
U _V _P 776410 (34)
u Vooop,

In Eq. (34), a significant difference emerges
between the average CMB energy densityu in

(33) and the photon energy density u  that
would exist if photons were in thermal
equilibrium with the matter of the CMB sources.
The difference in magnitudes of u_ and % arises

because the CMB generated within the volume
V. of each source was in equilibrium with matter

only inside that volume. When the radiation
from each source spreads into the larger cosmic
volume V' and mixes with radiation from nearby
sources, the CMB energy density decreases from
u, to u. As a result, the CMB observed on

Earth is thermal radiation with an energy density
u in the Universe.

In the A—CDM model, the difference in
quantities of #_ and u is not taken into account,

and it is assumed that the energy density of the
4

r_ 4.17x107" ym’
C

in the entire space of the Universe at a
temperature of 7' =2.7255 K of CMB.

CMB is equal to u =

In this case, the estimate of the CMB photon
concentration in the form
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_Bsf_16BaoT? _4Bu _ 8 A
== —3kT—4.1><10 m

applies to the entire Universe. Then, the ratio of
the number of CMB photons to the number of

n .

nucleons will equal —L=-—2=33x10°,
n, Py

which is close in magnitude to the ratio of the

volumes K in (34).

N

Hence, the following question arises: why is
the number of photons so much greater than the
number of nucleons? This problem, known in
cosmology as the entropy problem, is usually
solved via the concept of a hot Universe based
on the assumption of adiabatic space expansion
from the initial state of equilibrium of radiation
and matter.

In contrast, in our approach, the numbers of
CMB photons and nucleons are approximately
the same, and there is no need for a hot
Universe. Since the SMB is currently not in

equilibrium with matter, the formula for energy
4

density u = cannot be applied to the

c
entire Universe. Indeed, the primordial gas-dust
clouds, which served as CMB sources in the
early Universe, were distributed discretely,
occupied only a small fraction of space, and
therefore could not act as a global blackbody
encompassing the entire Universe.

7. The Angular Harmonics of CMB

Using the Fourier transform, the observed
CMB power spectrum can be expanded in terms
of spherical harmonics [27-28].

The spherical harmonic / =0 in the angular
power spectrum corresponds to the average
CMB temperature. The dipole anisotropy (£ =1)
on the CMB temperature map has an amplitude
of approximately 0.1% and is attributed to the
Doppler effect caused by the motion of the Earth
and Sun relative to the reference frame in which
the CMB intensity is isotropic [29]. This motion
alters the observed CMB wavelength depending
on the angle between the Earth’s velocity in
cosmic space and the direction of the sky region
from which the CMB originates.

The spherical harmonics ¢ > 2 are related to
CMB temperature fluctuations, the root-mean-
square deviation of which reaches several tens of

uK relative to the average temperature. The
A—CDM  model assumes that such
temperature fluctuations could be caused by
fluctuations in the density of matter in the early
Universe, which had the state of a very dense hot
plasma of electrons and baryons.

One alternative explanation is that the angular
power spectrum of the CMB can be obtained if
CMB photons, upon their appearance, interact
with matter, which was structured into some
objects, clusters, and particles [30]. The average
distance between the centers of the objects in the
case of their cubic arrangement is approximately

108 m, the mass of one object is 8.8x107"7 kg,

and the mass density of the object is 9x107*
kg/m’. Similarly, there are clusters inside the
objects, the distance between the centers of
which is about 12 cm. If their mass density is

9x10* kg/m’, then the cluster mass is

1.2x107* kg. The position and amplitude of the
main peak of the CMB power spectrum at
¢ ~360 and of the subsequent peaks depend
mainly on the mutual distances between the
mentioned objects, and on their mass density and
internal structure.

It is assumed that each cluster contains 40 to
100 particles, such as protons, helium nuclei, and
electrons, representing an atomic—molecular
complex primarily composed of hydrogen and
helium. On average, each object contains

approximately 10° clusters. The results obtained
for the structure of objects, clusters, and particles
were found under the condition of using a
radiation wavelength equal to 1.9 mm. This
wavelength corresponds to the maximum
blackbody spectrum distribution at the
temperature 7 =2.7255 K and most exactly
reflects the properties of CMB from the
standpoint of structural analysis. Moreover, the
angular power spectrum of CMB radiation is the
same for all wavelengths of the CMB.

The presented parameters can be combined
with the described scheme of CMB emergence in
the early Universe, in which matter evolution
first leads to the formation of nucleons and
electrons. Then, gravitation compresses the
matter into gas-dust clouds and sets the matter
particles in motion. When the particles collide,
the kinetic energy is converted into thermal
energy and is radiated in the form of CMB
photons. The mass density of objects in [30] is
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less than the mass density of gas clouds,
p, =1.629x10"* kg/m’, as found in (26). We

can assume that the objects in [30] were located
in the less dense part of the shell of gas clouds.
Then, CMB photons, passing through these
objects, clusters, and particles inside them, can
form the currently observed angular radiation
power spectrum.

The possibility that these objects, clusters,
and particles could appear in primordial gas
clouds follows from the value of the Jeans mass
[31], which can be simplified as follows:

T 3/2 9 1/2
szzéMc(B] (£] . (35)

n

The temperature 7' in (35) must be specified
in K, and the particle concentration #» must be

. . -3
specified in m ~.

Let us substitute in (35) the cloud surface
temperature 7. =3.472 K (25) instead of T,

and take into account p, =1.629x107"* kg/m’
(26) and the concentration of cloud particles

n, =P 9.7x10° m™ instead of 7. This
m
p

gives M, =5.4M . The Jeans mass is less than

the gas cloud mass m=31.2M_ (27), which

allows fragmentation of the cloud into smaller
structural components.

The nonuniform distribution of matter in
cosmic space also contributes to the small-scale
fluctuations in the CMB temperature. Thus,
correlations between the optical radiation of
galaxies and CMB fluctuations are described in
[32], and for radio sources, such correlations are
presented in [33]. The cold anomalies in CMB
temperature are mysterious and cannot be
explained from the standpoint of the A —CDM
model, the most famous of which is the WMAP
cold spot discovered by the WMAP space
observatory in the Eridanus constellation [34-
35]. The cold spot is approximately d7 =73
pK  colder than the CMB temperature,
T =2.7255 K.

These anomalies can be explained as follows.
I=cT* for CMB, in the first

approximation, we have dI =40 T dT . If we

Since

direct the radiation receiver exactly to the
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. 4
anomalous spot, then in (6), we can set Q = >

¢= % , and we can write the following:

L exp(—?) exp(—snr) dv

dl = 40 T3dT = (36)

472
According to (7) and considering the relation
I=0cT*, we find:

[=oT'=— L ,L=40'T4[£+snj. (37)

4[H+Sl’l) ¢
c

Substituting L (37) into the expression for
dl (36), we find the relationship between the
temperature difference 47 , the distance 7, and
the volume dV generating CMB radiation and
leading to the contribution 47 to the CMB
temperature 7 :

dT = T(%+sn)exp(—?) exp(—snr) dV‘

(3%)

4172

Equation (38) assumes that the volume 4V
contains primordial gas-dust clouds functioning
as CMB sources, which, on average, have the

mass density of p =1.629x107"* kg/m® (26)

and the concentration of n = Py _ 3.4x107%
m

m > (28) in the early Universe. In this case, the
concentration 7 appears in two terms of Eq.

H
(38). An increase in #n in the term (—+sn]
c

leads to an increase of d71, while the term
exp(—sn r) acts in the opposite way, reducing

dT . Thus, if in a certain direction in the volume

dV the concentration of sources differs from the
value n due to some anomaly, this will lead to a

change of dT in (38).

P that if
m

the mass m of a typical CMB source is constant,
then the change in the concentration of sources
n can be associated with a local change in the

We can see from the relation n =

mass density of baryons p, in the volume dV

under consideration. Thus, fluctuations in the
mass density o, in cosmic space can influence
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fluctuations in the measured CMB temperature
in various directions.

According to (8), the redshift z in the model
under consideration can be related to the distance

r by the formula: rz%ln(z+l). As an

example, let us place a certain volume JV ata
distance corresponding to z =2, that is, at

r :%ln3 =4.7 Gpc. Let us assume that dT

equal to 20 uK, which is close to the value of the
root-mean-square small-scale CMB fluctuations.

Using further the relation § = ma’, the values of

a=2.088x10" m (26) and n=3.4x10" m?

(28), from (38), we find dV =9.35x10™ m’,
which for a spherical volume gives the radius of

this volume of the order of R =197 Mpc. This

radius is close to that of the well-known Giant
Void in the constellation Canes Venatici [36].
Consequently, according to (38), the presence of
such voids naturally leads to the observed CMB
temperature fluctuations.

It is known that for sufficiently large

spherical harmonics ¢ the relation 9:2—ﬂ

holds, where 0 is the effective sky viewing
angle [28]. The main peak in the CMB angular
power spectrum occurs at ¢ ~360, which
corresponds to the angle 6 ~1°. Moreover, if
the harmonic number ¢ <360 and ¢ decreases,
and the angle @ >1° and @ increases, the power
in the angular spectrum decreases gradually
without any particular peaks. Why do harmonics
with small ¢ manifest in the spectrum in a
different way than harmonics with large ¢ > 360
, which form the spectrum in the form of
sinusoid damping in amplitude?

For the above example with the volume 4V,
let us calculate the angle 0 in radians using the

2R
formula: 6 =—=>=0,084, and the angle
r
1
0° = 800 =4°,8 in degrees. The angle 6 in
T

radians corresponds to the spherical harmonic

2w

527:75 in the CMB angular power

spectrum. It turns out that supervoids with a low
density of matter or, on the contrary, denser

regions of space can make a significant
contribution to CMB temperature fluctuations
only at small ¢. As for the appearance of
spherical harmonics with large values ¢ > 360
in the power spectrum, in the model presented
above, according to [30], they are explained by
the fact that CMB radiation interacts with matter,
which is structured into some objects, clusters,
and particles. Thus, different mechanisms lead to
different forms of the CMB power spectrum for
small and large spherical harmonics. In contrast,
the A—CDM model has difficulties explaining
the low power and form of the angular spectrum
for harmonics associated with large angles 6
and with small ¢ [37].

8. Infrared and Optical Background
Radiation

The dependence of the angular intensity J
on the cosmic background radiation frequency in
[9] shows that there are other angular intensity
peaks near the CMB, including those of the
cosmic infrared background (CIB) and the
cosmic optical background (COB). The total
intensity of CIB and COB radiation is almost 10
times less than the intensity of cosmic
microwave background radiation (CMB).

It is believed that the main contribution to
CIB and COB comes from the processing of
radiation from protostars and young stars by
cosmic dust. We can make this assumption more
concrete. Let us apply the obtained results with
respect to the CMB to estimate the parameters of
space objects, which could produce CIB and
COB radiation.

We can assume that the maximum J for the
CIB is obtained at a radiation frequency of
Vs #2%107 Hz, and for the COB, the
maximum occurs at a frequency of
Veop ~ 3x10" Hz. As a first approximation, let

us assume that the Wien displacement law for
radiation from a black body is valid for the
radiation  frequency. @ This  gives  the

corresponding radiation temperatures 7, = 34
Kand 7, =5103 K.

Substituting temperatures 7., and 7., in

(25) instead of temperature 7' makes it possible
to estimate the surface temperatures of CIB and
COB sources in the early Universe:
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T

s CIB

=426 K. T, =9.6x10° K. (39)

N

Substituting temperatures from Eq. (39) into
Egs. (21) and (22) instead of 7., we obtain the

corresponding mass densities and radii of the
CIB and COB sources. We can also estimate the
masses of sources by multiplying the mass
density by the volume of the corresponding
source:

P, =3.01x107"7 kg/m®. a,,, =1.7x10" m,

Mg, =6.19x10%" kg. (40)
Pocop =34 kgm’.  a,,,=7.5x10° m.
Mgy = 6.008x10°" kg. (41)

According to (40), the sources of CIB
radiation are gas-dust clouds with radii of the

order of a., =1136 AU and with masses of

my, =31.1M . For comparison, in the Solar

System, the dwarf planet Sedna at aphelion
moves away from the Sun to a distance of 937
AU. From (41) it follows that the COB radiation

sources are objects with mass m,, =30.2M
and with a radius of the order of a.,, =10.8R_,

where R is the radius of the Sun.

In (26) and (27), it was found that a typical
CMB radiation source has a radius of 0.68 pc
and a mass of the order of 31.2M . The sources

of radiation CIB and COB in (40)-41) also have
masses of the order of 31M . It turns out that

during cosmological evolution, CMB microwave
radiation sources first become isolated in the
form of gas clouds with a radius of the order of
0.68 pc. When these clouds are subsequently
compressed by gravitational forces to a radius of

the order of a., =1136 AU, protoplanetary

systems containing gas and dust arise, leading to
the infrared background radiation CIB. The
compression of clouds slows down due to the
appearance of pressure in the gas, and the
process of planet formation begins in the clouds.
At the same time, the bulk of gas and dust in the
center of each cloud continues to compress. As a
result, primordial stars emerge, producing optical
background radiation COB. Nuclear reactions
begin in the depths of these stars, preventing the
gravitational compression of matter. Thus, the
CMB, CIB, and COB emissions are associated
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with the most long-term and equilibrium phases
in the evolution of primordial gas-dust clouds.

Since the masses of CIB and COB sources
approximately coincide with the mass
m=312M_, (27) of CMB

concentration of CIB and COB sources in the
early Universe approximately coincides with the

sources, the

concentration 7 =22 =3.4x10" m* (28) of
m

CMB sources. Due to their large masses,
primordial stars that are the sources of COB
should transform into neutron stars. Thus, the
concentration 7 can be considered as the
concentration of primordial neutron stars. The
average distance between such stars can be
estimated using the formula

1
R, e 6.7x10” mor R, =2.16 kpc. On
n
the other hand, the observable Universe has a
volume of the order of 3.6x10% m’, which

contains about 10 stars [38]. The
concentration of stars in the Universe is on the

order of 3.6x10>° m”’. Comparing the
concentration of all stars with the concentration
of primordial neutron stars leads to the fact that

there are about 10" ordinary stars per neutron
star. This ratio of stars is indeed confirmed by
observations.

Modern instruments allow us to measure
angular power spectra not only for CMB, but
also for CIB radiation [39]. Thus, the methods
for analyzing the structure of radiating objects,
developed in [30] for CMB, can also be applied
to CIB radiation. According to [30], the mass
density of the medium, which contains objects,
clusters, and particles and is responsible for the
appearance of CMB angular harmonics, equals

9x10* kg/m’. This mass density does not
exceed the mass density in (40-41) of the
objects, which can be the sources of CIB and
COB radiation. This implies the possibility that
the cause of harmonics in the CMB and CIB
power spectra may be the same objects, clusters,
and particles located in the shells of the
corresponding gas-dust clouds at different stages
of compression of these clouds.

In (34), it was shown that the formula for the
4

9L | 1x10"
C

energy density of CMB u =
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Jm®  (20), T.=3472 K is the

temperature of CMB sources in the early
Universe, cannot be applied to the entire

where

Universe. Instead of u , a significantly lower
average volumetric energy density of the CMB

was calculated, namely # =1.4x10"% J/m’
according to (33). This occurs because the gas
mass m , occupying the volume 7 in (34) in the
initially homogeneous Universe with the mass
density p,, only after being compressed into a

gas cloud with a volume ¥V, and density p,.
begins to radiate like a blackbody with the
temperature7, =3.472 K. As CMB photons

move through space, their energy decreases due
to cosmological redshift. In addition, photons
interact with the matter of many CMB sources
and are partially scattered. As a result, the
intensity of the CMB radiation decreases, and
the spectrum of CMB photons becomes close to
the observed spectrum of the radiation of a

blackbody with temperature 7' =2.7255 K.

For CIB and COB radiation, the situation is
largely similar. As in the case of CMB radiation,
CIB and COB radiation are nonequilibrium, and
no global blackbody consisting of matter and
enclosing the entire Universe exists for these
radiation fields. Thus, in practice, we always
observe discrete radiation sources which, at
sufficiently large distances, merge into an almost
uniform background.

9. Discussion of Results

A well-known problem of the Big Bang
theory in cosmology is the complete lack of
understanding of the nature of such an explosion
and of the origin of matter as such. The
subsequent use of the general theory of relativity
in the A—CDM model adds new problems,
such as singularities and metric space expansion,
which are incomprehensible from the perspective
of physics, as well as the appearance of
unidentified dark matter and mystical dark
energy. The use of multiple fitting parameters in
the A—CDM model further undermines the
credibility of the modern version of the Big
Bang theory.

In [40], six fitting parameters are listed, and it
is concluded that despite the accuracy of the
results’ fitting, it is still not enough to consider
the A—CDM model correct. In [13], the

following conclusion was reached: “However, in
cosmology, it has unfortunately been the case
that even a long series of failed predictions has
not generally led to the rejection of theories, but
rather to their unlimited modification with ad
hoc hypotheses, such as inflation, non-baryonic
matter, and dark energy”.

It is noted in [41] that it could be possible to
improve the situation with predictions in the
A—CDM model if, in addition to the seven
fitting parameters of the model, we would
assume, for example, the existence of early or
dynamical dark energy, neutrino interactions,
cosmological models with additional
interactions,  primordial  magnetic fields,
modified theories of gravitation, etc.

On the other hand, cosmology in the theory of
infinite hierarchical nesting of matter finds the
source and cause of origin of matter and the
forms of its existence in the wuniform
evolutionary process of transformation of the
main carriers at all matter levels [15]. This
means, for example, that the evolution of the
matter of planets and stars at the stellar level of
matter is due to the evolution and action of
carriers belonging to lower matter levels. Each
matter level has its own main carrier as the most
stable and balanced object, such as a neutron
star, nucleon, praon, graon, etc., respectively.
The similarity principle assumes the existence of
the same coefficients of similarity in mass, size,
and speed of processes between the respective
objects of the adjacent matter levels, which
allows us to find the physical parameters of the
main carriers of matter. As a consequence, a
neutron star contains as many nucleons as each
nucleon contains praons, and as each praon
contains graons.

The main driving forces for matter evolution
are electromagnetic and gravitational forces,
which can be reduced to the action of carriers of
the lowest matter levels, moving at relativistic
speeds [10], [42-46]. This point of view is
supported in [47] by the fact that the evolution of
matter in the early Universe turns out to be little
dependent on external factors and is determined
mainly by internal factors.

It follows from the principle of similarity of
matter levels that the analogs of a neutron star at
the nucleon level of matter are nucleons, and the
analogs of white dwarfs are the so-called nuons
[4], which have the same mass range as
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nucleons. Nuons are similar in their properties to
muons, but the origins of these particles are
different: nuons emerge in a manner analogous
to the formation of white dwarfs in the course of
the long-term evolution of matter, whereas
muons appear mainly during the rapid decay of
pions, which may be regarded as analogs of low-
mass and therefore unstable in the decay of
neutron stars. Moreover, neutral nuons play the
role of dark matter, which manifests itself
through gravitational effects both on the motion
of stars and gas clouds inside galaxies, and on
the motion of galaxies themselves during their
interaction [48]. In contrast, the A—CDM
model encounters difficulties in explaining dark
matter and in describing its evolution and origin.

The CMB generation process continues to
occur today, although on a smaller scale. The
properties of the coldest dark nebulae with

masses up to 100, are quite close to those of

primordial gas-dust clouds. Thus, practically
opaque Bock globules, which are distinguished
by their black color, have a temperature in the
range from several degrees to 30 K and a typical
mass of up to 30M/,. From the standpoint of

thermal radiation, such objects can model the
properties of a blackbody quite well. Here, we
provide as examples references to the spectra of
the infrared sources IRS 1 and IRS 2 in [49-50]
and to the spectrum of the Bok globule B335 in
[51].

One review [52] described the properties of
248 small molecular clouds, most of which are
Bok globules. It is assumed that in our Galaxy
system, the average distance between such
globules is 600 pc, and the average mass of a

globule is approximately 11 . This distance

can be compared with the value R ~2.16 kpc

found for the distance between the primordial
gas-dust clouds of the early Universe through the
concentration 7 of CMB sources in (28).

According to [52], for most globules the
radiation temperature of gas does not exceed 4.5
K, and the kinetic temperature does not exceed
8.5 K. Since globules are heated by radiation
from the surrounding star background, the dust
temperature in globules turns out to be higher
than the gas temperature and depends on the
measured frequency band and on the size of the
dust particles. On average, the dust temperature
is close to 25 K. Under such conditions, the
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spectrum of some globules appears to be not the
blackbody spectrum at one fixed temperature,
but rather the sum of the spectra of individual
components consisting of gas and dust.

In [53], by analyzing the absorption lines of
water molecules in a large cloud of water vapor
near the HFLS3 galaxy, it was found that the
temperature required for this exciting radiation
ranges from 16.4 to 30.2 K. Since the HFLS3
galaxy has a redshift of the order of magnitude
z=6.34 and is located sufficiently far away,
this temperature is considered from the point of
view of the A—CDM model as the CMB
temperature at an earlier time. Moreover, due to
the space expansion since then, the CMB
temperature should have decreased to the current
value of 7'=2.7255 K.

On the other hand, radiation at a temperature
ranging from 16.4 to 30.2 K is quite typical for
gas clouds and Bok globules under the action of
radiation from surrounding stars, including those
in the most distant galaxies. In the model we are
considering, the CMB temperature at the
moment of emission coincides with the

temperature 7, =3.472 K (25) of gas-dust

clouds with masses on the order of 31M_, so

distant from us that their redshift is much greater
than the redshift of the observed galaxies.

How does the CMB radiation spectrum
almost exactly correspond to the blackbody
spectrum? Here, the following circumstances can
be taken into account. First, we assume that there
were no stars around the primordial gas-dust
clouds of the early Universe that could
noticeably heat the clouds and influence the form
of the clouds’ spectrum. Then, the spectrum of
each cloud could be sufficiently close to the
spectrum of a blackbody with the temperature

T =3472 K.

Another circumstance is associated with the
size of the visible Universe. Substituting in (8)
the maximum measured value of redshift
z=1089 for the CMB according to [54] at
H =70 km/(s‘Mpc), we find the radius of the

visible Universe 7 =9.24x10" m or 30 Gpc.

. o . r
Light can travel this distance in t=—=98
c

billion years. This time is less than the minimum
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RY/4

Gp,

billion years, which was found according to (16)
for the compression of all baryonic matter during
the formation of the visible Universe.

=145

compression time of ¢ . =

n

It should be noted that, when measuring
CMB intensity, it is necessary to exclude
radiation from bright point sources, such as
clusters of stars and galaxies, from the obtained
data to determine the background radiation
precisely. However, the redshift of the most
distant observable galaxies does not exceed
z=12. For example, the redshift of the galaxy
GN-zl11 equals z=11.09 according to [55].
This redshift is significantly lower than the
redshift of the CMB, which reaches z=1089.
Thus, CMB radiation travels the main part of its
way in unexplored distant regions of cosmic
space.

In (6) and (7), it was taken into account that
the cross-sections of CMB sources in the early
Universe and the concentration of sources are
such that, at very large distances, these cross-
sections begin to overlap. Consequently, the
Beer—Lambert law becomes valid. As a result,
the CMB radiation coming to the Earth from
distant sources has enough time to interact with
the matter of multiple closer sources and
additionally thermalize. This approach inevitably
turns the CMB spectrum into an averaged
spectrum that is close to the equilibrium
spectrum of a blackbody.

The presented model is consistent with the
results in [56], where the so-called virial gas
clouds located in the halo of galaxies make it
possible to explain the rotational anisotropy
observed in the CMB. In [57], within the
framework of the standard model of the
expanding Universe, the evolution of virial
clouds from the surface of the last scattering to
the formation of primordial stars of population
III was considered. These virial clouds, which
are also in thermal equilibrium with the CMB, as
in our approach, have almost the same density as
the primordial gas-dust clouds in our model.
Thus, the conclusions in [56-57] concerning
primordial  gas-dust clouds prove our
calculations.

The Earth and the Sun are known to move
relative to the reference frame, in which the
CMB is isotropic, at a speed of approximately

370 km/s. If we take into account the motion of
the Sun in our galaxy and its motion in the Local
Group of Galaxies, then the speed of the Local
Group of Galaxies relative to the CMB’s
isotropic reference frame will be about

V, =627 kns [58]. In the A—CDM model,

the cosmological redshift is interpreted as a
result of the Universe’s expansion, which has the
mathematical meaning of a change in the
spacetime metric, caused by an unknown factor.
The physical meaning of this space expansion is
an obvious subject for discussion regarding the
justifiability of the use of mathematical
hypotheses in the real physics of phenomena. It
is assumed that at large distances from the Earth,
galaxies and other objects located there are
moving away from each other at tremendous
speeds due to space expansion. These speeds can

significantly exceed the speed V, of motion of

the Local Group of Galaxies relative to the
isotropic reference frame of the CMB. So, why
from the entire speed spectrum do we observe a

relatively small speed Vé ? Is it by chance?

From the viewpoint of the theory of infinite
hierarchical nesting of matter, the answer lies in
the fact that, for matter evolution and for the
emergence of a new matter level with more
massive objects, neither the Big Bang nor the
metric expansion of spacetime nor high speeds
of motion are needed. The deviation of the speed
of galaxies and star clusters from the speed of
the CMB’s isotropic reference frame can be
caused only by the gravitational action of
galaxies on each other. When averaging the
matter’s speeds over the volume of the visible
Universe, the obtained average speed must
coincide with the speed of the CMB’s reference
frame because the CMB occurs in the early
Universe and, on average, is stationary relative
to the global distribution of matter.

Taking this into account, the problem of
space flatness on cosmological scales becomes
understandable when even at very large
distances, spacetime is practically not curved.
Therefore, there is no great need to calculate any
curved metric, which is always needed in the
general theory of relativity, even in flat
Minkowski spacetime. In this case, instead of the
general theory of relativity, it is more convenient
to use the covariant theory of gravitation [59-
60], in which the metric effects are separated
from the gravitational effects. This means that
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gravitation does not depend on a metric; rather, it
is a real physical force, such as the
electromagnetic force, which exists even in
Minkowski spacetime, when there is no
spacetime curvature.

Paradoxes arising from the concept of space
expansion were analyzed in [61], including the
violation of the law of conservation of energy for
local comoving volumes, the Newtonian form of
the Friedmann equations, the superluminal
velocities of distant galaxies as a result of space
expansion, and Hubble's law in inhomogeneous
distributions of galaxies. The main reason for the
appearance of such paradoxes lies in the general
theory of relativity, which lacks an energy-
momentum tensor of the gravitational field. This
omission raises doubts about the wvalidity of
applying general relativity to cosmological
models.

It was noted in [62] that the time scale in the
A—CDM model does not correspond to the
time, which was required for the formation of
large galactic clusters and voids in the early
Universe. In this regard, it is assumed that this
discrepancy may be due to the use of the general
theory of relativity, which should be replaced
with another gravitation theory, for example,
modified Newtonian dynamics (MOND). The
authors of [62] draw the following conclusion
from their article: at the present moment, we
understand neither the distribution of matter and
energy in the Universe nor the law of gravitation,
which governs this.

It was found in [63] that a supercluster of
galaxies with a radius of about 6 Mpc rotated at
an angular velocity @ equal to °2.9 degrees per
10 billion years, or @w=1.6x10" s
According to [64], large galactic clusters with
sizes on the order of R ~800 Mpc can
experience general motion at velocities up to
V. ~1000 km/s. Assuming that this motion

arises from rotation, for the angular velocity in
the first approximation, we have

o, zﬁz4x10'zo s'. The
structure of the Universe has the form of a
cosmic web and consists of individual filaments
that contain galactic clusters. The difference
AV in the linear velocity of rotation of different
points in the filaments can reach 100 km/s at a
distance AR between the points equal to 1 Mpc,
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large-scale

which gives an estimate of the angular velocity

. AV 18 - .
of rotation @, zEz3xlO ' s according to

f
[65].

If we assume that the entire visible Universe
also rotates, then its limiting rotation can be
estimated by the formula for the first cosmic
velocity, assuming that the matter at the edge of
the Universe is in equilibrium between the
gravitational force and the centripetal force:

GM, 4rGp,
Oy =\ = 3
U

where M, R,, and p, denote the mass,

radius, and mass density of the Universe,
respectively. Substituting here the mass density

p, =2.1x10 kg/m’ instead of p, , we find

@, =2.4x107" s, which has the same order

of magnitude with respect to the rotation of large
galactic structures. This rotation corresponds to a
period of approximately 830 billion years.

It is obvious that any general rotation of the
observable Universe contradicts the Big Bang
since, due to rotation, the Universe would have a
nonzero angular momentum. In the scenario of
the Big Bang and subsequent inflation up to the
state of the observable Universe, it turns out that,
taking into account the law of conservation of
angular momentum, the object that gave rise to
the Universe should have had an enormous
angular momentum for its small size, which
seems completely improbable. At the same time,
in the hierarchical model, the object, from which
the early Universe was formed, could consist of
a huge cloud of praons. If this cloud with the
sizes of the order of the observable Universe had
any general rotation, then the emerging Universe
would have the same rotation after the evolution
of praonic matter and its transformation into
nucleons and nuons.

We Dbelieve that other, less complex
cosmological problems can also find their
solution within the framework of the theory of
infinite hierarchical nesting of matter and a
stationary Universe. For example, in [66] it is
indicated that expansion of space is not required
to explain the change in luminosity in the spectra
of supernovae. Thus, cosmology can be
constructed with a minimum of assumptions and
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paradoxical conclusions that contradict the

traditional logic of physics.

10. Conclusions

Cosmic microwave background radiation
(CMB) and the effect of the cosmological
redshift of radiation spectra are usually
considered phenomena that find an acceptable
explanation within the framework of the Big
Bang theory. Indeed, these phenomena are
difficult to interpret otherwise, which historically
led to the formulation of the Big Bang concept.
However, due to the significant drawbacks of
this theory, which are described above, we
consider this theory to be too exotic and radical
and suggest another explanation for the
emergence of CMB.

In our approach, the necessary source of
CMB energy turns out to be gravitational energy,
which, under matter clustering in primordial gas-
dust clouds in the early Universe, is released in
the form of the kinetic energy of motion of
matter particles, according to the virial theorem.
The subsequent collisions of particles convert
kinetic energy into thermal energy, heating the
particles, so that gas-dust clouds can radiate as
blackbodies at the temperature of 7, =3.472 K

(25). Over the time it takes for CMB radiation to
travel from distant regions of the Universe to
Earth, its temperature decreases to the value of

T =2.7255 K.

Based on this approach, we first find formula
(7) for the volumetric power L of CMB energy
generation in cosmic space, and then we find the
main characteristics of primordial gas-dust
clouds, including their radius a = 0.68 pc (26),

mass m~31M_ (27), volume concentration of

clouds n~3.4x10 m” (28), and distance

between neighboring clouds R ~2.2 kpc. For
the volumetric power L of CMB energy

generation, the value L ~1.5x107*" W/m’ (29)
is obtained, while the generation power per
nucleon of a typical gas-dust cloud, as well as
per nucleon in the early Universe, is equal to

£ ~1.2x107" W/nucleon (30).

n,

We can conclude that the CMB originated as
thermal radiation from primordial gas-dust
clouds. This thermal radiation could interact with
a large number of particles in each cloud, which,

in view of the slowly changing equilibrium state
of the clouds and their opacity and weak
reflection, provides the CMB radiation spectrum
close to that of blackbody radiation. In addition,
CMB radiation coming from very large distances
passes through many separate CMB sources in
the form of gas clouds on its way to Earth. This
further contributes to the transformation of the
CMB spectrum into a blackbody spectrum.

As indicated in Section 6 with reference to
[30], the angular harmonics in the CMB power
spectrum can be explained if we take into
account matter clustering near the surface of
primordial gas-dust clouds. This possibility is
supported by the presence of both small and
large dust particles observed in Bok globules,
leading to significant polarization of radiation in
the millimeter range [67-69] up to values on the
order of 10% or more. In this regard, the degree
of polarization of the CMB is also approximately
10%. Thus, the primordial gas-dust clouds
responsible for generating the CMB could have
evolved into structures resembling globules.

In addition to CMB, the approach under
consideration can be applied to infrared
background radiation (CIB) and optical
background radiation (COB). The estimates
made in Section 7 give reason to believe that the
CIB emission could have originated in
protoplanetary clouds, while the contribution to
the COB emission was made by primordial stars.

Although the blackbody CMB radiation
coming to the Earth from all directions has an
intensity / =cT*, this does not mean that the
ubiquitous occurrence of CMB energy density in
cosmic space is equal to
_4doT N

c

blackbody radiation. As shown in (33), the
average CMB energy density in the Universe

u =417x10™  m’, similar to

should equal 77 =1.4x107> J/m’. This happens
because the CMB is radiation that is not in
equilibrium with the global blackbody. Indeed,
all CMB sources cannot form a closed surface
entirely surrounding the radiation of the

Universe, which is a necessary condition for the
4

validity of the formula u = . The same

c
applies to CIB radiation and COB radiation,
which are also nonequilibrium.
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Due to the difference between the energy
density u and the energy density u  (20) of

blackbody radiation, it becomes possible to
move away from the model of the hot expanding
Universe. It follows from this model that the
CMB energy density is equal to u# everywhere,
so that the ratio of the number of photons to the

number  of  nucleons s equal  to
n, n.m

L ="L"7-33%10°, which is close in
n, Py

. . V.
magnitude to the ratio of volumes — in (34). In
our approach, the energy density # corresponds
to the condition of practically the same number

of photons and nucleons, -eliminating the
problem of excess photons and removing the
need to introduce the hot Universe model.
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Abstract: We present the exoplanet transit phenomena detected by the Sharjah
Astronomical Observatory (SAO-M47) located in Sharjah, United Arab Emirates. In this
work, we observed the transits of three hot Jupiter exoplanets, TrES-1b, WASP-104b, and
HAT-P-54b, using a UV-IR cut filter with a bandwidth range from 420 to 685 nm. The
obtained results were compared with data from a previously published paper and other
observations conducted with several filters to identify differences in the analysis of these
three hot Jupiter exoplanets. In general, the study focused on how changes in a planet's size
are influenced by the particles in its atmosphere. Obtained by using a wide-band UV-IR cut
filter and multiwavelength observations, this work’s results are comparable to the previous
work, specifically regarding the relationship between fine and large particles and the
detected scattering effect by blocking the host star light. Several other parameters, such as
orbit inclination (i) and transit duration Ty, are also presented with the obtained results,
namely, 1.205 £ 0.019 Ryyp, 1.028 +0.046 / -0.049 R,yp, and 1.079+0.040/-0.042R ;yp for
TrES1b, HAT-P-54b, and WASP-104b, respectively. The rest of the parameters are

included in the tables.

Keywords: Exoplanet,
Observatory (SAO), Photometry transit.

Introduction

Transit photometry is considered the most
functional method for detecting distant planets
that transit between a star and the Earth.
Conducted  with  this method, regular
observations of giant exoplanets are necessary to
improve their parameters and ephemerides,
thereby assisting in explaining their peculiarities.
When a planet crosses (or transits) in front of its
parent star's disk, the observed brightness of the
star is noticed to drop by a small amount. The
depth of transit depends on the relative sizes of
the star and the planet [1]. This method of
detection is called transit photometry. The transit
method enables us to measure the radius of a
planet, its inclination, impact parameter, and

HAT-P-54b, WASP-104b, TrES-1b, Sharjah Astronomical

transit time. The transit of exoplanets allows us
to test planetary structure and evolution theories

[2].

Observational astronomy becomes science
only when we can start to answer questions
quantitatively: How far away is that object? How
much energy does it emit? How hot is it? The
most fundamental information we can measure
about celestial objects past our solar system is
the amount of energy, in the form of
electromagnetic radiation, that we receive from
that object. This quantity we will call the flux.
The science of measuring the flux we receive
from celestial objects is called photometry [3].
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In the search for extrasolar planets, many
methods such as direct imaging, radial velocity,
and gravitational lensing have been employed,
but the transit method, also known as transit
photometry, has proven to be mankind's most
effective tool, as it has been responsible for the
discovery of exoplanets. Of the 4108 confirmed
planets as of the end of January 2020, 3160 were
detected using this technique (NASA Exoplanet
Archive) (https://exoplanetarchive.ipac.caltech.edu).

In 1992, the first exoplanets around the pulsar
PSR B1257+12 were discovered by the detection
of the anomalies in the pulsation period [4].
Since then, many amateur astronomers have
attempted to measure the signature light-curve
dips of known transiting exoplanets in the early
21* century, such as HD209458b [1] and TrES-
Ib [1, 5], and have reached more than 5700
exoplanets by the year 2024.

There are many techniques used in transit
photometry observations to extract more
information about the planets, such as
defocusing and multiwavelength observations.
Here, we used a wide-band filter covering the
near-ultraviolet to far-red range (420 — 685 nm)
to examine the light curve shape compared with
the previous results obtained by using narrow-
band or specific filters. The light dispersion
depends on the particle size under Mia and
Rayleigh scattering methods. From this
relationship, we can infer which particle sizes
are dominant in the atmosphere.

Target Selection and Observation

We present here the selection and observation
of three target exoplanets, chosen according to
several specific criteria. The first criterion was to
select exoplanets with a transit depth greater than
0.01 mag, as listed in the Exoplanet Transit
Database (ETD) (http://var2.astro.cz/ETD).
Currently, the Exoplanet Transit Database [6],
run by the Czech Astronomical Society since
2009, is the largest repository of such data,
containing over 10,000 transit light curves for

more than 350 exoplanetary systems [6, 7]. The
second condition required that each observation
cover the entire transit event, beginning at least
30 minutes before and after the predicted transit
interval. The third one was that the target
exoplanet be positioned at a high altitude in the
sky, corresponding to minimal airmass. Finally,
the fourth condition required that the host star’s
magnitude not exceed 14 mag, which defines the
detection limit for the SAO. Based on these
conditions, three targets were selected: TrES-1b,
WASP-104b, and HAT-P-54b. TrES-1b is an
exoplanet discovered by the Trans-Atlantic
Exoplanet Survey [5]. It is located approximately
512 light-years from the Sun and orbits its host
star at a semi-major axis of 0.0393 £ 0.0011 AU
[8]. The initially published transit depth was
0.0208 mag [6], and the host star has an apparent
V magnitude of 11.79 and is classified as a KOV-
type star. TrES-1b lies in the constellation Lyra
[5] and has a radius of 1.08 R, a mass of 0.729
M,up, an orbital period of 3.03 days, and an
orbital inclination of 88.2 degrees [9].

HAT-P-54b was discovered and confirmed in
2015 and is among the lowest-mass stars known
to host a Hot Jupiter exoplanet, located at a
distance of 443 + 11 light-years [10, 11]. Its
transit depth is 0.0265 mag [6], and it orbits a K-
dwarf star with an apparent magnitude of V =
13.5. The planet has a radius of 0.944 + (0.028
Ryup, a mass of 0.760 £ 0.032 M, yp, an orbital
period of 3.7998 days, and an orbital inclination
that reaches up to 88.04 degrees.

Finally, WASP-104b located at a distance of
466 + 33 light-years, consists of a single star—
planet system. Its transit depth is 0.0158 mag [6],
and the host star has a V magnitude of 11.1,
classified as a G8 main-sequence star [12].
WASP-104b has a radius of 1.1 Ryyp [12], a
mass of 1.3 M,yp, and an orbital inclination of
83.63 degrees [6]. It is a hot Jupiter that orbits its
host star in a circular path with a period of 1.75
days. All the information is displayed in Table 1.

TABLE 1. Reference parameters of the target exoplanets and their host stars.

Targets TrES-1b HAT-P-54b  WSAP-104b
Rjup 1.08 0.944+0.028 1.1
Mup 0.729  0.760+0.032 1.3
Inclination(degree) 88.2 87.04 83.63
Orbital period (Day 3.03 3.7998 1.76
Depth of transit (mag) 0.0208 0.0265 0.0158
Host star (mag) 11.79 13.505 11.1
Host star (Distance Ly) 512 433+11 466+33
Classification of host star KoV K G8
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Increasing capabilities of instruments and
skills allow amateur astronomers to engage in
the exoplanet discovery race and follow-up
observations using the transit method, along with
university and professional astronomers, in
searching for new transiting exoplanets. As an
increasing number of  submeter-aperture
telescopes become employed in these searches, it
is important to quantify the detection levels that
can be attained with such equipment and to
identify analytically methods that can be used to
detect and characterize transit light curves [5].
Sharjah Astronomical Observatory (SAO-M47)
[25] contains a 0.431m robotic telescope, which
makes the observatory unique in the Middle East
region, where there are no other professional
observatories equipped with similar specialized
instruments. Moreover, the robotic telescope is
fully automated and protected by a four-meter-
diameter dome equipped with a weather station.
The telescope is a PlaneWave CDK17 Schmidt-
Cassegrain reflector attached to a 4k x 4k SBIG
16803 CCD camera with a filter wheel
containing JOHNSON/BESSEL U, B, V, R, and
I filters. SAO was built in SAASST for
educational purposes, serving undergraduate
students throughout the UAE. The University of
Sharjah has opened opportunities for students
pursuing an M.Sc. degree in Astronomy and
Space Sciences, and it plays a vital role in

TABLE 2. Log of target observations.

supporting graduate students who are enrolled in
this program to conduct their research.

Table 2 presents the log of photometric
observations, including the target name, dates of
observation, exposure time, number of frames,
and photometric precision (SNR). The same
observational procedures and analysis methods
were applied to all three targets (TrES-1b, HAT-
P-54b, and WASP-104b), except for the
exposure time. For the analysis described here,
only complete transit light curves were used,
acquired under conditions determined by the
observatory location and the high altitude of the
targets in the sky, approximately 50 degrees
above the horizon.

Observation planning was based on the
Exoplanet Transit Database (ETD) [6], which
provided the exact time and date of each transit,
as well as the azimuth, altitude of the targets, and
other necessary information for following the
transit. A UV-IR cut filter (4200-6850 A) was
used for all observations.

Data acquisition and analysis were carried out
in two steps. First, MaximDL software was used
for telescope guiding, image capture, and
reduction. In the second step, the data were
analyzed to generate light curves and exoplanet
parameters using ManuWin and AstrolmagelJ
software.

Parameters TrES-1b HAT-P-54b WASP-104b
Date of observation 16" June 2018 8™ Dec.2018 6™ Feb. 2019
Number of Frames 73 29 59
Exposure Time 120sec 300sec 120sec
Filter UV-IR cut UV-IR cut UV-IR cut
Binning 1x1 1x1 1x1
Airmass (min — max) 1.06 - 1.18 1.03-1.2 1.05-1.15
SNR ~1000 ~500 ~1000

Observing TrES-1b:

Within the American Association of Variable
Star Observers (AAVSO) and transit search
networks, many astronomers - expert and
amateur - report exoplanet transit light curves
and share their results with one another [5].
These data are also published in the Transit
Exoplanet Database (TED), as was done for our
observations.

TrES-1b was discovered by the Trans-
Atlantic Exoplanet Survey (TrES) and is located
at coordinates R.A. 19h 04m 09.8s, Dec. +36°
37'' 57" (J2000) [13].

Our observations of TrES-1b began on 16
June 2018 at  20:20:28 UT JD
2458286.3475462962) and continued until the
last image at 23:26:43 UT (JD
2458286.4910300928). The mid-transit time
(TC) occurred at 21:55:22 UT (HJD
2458286.41612 + 0.00057). An exposure time of
120 s was used to increase the signal-to-noise
ratio. Observations started 25 minutes before
ingress and ended 15 minutes after egress. A
total of 73 images were obtained during the
observation period, as shown in Fig. 1.
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FIG. 1. Top: Residuals of the fitted data. Middle: The best solution for the transit of TrES-1b. Bottom: Air mass
during the observation.

Observing HAT-P-54b:

Following the breakdown of two of its
orientation wheels, the Kepler space telescope
was repurposed in a mission called K2 [10]. In
this mission, the Kepler space telescope was
utilized to observe 10 fields along the ecliptic
plane over a span of two years. For various
reasons, the number of stars that can be seen in
each field is significantly lower than in the first
Kepler mission. Due to this, early perceptions of
K2 fields by ground-based telescopes to pre-
select targets are very beneficial [10]. The
exoplanet HAT-P-54b is in the primary field that
can be seen by the K2 mission, known as Feld 0.
This planet, found by the HATNet study, is the
first transiting planet identified in this field [10].
Initial photometric observations of the star HAT-
P-54 were carried out by the fully automated
HATNet system [10]. It was found that the
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radius of HAT-P-54b is smaller than 92% of the
known transiting planets with masses greater
than that of Saturn [11]. The host star has V =
13.505 £+ 0.060, a mass of 0.645 + 0.020 M,,,
and a radius of 0.617+0.01 R,,,,, making HAT-P-
54 one of the lowest-mass stars known to host a
hot Jupiter [10]. HAT-P-54 was observed by
Sharjah Observatory on 8 December 2018. The
first image was taken at 20:31:16 UT (JD
2458486.3475462962), with the ingress of the
transit occurring at 21:06:00 UT at an altitude of
82° (E), giving an ingress duration of 35
minutes. The last image was taken at 23:22:06
UT (2458486.4910300928 JD), resulting in an
egress duration of 25 minutes at an altitude of
75° (W). The mid-transit time was observed at
22:12:44 UT (Tc = 2458461.42204 + 0.00134
HID) [6], as shown in Fig. 2.
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FIG. 2. Top: Residuals of the fitted data. Middle: The best solution for the transit of HAT-P-54b. Bottom: Air
mass during the observation.

Observing WASP-104b:

Information regarding planets transiting stars
that are brighter than those observed by Kepler is
required to expand our knowledge of the range
of properties exhibited by the nearby planets, as
well as to advance our understanding of
planetary formation and evolution [14]. WASP-
104b is a transiting hot Jupiter in a 1.76-day
circular orbit around a V = 11.1 G8 main-
sequence star. The planet has a mass of 1.3 M,yp
and a radius of 1.1 Ryyp [12].

Sharjah  Astronomical Observatory was
successful in observing the full transit of WASP-
104b on 6 February 2019. Observations started
at 19:31:13 (2458521.3133449075JD) with the
first touch of the transit beginning at 20:21 (63
SE), meaning that it took 50 minutes for ingress.
The last image was at  22:37:01
(2458521.4423726853 JD). The egress of the
transit was at 22:06 UT (72 S), making it ~30
minutes after egress of the transit. The mid of the
transit was at 21:14 (Tc = 2458521.37323 +

0.00101JHD) [6] at an altitude of 71 S. A long
exposure time (120 sec) was used for raising the
SNR, with the best value of SNR achieved in
image 14 (SNR ~1010 and 1/SNR ~ 0.001). The
light curve appears with 59 images during the
observation period, as shown in Fig. 3.

Analysis and software:

For analyzing and creating the light curve,
two different software packages were used. First,
the Muniwin package was employed to produce
the light curve based on the observed magnitude
dip. The optimal aperture photometry was
selected for processing, with careful choice of
comparison stars. The results were saved as a .txt
file and submitted to the TRESCA transit model
on the Exoplanet Transit Database (ETD)
website [6] (http:/var2.astro.cz/ETD/observers.php) to
calculate exoplanet parameters and plot the light
curves. The air mass curve and the fitted transit
observations in the TRESCA model were used to
derive the parameters for our observational light
curves, which are presented in Table 3.
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WASP-104b

o rel_flux_T1 (AIRMASS+Y(FITS)_T1 detrended with transit fit) (arbitrarily scaled and shifted)
= rel_flux_T1 Transit Model ([P=1.76], (Rp/R*)*2=0.0157, a/R*=6.3, i=83.2, Tc=2458521.367139, [u1=0.3], [u2=0.3))

09}

08}

e o o o
= o o ~

Normalyzed flux (arbitrarily scaled and shifted)

[
w

021

01}

0.0

Predicted
Ingress

1
Predicted
Egress

0.32 0.34 0.36

Geocentric Julian D

0.38

0.40
ate (UTC) - 2458521

0.42 0.44

FIG. 3. Top: Residuals of the fitted data. Middle: The best solution for the transit WASP-104b. Bottom: Air

mass during the

TABLE 3. Parameters and observational solutions
(TRESCA) model.

observation.

generated by the Exoplanet Transit Database

Targets & Parameters TrES-1b HAT-P-54b WASP-104b
Orbit inclination(7) 87.65¢° 86.53¢ 88.67°
Transit depth (mag) 0.0249+ 0.0008  0.0321+£0.003  0.0144+0.0011
Transit duration (min) 144.8+2 95.9+ 6 99.2+ 4
R of planet (R, y p) 1.205 1.028 1.079
Fit data 2 3 3

The second software used for calculations  Discussion:

was Astrolmage), which allows fitting and
plotting of the data [15]. In this software, some
parameters, such as the host star radius and the
planet period, are fixed. Figure 1 shows the light
curve of the exoplanet’s full transit, with the
fitted data overlaid, alongside the air mass curve
to illustrate the observing conditions. The red in
the legend lists the transit solution numbers for
this transit. The same applies to Figs. 2 and 3.
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Observing the primary transit of an exoplanet
at multiple wavelengths allows researchers to
investigate the composition and structure of its
atmosphere. The measured Rp/R* depends on
the opacity of the planetary atmosphere and thus
allows for useful insights into the atmosphere’s
spectral features and composition. If the opacity
in the near-UV band is dominated by Rayleigh
scattering of molecular hydrogen, it may be
possible to place strong upper limits on the
planet’s 10-bar radius [16]. The apparent size of
the planet is determined from the flux dip
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relative to the out-of-transit flux, as shown in
Figure 4. The star magnitude varies when
different filters are used. In our observations,
using a wide wavelength filter, such as a UV-IR
cut filter (420 — 865 nm), Fig. 5, the magnitude
should decrease or the flux increase. On the
other hand, the exoplanet does not play a part in
the change in magnitude related to the flux;

magnitudes of the host star before and during the
transit. The wavelength-dependent transit depth
indicates the atmosphere composition of an
exoplanet [17]. Differences, such as asymmetric
transit shapes, longer durations, or significantly
deeper transit depths (>~1%) compared to the
optical filter [16], provide direct evidence of the
significant effects of using wide-band filters,

rather, it will show more wavelength blocking  particularly in the blue and near-UV
depending on the atmosphere’s particle size.  wavelengths.
Axiomatically, it is independent of the different

A,: High A,: Low

atmospheric atmospheric

absorption absorption

Flux

Time

)\A 2
T [

Ay
— A

FIG. 4. Transit-depth variations, AF/ F (1), caused by the wavelength-dependent opacity of a transiting planet’s
atmosphere. The stellar disk and planet are unresolved; the observed flux variation corresponds to a point source

[24].
Plot with Transparency for each filter R & V & L
1.0 4 . — Vfilter
74 R filter
|\ L filter
0.8 4 “
‘V
5 (
g 0.6 4 |
|
g 1
2 |
.4 |
g’ :
," \
0.2 1 | \
!‘ .‘"‘.
0.0 - e
4000 5000 6000 7000 8000 9000
LAMBDA

FIG. 5. Filter transparencies: R-Red, V-Visual, and L- Luminous.
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This band allows us to determine the
correlation between fine and large particles in
the exoplanet's atmosphere by comparing the
planet's size using the R and L filters. The
observed visible size from a single observation is
provided in Table 4. Based on this, we can
estimate the distribution, amount, and
concentration of particles spread around the
planet. These particles are necessarily small and
light because Rayleigh scattering is more

effective than Mie scattering, as shown in Fig. 6.
These results demonstrate the significant effects
of using a wide-band filter, especially in the blue
and near-UV wavelengths. This band allows us
to assess the correlation between fine and large
particles in the exoplanet’s atmosphere by the
ratio of the planet’s size measured with the R
and L filters, with the net visible size from a
single observation summarized in Table 4.

TABLE 4. Comparison of (R p / R s) results from multiwavelength observations with those from this

work.
HAT-P-54b TrES-1b WASP-104b
. Transit Transit .. Transit .
Filter depth References depth Filter Reference depth Filter Reference

v 0.15616 [19] 0.1382 V [20] 0.124 A" [21]

I 0.16898 [19] 0.13686 z [22] 0.129 R [21]

R 0.17516 [19] 0.08 Ks [23] 0.12140 1,z [14]

L 0.18133 This Work 0.15218 L This Work 0.12512 L  This Work
Expected literature 500 1107 o130 R [8] 0121 R [12]

value

16

14

12 —

10 1

Scattering Cross Section
o«

Particle size of 0.0285um (Rayleigh)

Particle size of 0.2615um (Mie)

375 425 475 525
Wavelength (nm)

575 625 675 725

FIG. 6. Effects of Rayleigh and Mie scattering cross sections as a function of wavelength for different
particle sizes [26].

These types of  observations are
indispensable for further investigations of
exoplanet atmospheres and for comparisons with
planets in the Solar System, such as recent
studies combining CHEOPS and TESS data to
examine differences in transit depths. The
authors summarize several factors that affect
transit depth; by default, variations in measured
exoplanet size arise from differences in the
sensitivity of the TESS and CHEOPS
instruments, as well as the effects of limb
darkening at shorter wavelengths, to which
CHEOPS is more sensitive than TESS [18]. We
know that stellar magnitudes vary when
observed through different filters. Using a wide-
band filter, such as a UV-IR cut filter (420-865
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nm), the observed magnitude should be equal to
or lower than that obtained with a narrow-band
filter, and the measured flux should be the same
or higher. The exoplanet itself does not directly
affect this change in magnitude; rather, the
observed flux variation reflects wavelength-
dependent blocking by particles in the planet’s
atmosphere. This effect is independent of the
host star’s magnitude before or during the
transit. Based on these observations, we can
estimate the distribution, quantity, and
concentration of particles surrounding the planet.
These particles are necessarily small and light, as
Rayleigh scattering is more effective than Mie
scattering, as shown in Fig. 6. Near-UV transits
may also exhibit asymmetries in their light



Results of Observations for Three Confirmed Exoplanets Using UV/IR Cut Filter

curves, including differences in ingress/egress
timing, asymmetric transit shapes, longer
durations, or significantly deeper transit depths
(>1%) compared to observations in the optical
[16].

TrES-1b:
e The orbit inclination is lower by 0.5°

e The planet radius obtained from the transit
solution is large by around 10%.

o The larger radius of the planet leads to the
conclusion that it is of a lower density.

HAT-P-54b:
e The orbit inclination is lower by 0.5°

e The planet radius obtained from the transit
solution is larger by around 9%.

o The larger radius of the planet leads to the
conclusion that it is of a lower density.

WASP-104b:
e The orbit inclination is higher by 0.5°.

e The planet radius obtained from the transit
solution is almost similar to the previously
published values.

Conclusion

In this paper, we investigated the capability
of the Sharjah Optical Observatory in observing
and detecting the transit of exoplanets. Despite
the light-polluted location, we were able to
observe and detect the transit. Our results show a
clear match with the results from the previous

observations and confirm the Jupiter-type
exoplanets. Even under the difficult observation
conditions, such as light pollution, low-latitude
sites, and non-clear atmosphere, exoplanets can
still be observed and confirmed. We demonstrate
that exoplanet transits can be observed from
suboptimal  sites using relatively small
telescopes. Our observatory is fully capable of
observing exoplanets, even though it is located
within a city with a high level of light pollution.
Notably, the Sharjah Optical Observatory is the
first observatory in the Gulf region to
successfully observe exoplanets. Moving
forward, we aim to expand our efforts to observe
more exoplanets through transit photometry and
to incorporate spectroscopy, providing training
opportunities for students and establishing a
community of exoplanet observers in the region.
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