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By considering generalized scalar tensor theory, as the gravitational theory, we have investigated the dynamical evolution of the
homogeneous and anisotropic Kantowski-Sachs space in the presence of Renyi holographic dark energy. To obtain the solution for this
model, we have derived the field equations and we have also analyzed the various physical and geometrical parameters of the model,
such as deceleration, jerk, EoS, EoS plane, statefinder pair, density, squared speed of sound and the Om-diagnostic. It is shown from
these parameters that the model is very much stable, projecting a quintessence nature and also, obtained model depicts the ACDM
model. Our observations and conclusions from the constructed model are in good agreement with the recent studies.
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1. INTRODUCTION

The Universe we see today is around 46 billion light years in radius [1]. The formation of planets, stars and
galaxies that keep changing over time, constitute the evolution of the cosmos. The American astronomer Edwin Powell
Hubble has observed and deciphered that, from each direction, the distant stars and galaxies are moving away from Earth;
and further, this rapid recession increases as the distance increases, implying that the Universe is expanding. Moreover,
many repeated measurements have established these findings of Hubble ever since his discovery. Hubble’s hypothesis of
Universe expansion suggests that, all the presently observed matter and energy of the cosmos were more condensed as an
infinitely small hot mass in the past, and later, a huge explosion called the “BIG BANG” has scattered the matter and energy
in every direction. The Cosmic Microwave Background (CMB) explorer has confirmed that the background radiation field
has the exact spectrum that is predicted by the Big Bang theory which prevails all the cosmological models and elucidates
the Universe’s initial development that begun 13.798 £ 0.037 billion years ago [2]. And, this hypothesis deduces that, in
the deep space, the temperatures today, should be much more than the absolute zero. However, the modern astronomy is
the consequence of Galileo’s bequest of scientific knowledge of the space, and they understand that the present Universe
has been made up of matter and vacuum. This view is widely held and appears to be common. Further experiments and
observations made by the astronomers, the astrophysicists and, finally by particle physicists suggests that the Universe is
much more beautiful and complicated than it was first believed. Additionally, general relativity tells that the past and as
well the future of the Universe is depends on the aggregate of energy and matter contained therein. Hence, the study of
exploded massive old stars has ascertained the existence of “dark matter (DM)” and the mysterious component called the
“dark energy (DE)” which is neither related to matter nor energy and is clearly distinct from DM. These suggests that the
space is being governed by the same physical laws all over its extent and history.

The observations from supernovae reveal that the there is an expanding Universe at an accelerating rate [3, 4].
Also, the Coma galaxy cluster mass [5, 6] along with the study of the galaxy rotation curve (1970) [7] that have been
provided by the “Viral theorem” (1930’s) has uncovered the most important aspects of cosmology: the dark sector (DM
& DE),which is particularly accountable for rapid cosmic expansion and helps us to understand the nature of the cosmos.
In terms of theological understanding, one of the most challenging issues is the concept of dark sectors [8]. For a standard
cosmological scenario, the DM is called as cold dark matter (CDM), and DE as the cosmological constant (A). As a result
of the combination of radiation and baryons, the ACDM model captures the dark component of the Universe. However,
this is much of hypothetical nature, despite of ACDM having an impressive observational achievements [9, 10]. Taking
some inspiration from the holographic principle [11-17], the idea of holographic dark energy (HDE) has been proposed
by Li [18] to elucidate the phenomenon of rapid expansion of the Universe, in the year 2004. Consequently, the most
complete generalization including the mostly known HDE models were suggested by Nojiri and Odintsov [19] and later
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on, covariant theories different from Li’s HDE have been discussed by Nojiri-Odintsov HDE [20]. Recently, a number
of entropies have been formalized and are used to explore the various cosmological models. Among all those which are
developed, namely Sharma Mittal HDE [21], Tsallis holographic dark energy (THDE) [22], Renyi holographic dark energy
(RHDE) models [23] have proved to be more stable, based on non-interactions among the cosmic regions [24]. Current
observations have suggested that Bekenstein entropy (S = %) is nothing but Tsallis entropy [25-31] that ultimately lead to
the following expression, for the ease of Renyi entropy [32] as,

1 )
S=-log|-A+1]. 1
ef2av) "
On applying equation (1), with the assumption pg.dV o« TdS [23], we acquire RHDE as
3c2H?

; )
8n(2—‘§+1)

Pde =

2

where ¢~ is a numerical constant. To obtain this we use relations that are reasonable in FLRW flat Universe [33], T = %

2

3
and A = %” = 471(%) . It is clear that without ¢, we obtain pg. = 3“827?2,

The RHDE models have been studied with various IR cut-offs [34, 35]. Furthermore, Sharma et al. [36, 37] have
investigated how the RHDE model can be distinguished from the ACDM model using different diagnostic tools. More
recently, Dubey and Sharma [38] have compared the holographic and THDE models with the RHDE model using the
(r—s) diagnostic. These studies highlight the importance of examining the interaction between dark energy (DE) and dark
matter (DM). Additionally, constraints on the strength and nature of this interaction under different model setups have
been explored in the literature [39—41]. Once again, the RHDE model in FLRW Universe has been investigated by Sharma
and Dubey [42] by considering the interaction between the DM and DE. Also, RHDE model in a scalar tensor theory
studied by Santhi and Naidu [43]. Very recently, Santhi et al., [44] have examined the RHDE model with two IR cutoffs
in Saez-Ballester scalar tensor theory with marder type Universe.

It is assumed by many physicists that, at the emergence of the galaxies, the gravitational interactions responsible
for the dynamics of the cosmos were quantized and its geometry should have been like a foam, resonating among the
various configurations [45], which is of course, much different from what it is today. This raises the question on the
validity of the “cosmological principle” which says that the Universe is homogeneous and isotropic, at sufficiently large
scales [46]. Supposing that at the initial stages, the cosmological principle is not validated by the Universe i.e., the
cosmos is inhomogeneous and anisotropic; and later it subsequently transformed to homogeneous and isotropic state as
we understand it today. Since CMB radiation is almost uniformly distributed in all the directions with little variability,
this transformation must have occurred before the matter and radiation got separated [47]. In a very transient period of
time, cosmological inflation has caused the isotropization and homogenization of the primordial Universe, and later on
with the initial singularity, the accelerated cosmic expansion has taken place and the size of the Universe has increased
by many folds [48]. Physicists have worked on the proposition of inhomogeneous and anisotropic cosmos, turning
into a homogeneous and isotropic one [49]. Most of these works are related to the initial time, where the Universe is
homogeneous and anisotropic. However, one is left with many other possibilities to contribute for the choice of such a
particular space-time. One such space time is the Kantowski-Sachs (KS) [50]. Therefore, the space-time S*R spatial
topology (or S2S!, when the real line is compactified because of identifications), has only two scale factors to describe
the spherical symmetry. For this space-time we have constants and positives curvatures of the spatial slices. The KS
space-time may also elucidate the Schwarzchild black hole in detail [SO]. Many studies have been performed on this
Universe by theorists, of which few have been mentioned here. The possibility of having a nonsingular KS-type static
state has been evaluated by Ghorani and Heydarzade by considering four and five dimensional models [51]. The KS space
time in the presence of strange quark matter cosmological models attached to string cloud in f(R) theory of gravity has
been examined by Santhi and Naidu [52]. A dynamical evolution of a homogeneous and anisotropic KS cosmological
model has been studied by Oliveira-Neto in the presence of general relativity [53]. Observational constraints on RHDE in
KS Universe has been studied by Prasanthi and Aditya [54]. The geometric properties of the generalized KS space-time,
has been examined by Shaikh and Chakraborty [55], in a warped product of 2-dimensional base and fibre. Harmonic
metrics with respect to generalized KS type space-times have been dealt with Altunbas [56]. The KS metric has been
parameterized in a traditional way as:

that agrees with the original HDE.

ds® = dt* — A%dr® — B*(d6* +sin” 0dp?), (3)

where the arbitrary functions of time are taken as A(¢) and B(t); and r € [0, +00) is the radial coordinate and 6, ¢ are the
spherical angular coordinates that vary in [0,7], [0,27] ranges respectively.

Hence, the following article has been divided into various sections for better understanding. Section (2) mentions
about the general scalar tensor theory and the field equations, along with some physical quantities. Section (3) mainly deals
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with the physical and geometrical properties of the cosmological model that are ascertained with the help of corresponding
graphs w.r.t "z’ (where z is the redshift defined through 1+ z = Z—‘l‘ setting the current value of the scale factortoag =1) .
In the last section the obtained results have been concluded.

2. FIELD EQUATIONS FOR GENERAL SCALAR-TENSOR THEORY

Nordtvedt [57] has suggested the scalar tensor gravitational theories of a general class, where the Brans-Dicke theory
parameter w is an arbitrary (positive definite) function of the scalar field as w — w(¢). Schwinger [58] has attracted a lot
of work by considering a specific case of Nordtvedt’s theory to evaluate the scalar field cosmological models. Also, the
theories of Jordan [59] and, Brans and Dicke [60] have been taken as a special case in the general class of scalar-tensor
gravitational theories. This theory has been considered by some of the researchers [61-64] to understand the Universe.
Higher-derivative operators and effective field theory for general scalar-tensor theories have been considered by Solomon
and Trodden [65]. Huang et al. [66], have analyzed the stability of Einstein static Universes in general scalar—tensor theory
with non-minimal derivative coupling by analyzing scalar and tensor perturbations. Also, much recently a simplified
approach to general scalar-tensor theories has been made by Bloomfield [67]. Lépez et al. [68] have studied a chaotic
inflation and reheating in generalized scalar-tensor gravity.

The proposed field equations by Nordtvedt are given by,

1
Ry 2g[lVR_ -8np” lTﬂv_w¢_2(¢’u¢vv g,uv¢k¢ ) o (¢MV gﬂv¢ ) 4

1
O = a0 (n - ¢¢,4¢’“), 5)

where R, & R is the Ricci tensor and scalar curvature respectively; and 7}, is the stress energy tensor of the matter, T
is the trace of T,,, and comma and semicolon represent the partial and covarient differentiation respectively. Also, from
field Egs. (4) and (5) we get the conservation equation is given as,

™ ., =0. (6)
The DE and pressureless matter combinedly constitutes the cosmos, which can be defined as,
Ty = Pmlply, @)

& Tyv = (pde +Pde)’4;4”v —Pde8uv ®)

where p 4. is the pressure of RHDE; whereas, p,, and pg4. are the matter energy density and the energy density of RHDE.
The presumption of taking the anisotropic DE, whose energy—momentum tensor, 7}, as given below, determines the study
of present cosmic accelerated expansion,

Ty = [1,—wr,—wg,~g]pde = [1,—Wdes —Wdes —Wdel Pdes )

where the directional EoS parameters: w, = —wge, Wg = —wqe and w g = —wq, are along r, 6 and ¢ respectively.
Hence, we obtain the following field equations from the equations (4), (5) and (9) as follows:

23 32 1 wd® ¢ 2B¢> 8N WyePde

-—— - -_— 10
‘B 32 B2 2¢2 ¢ B¢ 1) (10)
i B AB wf § (A B\ 8
_+_+__%_f_g_ - M, (11)
A B AB 2¢? ¢ ¢\A B 1)
AB B? 2 A 2B 8
AB B 1 %__ ﬂ(pm+pde) (12)
AB B? 32 202
. . A ZB 8m [SU)depde —Pm _pde] 1 .
& G+l—+=—|= 13
¢ ¢(A B) 3+2w 3+2wd¢¢ (13)
The transformation df = AB?dr, can be used to rewrite the above field equations (10)-(13) as,
1 [2B” 3B’ _2A'B A2 we”? 9" A —87rwdepde’ (14)
A2B*| B B2 AB 202 1) Ag 1)
1 A" . B ~ A/2 ~ 23/2 B 2A’B’ ~ w¢/2 ~ ¢// Bl(ﬁ/ B _Sﬂwdepde (15)
A2B4| A B A2 B AB 24> ¢ Bo | ) ’
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1 [24’B" B? 2 ¢ A 2B 87 (Pde + Pm
—— |t 2+A232+w¢2 _¢_(_+ ) :_ﬂ(’%—p)’ (16)
A2B*| AB ' B 200 ¢'A B ¢
& (3 +20.))¢N =8r [3wde,0de Pm — pde] (AZB4) ¢ /2 (17)

Here the overhead dot (.) denotes differentiation w.r.t ‘¢’, the overhead dash (” ) denotes differentiation w.r.t 7 and the field
equations (14)-(17) corresponds to KS-Universe.
Therefore, from equations (14)-(17), we have obtained,

dw A” A% 24’'B 2B’ 3B
(3+2w)¢" + —¢" 2¢———— -

0.)¢l2
—_—+ - .
dé A2 AB ' B B 2

+AZB*| +3¢" +

(18)

There are four field equations (14)-(17) and six unknowns - A, B, @, pde, Pm and wy, that are to be determined. As
a specific case proposed by Schwinger [58] in the following form,

1
3+2w(¢) = ﬁ’ A= constant, (19)

we have obtained Nordtvedt’s general scalar tensor cosmic model in the framework of RHDE.
Hence, from equations (18) and (19) we obtain,

P P s + A2, 2
Yo R T A T B B (20)

A

¢ ¢

The preceding equation has been solved by the condition of proportionality between the shear scalar and the expansion
scalar as,

1 [¢// ¢/2 :| 3¢/2 A" A/Z 2A’B’ 2B 3B/2

A=B", n>1. (21)
From equations (20) and (21) we get,,
¢ — ek1T+k2, (22)
B” 3(n+1)B? 1 2 3,
- e 1 2
and T B ne2b T neath 23)

where ki and k, represent the arbitrary constants. And, on solving equation (23) we obtain the metric potentials as:

n

A= (/i sech (B (n + 1)7)) " 24)
B2

B= (/ﬁ sech (B (n + 1)7))"+1. (25)
B2

Firstly, we have studied various physical parameters, like volume (V), scale factor (a(z)), Hubble parameter (H),
expansion scalar (i), shear scalar (0%) and the anisotropic parameter (Aj,) whose expressions are given respectively as,

n+2

Ve (& sech (B, (n + 1)7)) " (26)

B2
(B £

a= (— sech (B1(n+ 1)7)) , 27
B2

_-(n+2)p) tan3h (B1(n+ 1)7), (28)

¥ =—(n+2)p; tanh (B (n+1)7), @9)

C1V2482 fanh2
(1) ,BItanl; (ﬂl(”"'l)T)’ (30)
—_1)\2
& 7, - 2(n—1) (31)

(n+2)?°
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For the RHDE, the energy density takes the value,
d*ptsinh? (B (n+ 1)7) (n +2)*

pde - ) (32)
3(((11 +2)2B% + 9716) cosh? (B (n+1)7) — (n+ 2)2ﬂ%) cosh? (81 (n+1)7)
and the energy density of matter has the following expression
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Figure 1. Illustration of energy density matter (o) Figure 2. Illustration of energy density of DE (p4.)
against redshift (z) against redshift (z)
Thus, Eq. (3) becomes,
2 2 (B woa (B = 2 i 2p0 2
ds® = —dt* + ﬂ—sech (Bi(n+ D7) dri+ 5 sech (B1(n+1)7)|  (d6” +sin”0dy”). (34)
2 2

For various 1, 5, and ¢ values, the energy density of matter (p,,) and RHDE (p ) have been constructed against
redshift (z) in Figs. (1) and (2) respectively. It can be seen from their graphical course that the trajectories vary in positive
region decreasing against redshift (z), which indicates rapid cosmic expansion. From the equation (26) it can be noticed
that, at initial periods of the cosmos formation i.e., at 7 = 0, the volume (V) and scale factor (a) of the Universe is constant,
but as time 7 — oo the Universe has been expanding i.e., V — co. Also, from equations (28)-(30), we can categorically say
that, at the initial time phase (7 = 0), all the parameters H, 9 and o vanish and as 7 increases these parameters increase,
illustrating an inflationary scenario of the Universe, expanding at a constant rate. From equation (31), we observe that
Ap # 0 throughout the evolution of the Universe, and our model (34) is an anisotropic model.

3. PHYSICAL AND GEOMETRICAL INTERPRETATIONS OF THE MODEL

The parameters such as EoS (wg.), EoS plane (wg. — a):ie), deceleration parameter (g), stability (v%), density (Qg.),
jerk (j), Om(z) and statefinder (r — s) have been studied in this particular section to understand the constructed model of
the Universe in a better way.

* Equation of state parameter (w;.): Study of the Universe has always been a mysterious task, and with the
mysterious component, so called the DE, it has been more difficult to understand the nature of the cosmos. However,
the EoS parameter might help us to evaluate the nature of the Universe to some extent. wy, is used to study the
acceleration of the cosmos and the phase change from deceleration to acceleration, and is defined as,

wge = 22 (35)

Pde
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For the model, we get the EoS parameter as

3%

" 8rd2B2pt sinh? (B1(n+1)7) (n+2)* GO
271 1

Wd

a 2
where ¥ :(% sech (B (n+ 1)1')) (((n2 —4n— 2),8% + %(4+ a)))x
2
B3 cosh? (B1(n+1)7) +B183((ky + 1)n+ky)sinh (B (n+1)7)x

cosh (B1(n+1)7) - 25’;‘(_71 + (2 + %)ﬁ%))efkwkz (((n +2)2x

,8% + 97r6) cosh? (Bi(n+ 1) = (n+ Z)Zﬁ%).

The EoS (wg4.) parameter has been plotted against redshift (z), for different values of ¢. It is observed from Fig. (3),
the model starts its evolution from the quintessence region as wy. lies in the range (—1,1/3), then crosses the
phantom divide line at wg4, = —1 behaving like a non-relativistic matter, and finally reaches the phantom region, as
wge < —1. Such a behavior of the model is called as quintessence like nature.

0 x10°

-0.2+ 7

-04r Quintessence Region B
~ 0.6 1

=l

3
%’ -0.8 - B
g 1 Phantom divided Line
E -12+ L
(8 Phantom Region
w 14+t 4

a6l —,=0.11; 3,=05,6=0.0144

By = 0.13; B,= 0.5;6120.0244
-18r _ﬁl =0.15; ﬁz = 0.5;62=O.O344 )

2 \
08 06 -04 02 0 02 04 06 08 1
redshift(z)

Figure 3. Illustration of EoS parameter (w4, ) against redshift (z)

* EoS plane (wg, —w/,,): As proposed by Cadwell and Linder [69] the wg, — w/,, plane describes the various regions
of Universe’s expansion which evaluates the quintessence scalar field. For the values of wg. and w/,, such as w 4. <

0, w/;, >0and wg, <0, w/,, <0 the EoS plane is characterized into thawing region and freezing region respectively.
The EoS plane for the model is given by,

) 9w,
- 4B2(n+2)°p3 sinh® (81 (n+ 1)7)wd? ’

4

Wye

(37
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where ¥, = (/31 ((n3 —2n* —10n-4)B7 + %((1 + (a)+5)k1)n+k1(2w+9)))><
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As depicted from the Fig. (4), wg. — w/;, plane has been taken against redshift (z) for different values of 6. Here,
the trajectories varies in the negative region, characterizing the freezing region as wg, <0 and w/;,, <0. These
observations are in correspondence with the recent observations.
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Figure 4. Illustration of EoS plane
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* Deceleration Parameter (g): The deceleration parameter (g), more explicitly, the signature of g determines the
nature of accelerating expansion of the cosmos. Whenever, g > 0 the Universe shows decelerating expansion and
when ¢ < 0 there is rapid expansion of the cosmos. Here, the deceleration parameter (q) is defined as,

d( 1

The deceleration parameter for our model is given by,

_ (-n—=2)cosh® (Bi(n+1)7) +4n+5

(39)
(n+2)sinh? (81 (n+ 1)7)

Therefore, we can observe from the Fig. (5) that deceleration parameter (¢) has been constructed against redshift (z)

for distinct estimates of 81 and 8,. The trajectories of g projects that the Universe travels previously from decelerated

phases to the current accelerating phase. The model basically shows exponential or the de-Sitter expansion, as it is

observed that g = —1.

4 ‘ ; ;
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Figure 5. Illustration of deceleration parameter (¢) against redshift (z)

 Analysis of Model’s Stability: The squared speed of sound has a vital role in analyzing the stability of any model.
The model exhibits a stable behavior whenever v2 > 0 and shows an unstable behavior when v2 < 0. The model’s
stability can be determined with the help of following mathematical formula:

y2 = Dde (40)

N . *

Pde

The squared speed of the sound for the obtained model is given by,

; (41)

2 _
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—2n-4
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’ 3
el 522
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and ¥ :(ﬂ'(((n +2)2B7 + 1871'6) cosh? (B (n+1)7)
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Figure 6. Squared speed of sound (v%) against redshift (z)

From the Fig. (6) it is observed that v? is plotted against z to understand the model’s stability. Here, trajectories are
completely varying positive region for several values of ¢. This illustrates Universe’s stable behavior.

* Density Parameter: For a DE model, the density parameter has been defined as

_ Pde

Q,, = e
de = 32

The density parameter for our model is obtained as,

d’2sinh* (81 (n+ 1)7) (n+2)?

Que = (42)

((n +2)2p2 + 97r6) cosh? (B1 (n+1)7) — (n+ 2)2B3 .

In order to analyze the behavior of the density parameter 2,4, we have the graphical representation of €, against
redshift (z) for various values of ¢ in the Fig. (7). It can be observed that the trajectories are varying in the positive
region, decreasing against redshift.
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Figure 7. Illustration of density parameter (Q.) against redshift (z)
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¢ Jerk Parameter (j): In an cosmic evolution, the jerk parameter is defined as,

J=— (43)

where a and H are the cosmic scale factor and the Hubble parameter. Here, the scale factor has been differentiated
w.r.t. the cosmic time. The jerk parameter () happens to be the 4'" expression of g in a Taylor series expansion:

a(t 1 1.
GLO) =1+Ho(t—1to) - ECIOH(Z)(f—lo)2+ gjng(l—lo)3 +0[(t—19)"], (44)

where a( denotes the present value. The jerk parameter for our model is obtained as,

. (n+2)%cosh® (B (n+1)7) —28n% - 6Tn — 40
- sinh? (B (n+1)7) (n +2)>
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Figure 8. Illustration of jerk parameter () against redshift (z)

Fig. (8) depicts the construction of jerk parameter () against redshift (z). It is clearly observed that the curves of j
are completely varying in the negative region for all the values of 8; and 3, and approaches to unity in late times.

* Om(z)- diagnostic: Om-diagnostics is an another tool discovered by Sahni et al. [70] other than statefinder plane,
to differentiate the various phases of the Universe. A positive path of the curve indicates that the model corresponds
to phantom DE and the path of the curve oriented in the negative region indicates a quintessence DE. The Om(z) in
terms of H(z) function is defined as,

Om(z) = @)~ H 46
m(z) = m, (46)
where,
B+ | B[ ap |\
H(z) = 3 1_,8%(1+Z) . (G

We can depict that in the Fig. (9) the path of the Om(z), as taken against redshift(z) differs in negative region, thus
having a quintessence behavior.
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Figure 9. Illustration of Om(z) against redshift (z)

« Statefinder Pair (r,s): The study and discrimination of essential DE models can be done with a sensitive and a
geometrical diagnostic pair- (r, s) that had been developed by Sahni et al. [71] and Alam et al. [72]. This helps us
to understand the process of Universe’s acceleration. The statefinder pair (7, s) that purely depends on scale factor
(a) and is defined as

a r—1
= — & =
al? < P T 3(g-1/2)

For the constructed model, we have

(n+2)%cosh? (B1(n+ 1)7) —28n> — 67n— 40
r= — : (48)
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Figure 10. Illustration of r — s plane

From the Fig. (10), which is the construction of r — s plane, it can be interpreted that, the Universe begins its
evolution from the quintessence and phantom region and finally reaches the ACDM region for r = 1, s = 0.
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4. CONCLUSIONS

It has been many decades by now, that the scientists have started the process of figuring out the puzzling component:
the DE and finding out the causes for the accelerated expansion of the cosmos. In such an attempt, we have built a model
that helps us to understand these things. The constructed model describes the KS-Universe in the backdrop of RHDE in a
general scalar tensor theory. It is observed that the Universe is homogeneous and anisotropic with a continuous expansion.
Because of positive and decreasing energy density of matter (p,,) and as well as DE (pg4.), the cosmos shows a rapid
expansion. Also, a quintessence nature of the space is projected by the EoS parameter (wg.); and the Universe is mainly

4

characterized by freezing region, as wge < 0 and w’;, < 0. The deceleration parameter (g) suggests that the Universe has a
transition from erstwhile deceleration to present acceleration and shows a de-Sitter expansion at ¢ = —1. The stability of
the model has been examined with the help of squared speed of sound, which describes a stable behavior for the cosmos.
The density parameter (2,4.) varies in the positive region, decreasing against redshift (z) and where as the jerk parameter
(j) approaches to unity as the time passes, while differing in the negative region. The Om(z) parameter depicts the
quintessence behavior of the cosmos, as the parameter is varying in the negative region. And, finally the statefinder plane
(r —s) evolves from quintessence and phantom region and reaches the ACDM region for r = 1 and s = 0. Our observations
are in concurrent with the recent studies and various experiments, and thus holding the sustainability of the model.
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EBOJIIOIIA BCECBITY KAHTOBCBKOT'O-CAKCA 3 I'OJIOIT'PA®IYHOIO TEMHOIO EHEPTIEIO PEHI
T. Unanannananaiiny?, C. Illpusani Maaxy?, M. Bixkas Canri®, N. IIIpi Jlakmmi Cyaxa Pani®®, A. Kpimmna Pao?
“Kagpeopa mamemamuiu, Incmumym ingpopmauitinux mexnonoziii Binvsina (aemonomnuii), Biwakxanamuam 530049, Inois
b Kagpedpa npuxnaonoi mamemamuiu, Ynisepcumem Andxpa, Biwaxxanamuam 530003, Inois
“Kagpedpa eymanimaprnux nayx ma npupoonuuux nHayx, Inscenepruii konedc Tizana Kpiwna Pedoi, Xatioepabao 500097, Inois.

4 Kagpeopa mamemamuxu, Jeprcasnuii konedarc, Yooasapam, Anoxpanpadeut, 531036, Indis
Posrnsigatoun y3arajibHeHy CKaISIpHO-TEH30PHY TEOpilo sIK TPaBiTalliiiHy TeOpilo, MU JAOCIiIWIN AUHAMIYHY €BOJIOII0 OQHOPIAHOTO Ta
aHizoTponHoro npoctopy Kanroscekoro-Cakca 3a HassBHOCTI rojiorpadiunoi TemHoi eHeprii Penpi. [106 oTpumatu po3B’ 30K A7 Liel
MOJIeJIi, MU BUBEJIM PiBHSHHS MOJIA, @ TAKOX [IPOaHATi3yBaIM Pi3Hi (pi3WYHI Ta FeOMETPUYHI TapaMeTpH MOJIENi, TakKi K YHOBUIbHEHHS,
puBok, EoS, momuna EoS, napa statefinder, ryctuHa, kBagpar MmBHAKOCTI 3ByKy Ta Om-giarHoctuka. Lli mapameTpy nokasyoTs, 110
MoOJIeJIb € JIy’Ke CTaOLIbHOI, MPOSKTYIOUYM KBIHTECEHILHY MPUPOIY, a TAKOXK OTpUMaHa Monelb BimoOpaxkae monenr ACDM. Hami

CriocTepekeHHs Ta BUCHOBKH 3 MTOOYZOBAaHOI MOJIENI 0Ope y3romKyloThCs 3 HEIOAABHIMU JOCIIKEHHIMH.
Kurouosi ciioBa: mempura Kanmogscokozo-Cakca; anizomponni Mooeni,; 3a2anbHa CKAASPHO-MEH30PHA MeOPIst; 20102pagiuna memHa
eHepezis Penvi; memna enepzis
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The feasibility of nuclear fusion reaction 1H + }Li —» 25He (17.5 MeV), for generation of electric power in nuclear reactors is
presented. The fusion cross-section of nuclear reaction for the projectile beam of 1H whose energy ranges from 1 keV to 1x 10* keV
in the centre-of-mass frame is computed with the aid of GEMINI' statistical decay model. The Maxwellian average of the product of
the fusion cross-section and the relative velocity of projectile and target (ov) gives the fusion reaction rate. The fusion reaction rate
should be sufficiently high to produce more nuclear fusion electric power. The energy multiplication factor () of nuclear fusion is
defined as the ratio of nuclear fusion energy (Er) generated to injected energy of projectile beam (Ep), i.e., { = Ep/Ep. The lower
energy loss rate and higher fusion reaction rate should contribute higher value of the energy multiplication factor (). The Energy
multiplication factor ({) for nuclear fusion of 1H + %Li,variation with projectile beam energy is presented. The energy multiplication
factor can be enhanced by clamping (or fixing) of projectile beam energy at a suitable value. The clamping of the projectile beam
energy defers slowing down process of projectile beam and compensates the Coulomb drag by the bulk plasma, thus the energy
multiplication factor increases. The variation of the Energy multiplication factor (§) for nuclear fusion of 1H + %Li, with projectile
beam energy clamping (or fixing) is also presented.

Keywords: Proton-Lithium fusion; TCT reactor; Energy multiplication factor, Projectile beam energy clamping

PACS: 24.00, 25.00, 28.00

1. INTRODUCTION

In the future world enormous amount of electric power energy can be generated by nuclear fusion in nuclear
reactors. The energy distribution of the ions of the plasma consists of two components in Two-component torus (TCT)
fusion reactor, which is the torus type plasma-containment nuclear fusion reactor [1-3]. In TCT nuclear fusion reactor
high energy ion beam is shot into target plasma, to cause the nuclear fusion reaction between the ions, electrons of the
target plasma and the injected beam. The ions and electrons of plasma possess thermal energy and it can be converted
into electrical energy with high efficiency in nuclear fusion reactor. The energy multiplication factor is an important
parameter to optimise nuclear fusion reactions for the commercial production of electrical power energy. When energy
multiplication factor { = 1, the fusion power is equal to the thermal power to cause fusion and it is known as
breakeven, and the plasma will not be cooled down without any external heating. If { > 1, self-heating causes the
process to become self-sustaining and ignition occurs at the high temperature. The high value of energy multiplication
factor ¢ is essential for commercially possible practical TCT fusion reactor. The fusion power density in a TCT fusion
reactor can be much more than in thermal reactor of the same pressure. The most favourable injection energy of
incident beam for nuclear fusion to occur is the energy which gives maximum energy multiplication factor {, as it yields
maximum output energy.

Researchers studied the feasibility of energy multiplication factor of the H + 3Hnuclear fusion reaction in detail [4-
8]. K. Ogawa et.al studied the 1H + 1B fusion reactionin the fusion reactor [9]. J. Bahmani studied the parameters related
to the energy multiplication factor of 3He + §Li for two-component torus fusion plasma [10]. The energy multiplication
factor should be high to produce nuclear electric power economically. The fusion reaction rate, the energy confinement
time, the beam containment time, the impurities present in the target plasma, the beam energy clamping and the plasma
density, influence the energy multiplication factor. In the present work, I have studied the feasibility of the fusion reaction
of 1H + 7Li in nuclear fusion reactor for the commercial production of electric power to meet the demand in the future.

2. THEORY
2.1The fusion cross section
The fusion cross-section at the centre-of-mass of 1H projectile and 3Li target system is given by [11]

2 !
£y = TR oF dE |
o(E) E fo 1+exp[2(%—A2E’+A3)] M
Here o(E) is fusion cross-section for projectile and target, E is projectile beam energy, R(E) is the effective radius of
the projectile and target system, A;, 4,, A3 are constants.
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2.2 The Rate of Nuclear fusion reaction
The rate of nuclear fusion reaction evaluated as the Maxwellian average of the product of the fusion cross-section
and the relative velocity between projectile and target which is given by [12,13]

(ov) = (”)1/2 (kﬂ%)g/2 s Ea(E)exp[ ( L )] dE @)

Here v is the relative velocity between 1H projectile and Li target, u is reduced mass of projectile and target, kg is
Boltzmann’s constant, T; is temperature of ion plasma, m,, is the mass of projectile, E is the energy of projectile beam.
2.3 Injected beam energy transfer to target plasma
When energetic injected 1H beam collides with ions and electrons of }Li target plasma, the energy of injected
beam is transferred to ions and electrons through Coulomb interactions, until thermal equilibrium is reached. The mean
rate of energy loss of injected 1H beam by all thermal electrons and ions of }Li target plasma is determined using
Fokker-Planck slowing down model of Sivukhin as [14-17]

dE amnrzizie*n [m

<E) =—r2T - v}; L ﬁZT:i,e F(x7, Brp) (3)
Here ny is the number density of ions or electrons of }Li target plasma, Zp and Z are charge states of ions or electrons
of 1H projectile and }Li target respectively, e is charge of electron, A is coulomb logarithm of ;Li target plasma, vp is
relative velocity of TH projectile w.r.t jLi target, mp is mass of projectile, Ep is energy of projectile, F(xr, Brp) is
related to the error function as

F(xr,Brp) = ¢(xp) — (1 + Brp)d’ (x7) (3a)

Here
mp .

— 2 (*T ,-¢? —mr -
$(xr) = ﬁfo e~ dt, Brp = mp ’XT = Bre 3,

BTT

2.4 Energy Multiplication Factor ({) of Nuclear Fusion
When high energy projectile beam is injected into target plasma, nuclear fusion occurs. The energy multiplication
factor of nuclear fusion is defined as the ratio of nuclear fusion energy (Ey) to injected energy of projectile beam (Ep)
[12]

— Efusion QnT 1H (0'17) E (4)
Eprojectile ETh (E>

Here, Q is fusion power gain of 1H + jLi nuclear fusion reaction, ny is the number density of target plasma, Er, is the
threshold value of energy for fusion to occur and E 1y is the energy of TH projectile beam.

2.5 Projectile beam energy clamping

One mode of two-component 1H + 3Li nuclear fusion uses an auxiliary energy input to maintain the super-thermal
ions of }Li target at or near the injected energy of 1H projectile beam by energy clamping, as it defers slowing down
process and compensates the Coulomb drag by the bulk plasma of Li target. The injected-ion energy is kept near the
peak of the fusion cross section,when maximum fusion rate of nuclear reaction is achieved. The energy multiplication
factor can be increased, even though the plasma temperature remains at the same value. The ions of plasma of Li target
can be maintained at optimum values of high energies for nuclear fusion reactions to occur for longer periods of time.
The energy multiplication factor for projectile energy clamping (or fixing) is given by [12]

O'U EO

§=Qnrag &)

[dt Eo

Here E; is clamped projectile beam energy.

3.Results and discussion

The fusion cross-section for 1H + %Li nuclear fusion is computed with the aid of GEMINI'" statistical decay
model [18]. I have computed fusion-cross-section in the centre-of-mass projectile beam energy ranging from 1 keV to
1 x 10* keV for 1H + 3Li nuclear fusion. The calculations of the fusion cross section, the reactivity, the energy loss
rate, the energy multiplication factor and the beam energy clamped energy multiplication factor of 1H + }Li fusion are
shown in Table 1.

The variation of fusion cross section with the projectile beam energy is as shown in Figure 1, it is observed that the
fusion cross section is 5.3 X 10721cm? at 1 keV energy, decreases gradually to 0.53 x 1072*cm? at 10 keV energy
and remains almost a constant at 0.0053 X 107%1cm? between 1 x 10% keV — 1 x 103keV energy, beyond which it is
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almost 10725 ¢m? up to 1 X 102 keV. The nuclear fusion reaction rate is measured as the Maxwellian average (ov) of
the product of the fusion cross-section and the relative velocity of 1H projectile w.r.t JLi target. The fusion reaction
rate of nuclear reaction is enhanced to produce more fusion energy.

Table 1. Fusion cross section, Reactivity, Energy loss rate of projectile beam due to collisions with ions, electrons and both ions and

electrons, Energy multiplication factor and Beam energy clamped Energy multiplication factor of 1H + %Li nuclear fusion

Epcemy o ov E] E] d_E] e 3
(keV) (1021cm?) (10~ 8em3s™h) dtl; dtl, dtl;.,
1 5.29E+00 2.12E-02 -3.11E+03 -2.62E+00 -3.12E+03 -1.19E-02 -1.19E-02
2 2.64E+00 4.21E-02 -2.88E+03 -2.66E+00 -2.88E+03 -2.47E-02 -2.55E-02
3 1.76E+00 6.29E-02 -2.67E+03 -2.59E+00 -2.67E+03 -3.84E-02 -4.12E-02
4 1.32E+00 8.35E-02 -2.47E+03 -2.58E+00 -2.47E+03 -5.32B-02 -5.92E-02
5 1.06E+00 1.04E-01 -2.28E+03 -2.56E+00 -2.28E+03 -6.91E-02 -7.96E-02
6 8.81E-01 1.24E-01 -2.11E+03 -2.54E+00 -2.11E+03 -8.63E-02 -1.03E-01
7 7.55E-01 1.44E-01 -1.95E+03 -2.52E+00 -1.95E+03 -1.05E-01 -1.30E-01
8 6.61E-01 1.64E-01 -1.80E+03 -2.51E+00 -1.80E+03 -1.25E-01 -1.60E-01
9 5.87E-01 1.84E-01 -1.66E+03 -2.49E+00 -1.66E+03 -1.46E-01 -1.94E-01
10 5.29E-01 2.03E-01 -1.52E+03 -2.47E+00 -1.53E+03 -1.70E-01 -2.33E-01
20 2.64E-01 3.83E-01 -6.27E+02 -2.31E+00 -6.29E+02 -7.02E-01 -1.06E-+00
30 1.76E-01 5.47E-01 -1.92E+02 -2.12E+00 -1.94E+02 -2.35E+00 -4.93E+00
40 1.32E-01 6.97E-01 1.45E+01 -1.95E+00 1.25E+01 2.20E+01 9.75E+01
50 1.06E-01 8.35E-01 1.09E+02 -1.78E+00 1.07E+02 2.48E+01 1.36E+01
60 8.81E-02 9.61E-01 1.49E+02 -1.60E+00 1.48E+02 2.67E+01 1.14E+01
70 7.55E-02 1.08E+00 1.64E+02 -1.41E+00 1.63E+02 2.83E+01 1.16E+01
80 6.61E-02 1.18E+00 1.66E+02 -1.23E+00 1.65E+02 2.99E+01 1.25E+01
90 5.87E-02 1.28E+00 1.63E+02 -1.06E+00 1.62E+02 3.14E+01 1.38E+01
100 5.29E-02 1.37E+00 1.58E+02 -8.82E-01 1.57E+02 3.29E+01 1.52E+01
200 2.64E-02 1.74E+00 1.15E+02 8.84E-01 1.15E+02 4.61E+01 2.64E+01
300 1.76E-02 1.90E+00 9.35E+01 2.65E+00 9.62E+01 5.76E+01 3.45E+01
400 1.32E-02 1.96E+00 8.10E+01 4.41E+00 8.54E+01 6.77E+01 4.02E+01
500 1.06E-02 1.99E-+00 7.25E+01 6.17E+00 7.86E+01 7.65E+01 4.42E+01
600 8.81E-03 2.00E+00 6.61E+01 7.94E+00 7.41E+01 8.44E+01 4.72E+01
700 7.55E-03 2.00E+00 6.12E+01 9.55E+00 7.08E+01 9.15E+01 4.95E+01
800 6.61E-03 2.01E+00 5.73E+01 1.15E+01 6.87E+01 9.78E+01 5.11E+01
900 5.87E-03 2.01E+00 5.40E+01 1.32E+01 6.72E+01 1.04E+02 5.22E+01
1000 5.29E-03 2.01E-+00 5.12E+01 1.50E+01 6.62E+01 1.09E-+02 5.30E+01
2000 2.64E-03 2.01E+00 3.62E+01 3.25E+01 6.87E+01 1.34E+02 5.11E+01
3000 1.76E-03 2.01E-+00 2.96E+01 4.99E+01 7.94E+01 1.49E+02 4.42E+01
4000 1.32E-03 2.01E-+00 2.56E+01 6.71E+01 9.27E+01 1.59E+02 3.79E+01
5000 1.06E-03 2.01E+00 2.29E+01 8.43E+01 1.07E+02 1.65E+02 3.28E+01
6000 8.81E-04 2.01E-+00 2.09E+01 1.01E+02 1.22E+02 1.70E+02 2.87E+01
7000 7.55E-04 2.01E+00 1.94E+01 1.18E+02 1.38E+02 1.74E+02 2.55E+01
8000 6.61E-04 2.01E-+00 1.81E+01 1.35E+02 1.53E+02 1.77E+02 2.29E+01
9000 5.87E-04 2.01E+00 1.71E+01 1.52E+02 1.69E+02 1.79E+02 2.08E+01
10000 5.29E-04 2.01E+00 1.62E+01 1.68E+02 1.85E+02 1.81E+02 1.90E+01
6
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Figure 1. Fusion cross section of 1H + }Li as a function of 1H projectile beam energy

The nuclear fusion }H + %Li reaction rate is shown in the Figure 2, it is observed that the fusion reaction rate is

0.02 x 10717

cm3s~1

at 1 keV energy, increases gradually to 2.0 x 10717

cm3s~1

constant at 2.0 X 107 ¢m3s~1 in the range 1 X 103 keV — 1 X 10* keV energy.

at 1 x 103 keV and remains almost a
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Figure 2. Fusion reaction rate of 1H + ]Li as a function of 1H projectile beam energy

The rate of total energy loss of TH + }Li nuclear fusion reaction is shown in the Figure 3, it is observed that the
rate of energy loss of IH projectile due to collisions with ions of Li target plasma is 158.36 keVs~tat 100 keV/,
decreases sharply to 51.2 keVs™! at 1 x 103 keV, and decreases slowly from 36.2 keVs™! to 16.2 keVs™! in the
energy range 2 X 103 keV — 1 X 10* keV. The rate of energy loss of 1H projectile due to collisions with electrons of
7Li target plasma is 0.88 keVs™! at 200 keV energy, increases linearly to 168.4 keVs™! at 1 X 10* keV energy.
Therefore, the rate of total energy loss of 1H projectile due to collisions with the ions and electrons of }Li target plasma
is 157.5 keVs~! at 100 keV energy, decreases gradually to 66.2 keVs~! at 1 x 103 keV energy, and increases linearly
from 68.7 keVs™! to 184.6 keVs~! in the energy range 2 X 103 keV — 1 x 10* keV. Thus, to generate more fusion
power, the energy loss of the fusion reaction must be less.
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Figure3. Energy loss rates of ions and electrons of 3Li as functions of 1H projectile beam energy

The energy multiplication factor ({) of nuclear fusion is defined as the ratio of nuclear fusion energy (Ep) to
injected energy of projectile beam (Ep). The energy multiplication factor ({) for 1H + %Li nuclear fusion is shown in
the Figure 4, it is observed that the energy multiplication factor increases sharply from 22.04 at 40 keV energy to
108.94 at 1 x 102 keV energy and it increases slowly from 134.5 at 2 X 103 keV to 180.75 at 1 X 10* keV projectile
energy. The lesser the energy loss rate and more fusion reaction rate can contribute to higher value of the energy
multiplication factor.

The energy multiplication factor of 1H + 3Li nuclear fusion reaction can be enhanced by clamping (fixing) of 1H
projectile beam energy. The clamping of the 1H projectile beam energy, defers slowing down process and compensates
the Coulomb drag by the bulk plasma of jLi and consequently increases the energy multiplication factor (). The
variation of the energy multiplication factor with projectile beam energy being clamped is shown in Figure 5, it is
observed that the energy multiplication factor with projectile beam energy clamping (§) for 1H + }Li nuclear fusion
increases sharply from 11.4 at 60 keV energy to 53.0 at 1000 keV energy and decreases gradually from 51.1 at
2000 keV energy to 19.02 at 1 X 10* keV projectile energy.
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Figure 5. Energy multiplication factors of 1H + }Li as a function of projectile beam energy clamping

4. CONCLUSION
The nuclear fusion reaction 1H + Li — 25He (17.5 MeV) for generation of electric power in nuclear reactors has
been studied. The fusion cross-section was computed with the aid of GEMINI'" statistical decay model. I have
computed fusion-cross-section in the centre-of-mass projectile beam energy range from 1 keV to 1x 10* keV for
IH + JLi nuclear fusion. The fusion reaction rate is the Maxwellian average of the product of the fusion cross-section
and the relative velocity of 1H projectile and Li target. The Energy multiplication factor ({) for IH + }Li nuclear
fusion variation with the projectile beam energy is presented. To generate more fusion power the fusion reaction rate
should be higher, the energy loss rate due to collisions of the fusion reaction must be lower. The lower value of energy
loss rate of projectile due to collisions with ions, electrons of plasma and more fusion reaction rate contribute higher
value of the energy multiplication factor. The energy multiplication factor can be enhanced by clamping (fixing) of 1H
projectile beam energy. The clamping of the projectile beam energy defers slowing down process of fusing nuclei and
compensates the Coulomb drag by the bulk plasma and consequently increases the energy multiplication factor. The
variation of the Energy multiplication factor () with projectile beam energy clamping (fixing) also presented.
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MOKJIUBICTH AAEPHOTO CUHTE3Y {'H+3’Li IJII TEHEPAIIT EJEKTPOEHEPTTI
Y TEPMOSIZEPHOMY PEAKTOPI TCT
B.M. [IpsiBanmna
Kagheopa ¢hizuxu, depoicasnuii xonedosic nepwiozo knacy, Qukkabannanypa, nois

ITpencTaBneHo MOKIMBICTG smepHoi peakuii cuntesy 1'H + 3’Li — 22*He (17,5 MeB) anst reHeparii enekTpoeHeprii B suepHHX
peakropax. [lepeTuH TepMOsIEPHOT peakwii s my4dka, o Hamitae 1'H, eHepris SKOro B CMCTEMI LIEHTPY Mac CTaHOBUTH Bin 1 xkeB
no 1x10"4 keB, o0OuYMCITIOETBCS 32 IOMOMOTOI0 CTaTUCTHYHOI Mogeni po3magy GEMINI++. MakcBetoBCEKU cepelHiid TBip
nepepisy CUHTE3y Ta BiIHOCHOI LIBHAKOCTI aTOMY IO HaJIITAa€e Ta MilleHi (ov) Aae MBHAKICTh peakuii cunredy. lIBuakicTs peakuil
SEPHOTO CUHTE3Y Ma€ OYTH JOCUTH BUCOKOIO, 100 BHPOOIATH Oibie enekTpoeHeprii. KoedinienT MHOXeHHS eHeprii () siaepHOro
CHHTE3y BU3HAYAETHCS SIK BITHOLIEHHS SHEpril saepHoro cunresy (Er), o reHepyeThes A0 IHKEKTOBAaHOI eHeprii Imydka aTtomiB (£p),
T00TO (= Er/Ep. HIKUa MIBUAKICTE BTPAaTH €HEprii Ta OLIBII BHCOKA MIBUAKICTH PEaKIlil CHHTE3y MOBHHHI BHOCHTH OLTBII BHCOKE
3naueHHs Koediienta muoxenns eneprii (). Ilogano 3miny koedimienta MHOXKeHHs eneprii ({) s saepHoro cuntesy 1'H +3'Li
3aJIe)KHO BiJl €Hepril Iy4ka aToMiB 110 HajiTaroTh. KoedinieHT MHOXKEHHs eHepril Moxke OyTH 30inbIIeHnit nuisxom ¢ikcanii (a6o
¢ikcaniil) eneprii my4ka Ha BiAnoBiaHOMY 3Ha4deHHi. Dikcawis eHeprii CHapPAAHOrO My4Ka 3aTPHUMYE MPOLEC YIOBUIbHEHHS MydKa
aTOMIB Ta KOMIICHCY€ KYJIOHIBCHKHI Omip 00'€MHOIO I1a3MOI0, TAKUM YHHOM, KOe(illieHT MHOKEHHsI eHeprii 30imburyerbes. Takox
IPEACTABIIEHO 3MiHy KoedilieHTa MHOXKeHHs eneprii (&) s saeproro cunresy 1'H + 37Li i3 3atuckannsam (abo ¢ikcauicro) eneprii
IMy4Ka [0 HaJITAIOTh.

KurouoBi cinoBa: npomonno-nimicsuti cunmes, peakmop TCT; koegiyicum mHodcenns enepeii; gikcayis enepeii nyuxka wo Haiimae
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This study presents a theoretical analysis of the spectral and temperature dependence of the single-photon absorption coefficient for
linearly and circularly polarized light in semiconductors with diamond and zinc blende lattice structures. Optical transitions involving
subbands of light and heavy holes and the conduction band are examined, incorporating effects such as temperature-dependent bandgap,
valence-conduction band state mixing, and coherent saturation. The findings indicate that heavy holes contribute approximately 10
times more than light holes to single-photon absorption. Furthermore, the relationship between linear-circular dichroism and light
intensity is explored, emphasizing the role of coherent saturation effects.

Keywords: Semiconductor; Temperature dependence of the band gap,; Mixing of valence band states with conduction band states;
single-photon absorption; spectral-temperature dependence

PACS: 71.20.-b, 71.28. +d

INTRODUCTION

Today, the development of not only micro-, but also nanoelectronics requires knowledge of the band structure of
semiconductors, to which many literatures are devoted (for example, [1-5]).

A number of optical phenomena in both bulk and low-dimensional semiconductors are determined by the states of
current carriers in several zones, the energies of which are close in comparison with the energy distances to other
zones [5, 6]. For example, in /nSb the conduction band (V-band) and valence band (c-band) are located quite close, and
the spin-orbit splitting subband (SO-band) is relatively far away (Fig. 1a). In Gads, the c- and V-bands are located close,
and the upper-perturbed conduction band (c-band) is far away (Fig. 1) [7].

However, most of them do not pay attention to the spin-orbit interaction of bands, taking into account the substitution
of conduction band states to the states of the valence band.

In this regard, below we will consider the interband single-photon (quantum) absorption of polarized radiation in
semiconductors with a diamond and zinc blende lattice, taking into account the substitution of conduction band states to
the valence band states and the temperature dependence of the band gap [8,9].

al b)

Figure 1. Multiband structure of indium antimonide: two (a) and multiband () approximation.

METHODS
The analysis is based on theoretical models that describe optical transitions in semiconductors with diamond and
zinc blende lattice structures. The single-photon absorption coefficient was derived using the equilibrium distribution
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function of charge carriers and the composite matrix element of optical transitions. The bandgap energy E,;, was modeled
using the Varshni and Passler formulas to account for temperature variations. Effective masses of electrons and holes
were treated as temperature-dependent parameters to reflect their variations with thermal energy. The Hamiltonian was
developed to include terms representing the mixing of light and heavy hole states with conduction band states, ensuring
that spin-orbit coupling effects were incorporated for enhanced accuracy in narrow-gap semiconductors. Additionally,
the impact of light intensity on absorption coefficients was evaluated through the Rabi parameter, to quantify coherent
saturation effects.

All calculations were conducted using computational tools such as “Maple”, with constants and material-specific
parameters extracted from established databases and prior studies. This computational framework ensured consistency
and reliability in deriving the temperature-dependent optical properties of the semiconductor materials under
investigation.

INTERBAND AND INTRABAND MATRIX ELEMENTS OF THE MOMENTUM OPERATOR
Note that the probability of single-photon absorption (1PA) caused by the optical transition from state |n, k) to state

I, F) is defined as [10-14]

Sc)nlk| >(fnk nrﬁ)g(Enl(E) - En(E) - hw),

where f - ( fn,ﬁ) is the equilibrium distribution function of current carriers in the initial (final) state, Mr(}c)mﬁ is the

2
W(l) = 7”<Zn,nlk| (1)

composite matrix element of a single-quantum optical transition, determined by the relation

_ eAO
- pcs V,I'gms

cmy

2

mo 0

where B, v rem Yy [ (E) os; v,rg,m] is the matrix element of the momentum operator, A, (€)- is the amplitude value of

the potential vector (polarization vector) of the light wave, ﬁ(E) is the Hamiltonian of current carriers in crystals with a
zinc blende lattice, taking into account the admixture of light and heavy hole (Is) subband states in the lower conduction
band (Ts) (two-zone approximation) which takes the form [15]

_ki

kzk_

2 V3 v 0
_ksks 242 K _ 2
h2k2 hZ 2 3 3 4 6 12
HTs) = E2 + — 2 Ipevl” ‘/2_ ‘/_, (3)
8 2mg m% Eg | K% 0 zk2+k—l kzk—
Viz 377 6 43
Y S 1
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where poy = (S|p,|Z2), ky = k, £ ik,,. E198- is the extreme value of the valence band, which we further consider to be the
starting point for the energy of current carriers.

Note that if we take into account the spin-orbit splitting (I';) of the valence band with distant bands, then in
semiconductors with a zinc blende lattice, the symmetry allows them to have terms linear in the wave vector in the
effective Hamiltonian (3), however, but, as a rule, such terms are neglected.

According to Hamiltonian (3), the matrix elements of the momentum operator for optical transitions between
subbands of the valence band can be written in the form of the following matrix:

e, + 0 0 ]
’ 4 ,
6| = n (gh (1-3¢)e 0 @
" Pmum 4 , Jger—
0 (1-3%)e: 5
0 0 (g\/e%’+ e,Z
and for interband optical transitions
[Lex o 2 e ]
% 203 T 0
”e pcs Vl"gm” pcV ) (5)
_es g2
V6 Z\3 V2
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Here {;, = l::"' and it appears due to taking into account the admixture of the states of the valence band and the
oE

conduction band, m’,m = +3/2,+1/2,—1/2,—3/2 eigenvalues of the angular momentum operator [5, 6], €'y, €'y,
e', - € projections of the polarization vector relative to the coordinate system x',y’, z' Il k, k- wave vector of current

carriers, p. - Kane parameter and is determined in the following way

2 _ 3 mo—me Eg(Eg+Aso)
|pC'V| =3zMo me  2(Eg+4so)+Eg’ (©)
3mgy Mpp—Min

Eg — band gap, Ago-spin-orbit splitting width. Then: {; = and the effective mass of electrons in the

4 mppmyp
conduction band is expressed as
11 2 2(2 1
me = me T Per| (5 + 5 @)
c 0 mg g g+4so

We write the temperature dependence of the band gap (E¢(T)) in the form of the Varshni formula [8]

Ey(T) = E;(T = 0) — yy % ®)

and Passner formulas [9]

Op

Ey(T) = Ey(T = 0) - 22 (1 + (”) )w - 1]. ©)

Here yr, Ty, a, ©p, p- are constant quantities, the numerical values of which are given in [8, 9].
In particular, we choose the temperature dependences of the effective masses of electrons (m(T)) in the conduction
band and holes (mg(T)) in the spin-orbit splitting subband as follows (see, for example, [8]):

mo Epdso

_ _ Ep(Eg2450/3)
mgo(T)_yl =142F +

3Eg(Eg+4s0)’ mc(T) 3Eg(Eg+4s0)

(10)

Let us note here that with increasing temperature, m.(T) increases, and mgg(T) decreases, and this case has a
noticeable effect, as shown below, on the frequency and temperature dependences of the light absorption coefficient.

From (4) and (5) it is clear that the composite matrix element depends on the type of single-photon optical transitions.
In particular, for an optical transition from the heavy hole subband to the conduction band is determined by the relation

I€)) 1 (eA —e'_ 0 ]
Met1/2mn23/2 = f(c—ff)p [0 e,+], (11)
from the subband of light holes to the conduction band:

(1 1 feA 2e', —é'
Mc+1/2 sI+1/2 \/—( 0 [ i 2¢', ], (12)

from the subzone of heavy holes to the subzone of heavy holes:

(€)) eA 1 0
Mpn,x3/2,nn,43/2 = (Cho) hke’, 0 1], (13)

from the subzone of light holes to the subzone of light holes:

1
M, ansnye = 5 (S52) k(3 = 48, )e’, [ ) (14)

from the subzone of heavy holes to the subzone of light holes:
@) Sg ((eA
My 11 /2mn4372 = \/g—( ° hk [0 —e ] (15)

Spectral dependence means that the interband absorption coefficient takes different values as the frequency of light
(or photon energy) changes. The effect of temperature is mainly manifested through the following factors: Change in the
energy gap between bands: As temperature increases, the bandgap of semiconductors narrows, which affects the
absorption spectrum. Effect of phonons: With increasing temperature, the number of phonons (thermal vibrations) in the
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crystal lattice increases, which influences the movement of electrons and holes. Optical absorption width: As temperature
rises, the absorption spectrum may expand, or the absorption rate may decrease.
Coherent saturation is a phenomenon in which interband absorption decreases under the influence of intense light fields.
In other words, under strong laser radiation or other optical excitations, the frequency and intensity of quantum transitions
change in such a way that absorption decreases. This effect is of great importance in quantum mechanics and laser physics.
This concept describes the temporal variations of light absorption processes in semiconductors. The absorption rate
and duration depend on the power of the light source, modulation frequency, and the physical properties of the material.
Note that the coefficient of single-quantum light absorption is determined by the expression (see, for example, [12])

_ 2mho @ _ @) y® I
KO ===y mstme (fu,z —fix ) My s 1 (0| 8(EL, 7 — EL 3 — how). (16)
Here L,m(L',m") = lh,m' = +1/2(hh, m’' = +3/2)- for heavy (light) holes), where their energy spectrum has the
formE, ; = — h2k?/(2my), L,m(L',m") = ¢c,m' = +1/2- for electrons in the conduction band, whose energy spectrum

isiE .z =Eg+ h2k?/(2m,). Then, taking into account relations (2)-(5) the light absorption coefficient:
a) for optical transitions from the heavy hole subband to the conduction band will be written as

) _oamter 2y G Jers (@ @ {
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b) for optical transitions from the subband of light holes to the conduction band we have
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distribution functions of electrons, light and heavy holes participating in optical transitions from subbands of the valence
band to the conduction band; symbol (... ) denotes averaging over solid angles of the wave vector.
Carrying out angular averaging over the solid angles of the wave vector of current carriers in (18, 19), we obtain

that both the 1FP coefficient K[(:_lJ_r)1 /2:nh+3/2(D (Fig. 2 @) and the linear-circular dichroism coefficient T]((;_li)l 2h+3/2(D =

(1,circ)

c41/2hh,+3/2(D
(1,linear)

We L1/2;hh,+3/2 )

heavy hole subband to the conduction band in /nds. Calculations show that in I/nSbh the light absorption coefficient
Kg_lJ_zl /2:hh 43 /2( Thn = 0) is approximately 5 times less than the light absorption coefficient due to optical transitions from

(1,circ)
. . . w . @®
the light hole subband to the conduction band, and the coefficient "E,li)1 J2nh+32(D = v\/zfﬁﬁ% decreases by
c¢,+1/2;hh,+3/2

(Fig. 2 b) decrease with increasing Rabi parameter {y,;, (I) (light intensity) for optical transitions from the

approximately 1.1 times.
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Figure 2. Dependence of the coefficients IFA K™ (&) and linear-circular dichroism 775,1+)1 J2:hh,£3/2 = ﬁ#’% (b) on the
I ¢+1/2;hh+3/2

Rabi parameter {;, (I) (on light intensity) for optical transitions from the heavy hole subband to the conduction band in InAs.
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Thus, it was shown that the main contribution to the single quantum absorption coefficient of light comes from light
holes participating in interband optical transitions from the subbands of the valence band to the conduction band.

Next, it is advisable to analyze the spectral-temperature dependences of the distribution functions of heavy
(fan(w, T)) and light (f;, (w, T)) holes (see Fig. 3), since KM (w, T) is determined by the spectral-temperature dependence
fun(w,T) and fi(w, T) (see formula (18), (19). Calculations using spectral temperature dependences f;,(w,T) and
fin(w, T) (in the approximation of non-degenerate statistics [16] show that for /nSh:

a) at a fixed frequency, with increasing temperature, the distribution functions increase, reach a maximum, and then
decrease, since the distribution functions consist of the product of T=3/2 and exp(— E*/k T), where E*-is the energy of
photoexcited holes;

b) the maximum values of the distribution functions decrease with increasing frequency, the relative change of which
depends on the band parameters of the crystal, for example, on E;(T). In particular, in narrow-gap crystals this value is
greater than in wide-gap crystals: for example, in /nSb it is approximately 5.4 times greater than in /nSb;

¢) if we take into account the dependence of band parameters on temperature (according to (8) and (9)), then the
distribution function of light (heavy) holes in /nSbh decreases by approximately 5.3 (2.5) times, and in /nds - by 5,2
(2) times.

The above cases certainly influence the spectral-temperature dependences K (w, T), which are analyzed below.

/

fuleT)-10°

T.K

a)

Figure 3. Spectral-temperature dependences of the distribution functions of heavy (@) and light (b) holes in /nSb. 1 (2) — corresponds
to E; = E,(T = 0 K)(E,(T))

In Figure 4 shows spectral-temperature dependences K (w, T) for optical transitions of subbands of light and heavy
holes into the conduction band in InSb when illuminated with light of linear (1) and circular (2) polarization, where the

temperature dependence of band parameters is not taken into account and the maximum value of coefficient

Kc(f_rlll;lzezz) +3/2(w, T) was taken as one unit , and the Rabi coefficient was chosen to be 0.5 [17, 18].

Kiillz:hh,ﬁ/z (a’,T )/
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b)

Figure 4. Spectral-temperature dependences of the 1FA coefficient of polarized light due to optical transitions from the subband of
heavy K c(~1_+)1 J2hh+3)2 (w,T) (a) and light K C(,li)l J2lh 12 (w, T) (b) holes to the conduction band of InSb (a), where 1 (2) corresponds
to light of circular (linear) polarization. The calculations did not take into account the temperature dependence E,(T) and the

maximum value of coefficient K C(f_r'lli/nze_‘,llz)ﬂ /2 (w, T) was taken as one unit, and the Rabi coefficient was chosen equal to 0.5.
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In this case, with increasing frequency and temperature, K (w, T) increases (as do the hole distribution functions),
reaches a maximum, and then decreases. In Figure 5 shows graphs of values Kc(li)1 junn+3/2(@ T) and K, c(f_r)l J2n+1/2(@, T)
calculated taking into account the temperature dependence E,(T). Calculations show that the amplitude value of the 1FP

coefficient in the region of low frequencies and temperatures sharply decreases with increasing temperature. This situation
is explained by the temperature and spectral dependences of the hole distribution functions. We also note that the transition

of value ch_r)1 J2:nn+3/2(@, T) through a maximum in the temperature dependence is observed in the frequency range
wBl,2E, /h for InSb, wBL,1E,/h for InAs and wBL,005E,/h 110 K GaAs for both linear and circular polarization, and

the temperature corresponding to this maximum is higher, the higher bandgap width. In particular, this temperature is 45
K for InSb at w = 1,3E;/h, 80 K for Inds at w = 1,4E,/h and 110 K for GaAs at w = 1,02E, /h.

Kr(.lll/l:hh.ﬁ/l (w’ T)

Kr(il/llh.il/l ((U>T)

a) 7‘1a)’/Eg b)

Figure 5. Spectral-temperature dependences of the 1PA coefficient caused by optical transitions from the subband of heavy holes
Kc(j_r)l J2;hh,43)2 (w,T) (@) and light holes Kc(j_r)l J2ih21/2 (w, T) () to the conduction band in /nSh), where 1 (2) corresponds to light
of circular (linear) polarization. The calculations took into account the temperature dependence E; (T) and the maximum value of

coefficient Kc(f_rlf/"zezz) +3/2(@, T) was taken as one unit, and the Rabi coefficient was chosen equal to 0.5.

In Figure 6 shows the spectral-temperature dependences of the ratios Kéf_r)l J2,1h41/2 / Kc(’f_r)l /21,4172 and in InSb

crystals. Here Ec(li)l J25lh41)2 and Kc(i)l 25l 41/2 the coefficients 1FP taking into account (Fig. 5 a) and without taking into

account (Fig. 5 b) the temperature dependence of the band parameters, where the contribution of the coherent saturation
effect is neglected (therefore K (;(,11)1 /2;nh,+3/2 90 not depend on the degree of polarization of light). From this figure it is
clear that the contribution of optical transitions from the heavy hole subband is greater than the contribution of optical
transitions from the light hole subband to the conduction band in InSb, and this contribution increases when taking into
account E,(T).

o) (1) (1) n B
K o irl'Z/Kr 22 (‘O’T) K s | Kosumnsn (")’ T)

1,6
1,24 4
0,82 3
0,4
] 2
100°< £ T _hefE,
200 12 L1 100 ™~
rk 500714 L3 % : 3
’ 500 L4 7
17K
a b)
Figure 6. Spectral-temperature dependence of the ratio K <:(1_L)1 /21,212 /K C(,li)l J2:1h,21/2 in InSb, where
K C(f_r)l J2lh41)2 ( Ké}_}l p— /2) is the coefficient 1PA taking into account () and without taking into account (b) the temperature

dependence of band parameters, where the contribution of the coherent saturation effect is neglected.
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Figure 7. Spectral-temperature dependence of the ratio Kc(fr)l J2lht1/2 / Kc(i)l 2l t1)2 for light of linear (line 1) and circular

(line 2) polarization, caused by optical transitions from the ’s_ubband of light (@) and heavy (b) holes to the conduction band of
InSb. In the calculations, the maximum value of the coefficient K C(f_rlll}lzezz) 13/2 (w, T) was taken as one, and the Rabi coefficient

was chosen equal to 0.5.

In Figure 7 shows the spectral-temperature dependences of the ratio Eff_}l 2l 41/2 /K c(li)l /2;1h,+1/2 for linearly (line 1)
and circularly polarized light (line 2), caused by interband optical transitions from the light hole subband to the InSb
conduction band, from where, that K C(,li)l 251h41)2 / Kc(j_r)l J25lh41)2 in a narrow-gap semiconductor for linear polarization in
low-temperature regions is significantly greater than for circular polarization when taking into account the effect of
coherent saturation. In this case, as calculations show, in the low-temperature region, the main contribution comes from
optical transitions from the heavy hole subband, regardless of the degree of light polarization, both with and without
taking into account the contribution of the coherent saturation effect.

According to (17), the spectral-temperature dependences K (¥ (w, T) are determined by the distribution functions of
heavy and light holes.

Consequently, taking into account relations (8) and (9) allows us to compare distribution functions both by
temperature (at a fixed frequency) and by frequency (at a fixed temperature).

In Figure 8 shows the spectral-temperature dependence of the hole distribution functions f (w, T), calculated taking
into account the temperature dependence of the band gap and effective masses in /nSbh, where graphs 1(2) and 3(4)
correspond to light (heavy) holes, calculated from (8) and (9).

1 w)-10’3/

40

Figure 8. Spectral - temperature dependence of the hole distribution functions, calculated taking into account the temperature
dependence of the band gap and effective masses in /nSb, where graphs 1 (2) and 3 (4) correspond to light (heavy) holes, calculated
from (8) and (9).

From these graphs it can be seen that in the region of low frequencies and high temperatures f(w,T) decreases
slightly (less than 5%) when moving from (8) to (9): the amplitude value of the distribution functions of heavy holes
decreases by approximately 1.7 times in the low-frequency range. However, in the region of high frequencies and low
temperatures the opposite is true.

Note that since the coefficient of single-photon interband absorption of light is proportional to the wave vector of

. . 1/2 .. .
photoexcited current carriers kc(’(z’) = [ZmCmLh'2 (hw - Eg) /(m, + mL)] / , then under condition Aw = E it becomes
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zero, which means that light absorption satisfies condition iw > E,, where E; = E, (T = 0). But if we take into account

1/2
expressions (8) and (9), then kgz) (T) = {ZmC(T)m,jL_2 (hw —E, (T)) /Im.(T) + mL]} increases with increasing
temperature, since with increasing temperature E;(T) decreases. As a result, the light absorption edge satisfies condition
hw < E,(T = 0) (instead of hw = Ej).

/

Lsirk)
7, jr:V

15!
1.3

Lok L1 haofAg,
Figure 9. Spectral-temperature dependence of the relative total 1PA ngfi”) =
7 (1,circ) =(1,circ) (1,circ) (1,circ) . . . . .
(Kc,il/Z;hh,il/Z + Kc,il/z;hh,i3/2)/(Kc,il/z;hh,iS/Z + Kc,il/z;hh,i3/2) for circularly polarized light in /nSb. In the calculations,

the maximum value of the coefficient EC(;’;I;Z: )J_rl /2 Was taken as one, and the Rabi coefficient was chosen equal to 0.5, where
graphs 1 and 2 were calculated using formulas (8) and (9), respectively.

Calculations show that at room temperature the contribution of heavy holes to coefficient K c(7112 Lms (@, T) is approximately

10 times greater than the contribution of light holes in the frequency range satisfying condition 1.1E, < hw < 1.5Ej. This
situation also occurs in the spectral-temperature dependences of the resulting 1PA coefficient (see Fig. 9), and the physical
nature of these dependences is explained by a similar frequency dependence of the nonequilibrium distribution functions
of current carriers.

CONCLUSIONS

In conclusion, this study provides an in-depth theoretical framework to understand the mechanisms underlying
single-photon interband absorption in semiconductors with diamond and zinc blende lattice structures. By incorporating
temperature-dependent bandgap variations and the mixing of valence and conduction band states, the research highlights
key factors that influence the absorption process. Heavy hole contributions were found to dominate over light hole
contributions, with a significant enhancement of absorption coefficients in narrow-gap semiconductors at lower
temperatures. The findings also reveal a pronounced dependence of linear-circular dichroism on light intensity, attributed
to the coherent saturation effects.

The results underscore the critical role of temperature and band structure in determining optical absorption
properties, offering valuable insights for applications in optoelectronic devices. However, the study also emphasizes the
need for experimental validation to verify these theoretical predictions. Future work should focus on extending the
analysis to a broader class of semiconductors and exploring the interplay of higher-order effects, such as spin-orbit
coupling, to refine the understanding of optical absorption phenomena. These advancements will not only enhance the
theoretical accuracy but also pave the way for practical implementations in advanced semiconductor technologies.
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TEOPETUYHHIA AHAJII3 MIZK30OHHOT'O OJTHO®OTOHHOT' O IOTJIMHAHHS CBITJIA B
HAINIBIPOBIJHUKAX: EOEKTH 3MIIIIYBAHHS 30H BAJJEHTHOI ITPOBIJTHOCTI TA
TEMITEPATYPHO-3AJIEZKHOI 3ABOPOHEHOI 30HU
Pycram S1. Pacynos?, Boxo6 P. Pacyios?®, Hypinio Y. Koaipos?, Mapaon X. Hacipos®, Ik6oa M. Emoosraes?
“Pepeancokuti depoicasHuil ynigepcumem, Pepeana, Y3bexucman
bKoxanocokuii depaicasnuti nedazoziunuii incmuntym, Koxand, Yzb6exucman
“@epeanckuil nonumexnuyeckul uncmumym, Qepeana, Y3bexucman
VY 11poMy TOCIIIKEHHI IPEACTAaBICHO TEOPETHYHUIT aHaITi3 CIIEKTPATIbHOT Ta TEMIIEPATypHOI 3aJIeKHOCTI KoedinieHTa 01HODOTOHHOTO
TIOTJIMHAHHS JIIHIIHO Ta HUPKYJSIPHO IOJISIPH30BAHOTO CBITJIa B HAIIIBIPOBITHUKAX i3 IPATKOBUMH CTPYKTYpaMH ajMa3y Ta IUHKOBOT
oOMaHKH. PO3risaaloThest ONTHYHI HEPEeXO/IH, 110 BKIIOYAIOTh MiJ30HM JIETKUX 1 BXKKUX JIIPOK i 30HY MPOBIJHOCTI, BKIIOYAIOUH TaKi
e(eKTH, sIK TeMIepaTypHO-3aJie)KHa 3a00pOHEeHa 30Ha, 3MIIIyBaHHS CTaHIB BaJCHTHOI 30HU IPOBIJHOCTI Ta KOT€PEHTHE HACHYCHHSI.
OTpuMaHi 1aHi TOKa3yl0Th, 10 BaXKKi P CIPHUSAIOTH 0AHOGOTOHHOMY TOTNIMHAHHIO npubian3Ho B 10 pasiB Oisblie, HixX nerki. Kpim
TOTO, JOCTIKYETHCS 3B’S30K MK JHIHHO-KPYTOBHM JAWXPOi3MOM Ta IHTEHCHBHICTIO CBIiTJIA, MiAKPECIIOIOYN POJbh KOTEPEHTHUX

e(eKTiB HACHYCHHSI.
Ku104o0Bi cl10Ba: HanignpogioHuk, memnepamypHa 3a1ediCHiCnb 3a00POHEHOT 30HU, 3MIUYBAHHS CMAHIE BANEHMHOT 30HU 31 CMAHAMU
30HU NPOGIOHOCMI; OOHOPOMOHHE NOSTUHAHHS, CHEKMPATbHO-MEMNEPAMYPHA 3ANeHCHICMb
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The frequency-temperature dependences of the probability of two-photon absorption (2PA), caused by transitions from the branch of
light holes to the subband of spin-orbit splitting and linear-circular dichroism (LCD) associated with 2PA, as well as the coefficient of
two-photon light absorption in GaAs and InAs, where the contribution to the absorption of the effect of coherent saturation. The role
of various types of transitions, differing from each other in virtual states and participating in the 2PT, is analyzed. In Gads and InAs,
the presence of several peaks in the frequency-temperature dependences of the 2PA coefficient was revealed; the appearance of the
peaks is explained not only by a specific change in the distribution functions of photoexcited holes, but also by the fact that at certain
frequency values, some denominators in the expressions of the composite matrix elements tend to zero.

Keywords: Two-photon optical transitions; Virtual states; Multiphoton optical transitions; Two-photon absorption coefficient;
Coherent saturation effect; Semiconductor

PACS: 71.20.-b, 71.28. +d

INTRODUCTION

Nonlinear spectroscopy of solids has proven invaluable in determining their optical and electronic parameters. For
instance, when single-photon absorption is forbidden by selection rules, multiphoton transitions may become allowed [1].
The processes of multiphoton absorption in crystals have been the subject of extensive theoretical and experimental
studies since the advent of the laser (see, for example, [2—7]). This interest in multiphoton absorption has been driven by
the significance of nonlinear absorption facilitated by powerful lasers and masers, as well as its role in numerous aspects
of fundamental research in semiconductor physics. It should be noted that in the processes of electron-hole pair generation
induced by intense optical radiation, both in bulk [2-13] and low-dimensional crystals, multiphoton interband and
intraband transitions play a critical role [14-24].

Although [14-24] investigated optical phenomena in bulk and low-dimensional crystals, where either interband
transitions or transitions between the branches of light and heavy holes are restricted, the question of single- and
multiphoton absorption of linearly and circularly polarized light in narrow- and wide-bandgap semiconductors, driven by
optical transitions from the branches of light and heavy holes to the spin-orbit split subband of the valence band, remains
unresolved. This study is dedicated to addressing this issue.

Effective Luttinger—Kohn Hamiltonian for III-V Semiconductors (GaAs, InAs) Formulation of the
Luttinger—Kohn Hamiltonian

In zincblende I11-V semiconductors, the top valence bands (heavy-hole, light-hole, and split-off bands) are described
by the Luttinger—Kohn (LK) Hamiltonian derived from k - p theory. This effective Hamiltonian acts on the Bloch states
at the Brillouin-zone center with total angular momentum j = 3/2 (degenerate heavy-hole and light-hole, I'; symmetry)
and j = 1/2 (split-off band, I;) due to the spin—orbit interaction. The LK Hamiltonian is a 6 X 6 matrix (or 4 X 4 if the
split-off band is excluded) built from the angular momentum J = 3/2 matrices J,, fy, J, and wavevector components
ky, ky, k,. To second order in K, the general form can be written (in the j = 3/2 basis) as a quadratic form in k;k;J;/;
terms with three dimensionless Luttinger parameters y;,¥,,¥3. In an isotropic approximation (neglecting cubic
anisotropy), the Hamiltonian simplifies to:

Hpg = Zh_:lo[(h + g]’z) k? = 2y,(k '])2]’

where m, is the free electron mass, k? = k2 + k2 + k2, and K - ] = k,J,, + k], + k,J,. This is the so-called spherical
approximation (y, = ¥3), which is often used for simplicity. In the general case for cubic crystals, y, # 3, and one must
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include distinct terms for f7k? and the off-diagonal couplings J;,/;k;, k; (which cause band warping). An explicit
representation of the full 4 X 4 LK Hamiltonian (for the j = 3/2 subspace) in the Bloch basis |3/2, mj) is

, /A -B C 0
A — R [-B* D 0 C
K "2my\ ¢ 0 D B
0 C¢c* B A

where (suppressing factor h?/2mg) A = y,k? + (v2 +v3)(ki + kj — 2kZ), D = y1k* + (v, + y3)(kZ + k3 — 2kZ)
(cyclic permutations for D) and the off-diagonal couplings are B = 243, v, k,(k, — iky), C = —/3, Y2, (k,% — k32,) +
2iv/3,y3, kyk,. (Here the basis is ordered as |3/2,+3/2),[3/2,—1/2),|3/2,+1/2),13/2,—3/2) for this matrix.) The
6 X 6 Hamiltonian including the split-off j = 1/2 states is an extension of the above, with the spin—orbit energy Agg
separating the I'; band on the diagonal and additional k-dependent coupling terms between j = 3/2 and j = 1/2 blocks.
In the absence of inversion asymmetry (no bulk inversion asymmetry term B = 0 for centrosymmetric zincblende), the
above H;y is the standard effective Hamiltonian for holes in III-V compounds first formulated by Luttinger (1956).
Eigenenergies and Eigenfunctions Zone-center basis: At k = 0 (the I" point), the valence-band edges consist of a four-
fold degenerate Iy state (spin—orbit j=3/2 quartet) and a split-off I'; doublet separated by Agg. One convenient choice of
orthonormal Bloch basis for the Iy valence states is in terms of spin—orbit coupled atomic p-orbitals |X), |Y), |Z) and spin
T,1. For example:

13/2,43/2) = = (|X +iY) 1),

¢
13/2,41/2) = Z (X +ir) 1) + \E(|Z) 1,

3/2-1/2) = 2 - D+ [212) D,

13/2,-3/2) = (X = i¥) 1),

up to overall phase factors. Here |3/2,£3/2) are “heavy-hole” (HH) states with angular momentum projection m; =
+3/2 (maximally aligned orbital and spin), and [3/2,+1/2 > are “light-hole” (LH) states (m; = £1/2) which are a
mixture of spin-up and spin-down with the p,-orbital character. The split-off |1/2, +1/2) states (not written above) are
primarily p,-type with opposite spin mixture and lie Agq lower in energy.

Dispersion and effective masses: For a given wavevector K, one finds the band energies by diagonalizing H; . Along
high-symmetry axes, the eigenstates can often be chosen as pure m; states. For example, if Kk is taken along the z-axis
([001] direction), then Jz commutes with HLK , so m; remains a good quantum number. In this case, the HH states (m; =
+3/2) decouple from the LH states (m; = +1/2), yielding parabolic dispersions:

h2kf
Heavy-hole band: Ej, (k) =#(y1 —2y,) for k=kjZ. This implies an effective mass mEthOl] =ym;’y
0 17472

along [001].
2
Light-hole band: Ey, (k|) = 2m| (Y1 + 2y2) for k = k|2, with effective mass m;, ' = e
0 1 2

Twofold spin degeneracy is retained (e.g. m; = +3/2 and —3/2 give the same Ej;). Because y; >y, for typical
III-Vs, the HH band is “heavier” (larger effective mass, smaller curvature) than the LH band. For directions other than
[001], the angular momentum projection is not a conserved quantum number, and the HH-LH states mix under the
influence of the y; terms in the Hamiltonian. This mixing leads to anisotropic dispersion or warping. For instance, for
motion along the [111] direction one finds Epp(Kj1117) & (¥4 — 2y3)k? and Epn (k1) < (rq + 2y3)k?, which differ
from the [001] masses if y; # y,. In GaAs and InAs, y; > y, (see values below), so the constant-energy surfaces of the
HH band are non-spherical, with the dispersion being flatter (heavier mass) along [111] than along [001]. The LK model
thus captures the cubic anisotropy of the valence band, while still providing analytic eigenfunctions (four-component
spinors) that are combinations of the Bloch basis states above. These LK eigenstates are used as envelope functions in
envelope-function approximations for heterostructures and to calculate transition matrix elements for optical processes.

nk [001] _ mg

Standard Luttinger Parameters for GaAs and InAs
The Luttinger parameters (1, ¥,, ¥3) are typically determined by fitting the model to experimentally measured band
dispersions (effective masses) or derived from ab initio band structure calculations. Below we list representative room-
temperature values for GaAs and InAs:
GaAs: v, = 6.98,y, = 2.06,y; = 2.93; these differences are minor and reflect fit updates. Agg = 0.341 eV for
GaAs.
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InAs: y; = 20.0,y, = 8.5,y3 = 9.2 with Agg = 0.39 eV. These large parameter values indicate the strongly
nonparabolic, highly anisotropic valence band in InAs (heavy holes in InAs have an especially large effective mass due
to y; — 2y, being small).

Two-photon light absorption in 4385 semiconductors
The two-photon absorption (2PA) coefficient is expressed in the following form [9—-11]:

where: £2) (f{2))- is the distribution function of light (In) and heavy (hh) holes, M) (k) - is the matrix element

2PA ,
(ME) of the transition |hh, m)— |lh,m’), I (w)- represents the intensity (or frequency, m\omega) of light, the wave
2PA -
vector of holes participating in optical transitions |hh, +3/2) — |lh, £1/2), with the energy dispersion Ey, (k) =
2
(A— (-1)!B)k? = h—kz (L =1,2,1 = 1(hh), is given as:

my,my, .
Mpp—myy,

[ = 2(lh)-for heavy holes the wave vector is expressed as: klh = (Zylh hhh_ZZhw) , where py, ,, = is the

reduced mass of the holes.

The energy of heavy holes with such a wave vector is equal to E hh(kl(hz Z;?)) = ———— 2hw, while the energy of light
hh =M,
holes is Ey, (klh Wi ) =— mhfn 2hw, and their distribution functions are determined respectively as:
i
— oxp (=20 _mn Er
[Ehh (klh hh ] = exp ( kT mhh—mlh) exp (kBT) (2)
and

[Elh(klh )] = exp ( w%) exp (,::;TFT) 3

kpT mpp—mip

Calculations show that if the temperature dependence of the bandgap width, the effective masses of charge carriers,
and the effect of coherent saturation are not taken into account, the distribution functions increase with temperature at a
fixed frequency, reach a maximum, and then decrease. At a fixed temperature, the distribution functions decrease with
increasing frequency. This behavior of the distribution functions plays a key role in the frequency-temperature
dependence of the 2PA coefficient.

Further, it should be noted that in subsequent calculations, unlike in [25], it is assumed that during multiphoton
transitions, virtual states exist not only in the branches of heavy and light holes but also in the spin-orbit split subband.

Quantitative calculations show that the optical transitions considered in [25] for wide-bandgap semiconductors
provide the main contribution to absorption in the low-frequency region, while the contribution in the high-frequency
region (A so < 2hw <E g) is less than 5%. Therefore, further analysis will focus on transitions between the light hole
subband and the spin-orbit split subband, as these transitions make a significant contribution in the frequency region
Aso < 2hw < E, (ASO,Eg < Zha)) for wide-bandgap (narrow-bandgap) semiconductors.

Matrix elements of two-photon transitions from the light hole branch to the spin-orbit split subband
When the photon energy satisfies the condition Ag, < 2Aw, optical transitions occur from the heavy and light hole
branches to the spin-orbit split subband. In particular, two-photon optical transitions from the light hole branch of the
valence band to the spin-orbit split subband occur in two stages: in the first stage, i.e., during a transition of type
[lh,£1/2) = |SO,£1/2), the spin direction does not change during the optical transition, while in the second stage,
[lh,£1/2) = |SO,¥1/2) (see Fig. 1), the spin direction reverses (see Table 1).

Table 1. Composite matrix elements of optical transitions from the light and heavy hole branches to the spin-orbit split subband (each

multiplied by (( h")) e, =¢ +le' 2 =e?y e’; .

Virtual state Composite matrix elements of optical transitions
Type 1 optical transitions (spin direction does Type 2 optical transitions (spin direction reverses)
not change)
B?k? 3h A i 2(A+B)P.k
In the branches of the e e +al=+ 1) e'? —QeLe;
Epp— Ejp — how * B z V6  ho
valence band hwvZ lEnp = Eip — ho 6
. . . P2 1 PZ
In the spin-orbit split — L— el” + 4e} 2 ‘el
subband 3V2Econa — Emn — ( +) V2 Eeona — Eny — haw) £+
A B%k? 3V2ABK?
. 2\/2 ) 12 11
In the conduction band B (Esg — Epp — ha) © © —Eso y— e,ey
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In Table 1: A,B -band parameters of the semiconductor, B = %W bandgap parameters, P.- Kane parameter
LhMhh

[26, 27], e/, (@ = x,y, z)-components of the light polarization vector, Ay-amplitude of the electromagnetic wave vector
potential.

2PA
In particular, for the optical transitions |lh, +1/2) —— [SO, +1/2) shown in Fig. 1, the square of the modulus of
the sum of the matrix elements (ME) is written as:

2 1(eA B2k2 12 12
|Mlh,i1/2;50,i1/2| = E(C_ho) ( ) (ERZe s+ R +R e e ) 4)
2PA _
and for optical transitions of type [lh, +1/2) —— |50, +1/2):
2 ed Bk? ro2 42
|Mins1/2.50 712 = (Cho) (hw) Rzie'ie's, 5)
where:
%, = 16](A—te V4 (Ae 1) 4 (Lo Y’ 6
z- BESO Ejp—hw B 3B2k2 Epona—Epn—hw/) |’ 6a)
_ P? hw 2 3hw 2
SRJ‘ - [(SBZkZ Econd_Elh‘h‘U) + (Ehh_Elh_h(‘)) :|’ (6 b)
_ P2 hw z 24h0 (A
1= [8 (332}{2 Econd‘Elh‘h‘”) T Eppn—Ein—hw (B T 1))]’ (6 C)
o _[aqa Z2rp\? 1 P2hw A 2
zlL = [6 (B + 1) (Bk) t3 (Bk 2(Econa—Ein— hw)) +18 (B) (Ego —Ep— hw) : 6d)
|v.x1/2) 7150,+1/2) V.£1/2) 7150.£1/2) Ve s0.z172) V. x1/2)" 7150,%1/2)
|1h,m =+1/2) |SO,m=+1/2) —+1/2) |ih,m =+3/2)
a) b) c) d)

Figure 1. Types of two-photon transitions from the light hole branch of the valence band to the spin-orbit split subband

2PA
|V,+1/2) —— |50, £1/2): a) Intermediate states are located in the light hole branch; b) In the spin-orbit split subband; c) In the
heavy hole subband; d) In the heavy hole subband. In such optical transitions, the spin direction of charge carriers does not change. Optical
transitions involving spin flip are determined in a similar manner, where the substitution |SO,+1/2)«>[SO,+1/2) must be applied.

It should be noted that if the energy conservation law associated with TPA is taken into account, the energies of the
holes involved in optical transitions from the light hole branch to the spin-orbit split subband are determined by the
following expression

2w) mso Min _
EC( SOlh mcond(mso_mlh) (Zhw ASO) +E ’ (7)
Ein(ksom) = e (210 = 850), Enn (ko) = 72— (2heo — o),

mpp(Mso—mip)

(SO,ih)
and their wave vector is given by: kéf)(‘l),)l \/ 2= (2hw — Agp) where: pS00) = %— is the reduced mass of the
SO~ M

holes, E, (4s0)- is the bandgap width (spin-orbit splitting), mg, - is the effective mass of the holes, Eg, (E) = Agp +

2
" k2 s the energy spectrum of the holes in the spin-orbit split subband.
SO

It should be noted that we will conventionally classify semiconductors as wide-bandgap (Eg)ASO), intermediate-
bandgap (Eg =~ A 50), and narrow-bandgap (Eg(A 50). Now, let us analyze both interband and intraband optical transitions
in these semiconductors. It is known that an optical transition between the conduction band and the valence band
(interband optical transition) occurs when the condition Eg(2hw is satisfied, while transitions from the light and heavy
hole branches to the spin-orbit split subband (intraband optical transition) occur under the condition 45, (2hw. Thus, the

order of interband and intraband optical transitions depends on the ratio A—g. From this, it can be seen that as the frequency
s0

increases in wide-bandgap (narrow-bandgap) semiconductors, intraband (interband) optical transitions occur first,
followed by interband (intraband) optical transitions. In intermediate-bandgap semiconductors, both interband and
intraband optical transitions occur (almost) simultaneously. This implies that when studying optical transitions, special
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attention must be paid to the band structure of the semiconductor, which will be taken into account in subsequent
calculations and in the analysis of results.

Since we will subsequently calculate the spectral, temperature, and polarization dependencies of optical properties,
such as the light absorption coefficient and LCD, driven by two-photon transitions from the light and heavy hole branches
to the spin-orbit split subband, it should be noted that in wide-bandgap (narrow-bandgap) semiconductors, such transitions
are allowed in the frequency range 45, (2hw(E, (Eg, ASO(Zh(u).

Linear-circular dichroism in two-photon transitions from the heavy and light hole branches to the spin-orbit
split subband
Next, we will calculate the spectral and polarization dependencies of the LCD coefficient, determined by the
probability of two-photon transitions, taking into account the phenomenon of coherent saturation [28, 29]:
2
2) X
Z MSO,m’;lh,m(k) x

2
w2 2o ehu’ s 14y
i I \mgye i (hw)? -
k mm'=+1/2;k

7
X (Funze = Fs07)8(Eso(k) = En (k) — 2h0), (8)

Where the symbol {...) denotes averaging over the solid angles of the wave vector of the holes. Then, the square of
the modulus of the two-photon matrix element (ME) is determined by the following relation: for optical transitions of

2PA
type |lh, +1/2) —— [SO, +1/2).

,1-1/2

(2 o
Z MSO,m’;lh,m 9

mm'/=+1/2;k

2
17edo\*(B2K? 4 Iz 12 12
_(_Cho) ( ) ) (mze z+R1e 1 +Rz1e je Z)

1
R, = —2 : ©

4/p2p2\?2
agy 1(/eAg B4k 14 14 12 42
\/1+4h2(u22(7) (‘Rze z+m_]_€ _]_'szle 1€ Z)

hw
2PA _
for optical transitions of type |lh, £1/2) —— |50, +1/2)

4,p2,2\2
eAg\* B’k 12 g2
(Ch)(fm))leeJ-ez

@ _
Rsom = - , (10)
g (eAg\*(B2k? 2,2
o) (B e
where
ap 1[edg\* (B2K?\2 250\ [ uson (- ho 2
4 o =&(—=—) ——(2—-1)], (11)
h2w22 \ ch hw hw 4Uhhlh Aso
&R = 2a (L)g LA is the Rabi parameter, k2 = 2Bk A g = AZ&T(DT@ I —M-re resent values in
R A\14/ B2KZ p > A h2 TS0 a2z o nl 0 AT on|B2ky) P

units of light intensity that depend on the band parameters of semiconductors, taking into account the energy conservation
law describing two-photon transitions between the light and heavy hole subbands of the valence band. Since the value I,
depends on the effective mass of the holes in the spin-orbit split subband and its width, it is therefore influenced by the
choice of Kane's model (three-band or four-band).

Thus, the coefficient of two-photon LCD light absorption depends not only on the band parameters of the

i Cw)y _ msoMin . .

semiconductor but also on the energy EC(klh,SO e ——— (2hw — 4gp) + E; of photoexcited electrons in the
: QCw)y _ msoMmin QCw)Y _ myp

conduction band, Ehh(klh,so) = m (Zhw - ASO) of heavy holes, and ESO (klh,SO) = —m(Zhw -

Agp) — Agp of holes in the spin-orbit split subband.
If the contribution of the coherent saturation effect is neglected (i.e.,{z = 0), then the average value of

-2
<Zm‘mr= +1/2% |M é{?m’; hm (k)| > is determined as follows: for linear polarization:

4 ,p252\2

(M1 s0.072l7) =2 (222)" (B2) L3, + 8%, +2Ry.), (12)
4 ,p25,2\2
|Mlh¢1/2;so,¢1/2|2 =2 (e == Rz (13)
15\ ch hw
for circular polarization

4 p23,2\2

(IMun 1250, 1721%) = (22)" () 2L @Ry + 7R, + 3%2), (14)

4 2
(IMuns1250 5072 ]") = 5 (22) (B2 e (15)

hw
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Thus, the dependence of the probabilities of two-photon transitions from the light hole branch to the spin-orbit split

2PA 2PA
subband, |V,+1/2) —— |50, +1/2) and |V, +1/2) —— |SO, ¥1/2), for linearly polarized light is determined by the
following relationships:

|Mm,i1/2;so,i1/2|2 = ;(%)4 (B;ZZ)Z (mzelg + ERJ_e"i + ERZJ_e’ie’g), (16)
|Mlh,il/2;50,-T—1/2|2 = (%)4 (B;::Z)z mlzle,ie’; (17)

Here, for linearly polarized light
les]? = %s in?¢’, |e’i|2 =1—|e,|? F Pyccosdp’ = ;(1 +cos?¢") F Py cos @', (18)

and for circularly polarized light
¢ [ =cos’ g,|e.[ =sin’ ¢, |e’i|2 = ;(1 +cos?@") F Py cos @', (19)

where ¢(¢’) —is the angle between the vectors &(§) and E, é- is the light polarization vector, E([j) is the wave vector of
the hole (photon), P, — is the degree of circular polarization.

It should be noted that the polarization (angular) dependence, as well as the dependence on the Rabi factor for both
the probability and the LCD coefficient, driven by two-photon optical transitions, are calculated according to relations
(17) and (18). Initially, to simplify numerical calculations, we will ignore the contribution of the coherent saturation effect
to the transition probabilities.

2PA ;
The spectral and angular dependence of the transition probabilities |lh, £1/2) —— |S0, +1/2) (VV”(:ZT/‘ZT;O +1/2)
2PA .
and |lh, +1/2) —— |S0, ¥1/2). (I/I/l;ll‘i_ff/azr;?m_;l /2 for linear polarization in GaAs and InAs semiconductors, calculated

2PA
according to equations (17) and (18), are shown in Fig. 2. The transition probabilities for |lh, +1/2) —— [SO, +1/2),

Tl b B ™
08 T

2PA _
and |lh, £1/2) —— |S0, ¥1/2) for circular polarization are also depicted in Fig. 2.
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04
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¢
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Figure 2. Spectral and angular dependencies of the transition probabilities of type |lh, +1/2) —— |SO, £1/2) and
2PA
|lh, £1/2) —— |SO, ¥1/2) for linear polarization: (a, ¢) in Inds and (b, d) in Gads
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2pA .
The spectral and angular dependence of the transition probabilities |lh, £1/2) —— [SO, £1/2), (VI/},(luiflffzr)so +1/2)> and

2PA — [ . . . . .
[lth,+1/2) —— |SO, ¥1/2), (Wlfll’li"ffzgo;l /o) for linear polarization in GaAs and InAs semiconductors, calculated

2PA
according to equations (17) and (18), is shown in Fig. 2. For transitions of type |lh,+1/2) —— |S0,+1/2) and

2PA
[lh, £1/2) —— |50, F1/2) for circular polarization, the results are also presented in Fig. 2.

From Fig. 2, it can be seen that: a) The maximum values of the transition probabilities in InAs semiconductors are
significantly higher than those in GaAs, while the oscillation of the angular dependence in InAs and GaAs is identical,

i.e., the maximum and minimum oscillation values occur at the same angle in both materials. b) With increasing

. (linear) (circ) . ..
frequency, the maximum values of Wy, 11 /5.50 11/, and Wy, t175.60 41/, decrease, passing through a minimum before

increasing again, while W},(ll?ff;.;o F1/2 and I/I/l,gcirf/)z. S0,.71/2 increase in both /n4s and Gads for both linear and circular

B

polarization.

_ yy (cire) - (linear) rf(rg:”;,‘
My sv2s0412 = Wﬂh,im:so £1/2 /Wlh,tl"z-io +1/2 )
-
1‘ W
|
12 ‘

1.2

fm)/Am - : %

b)
2PA
Figure 3. Spectral and angular dependencies of the two-photon LCD coefficient for optical transitions |lh, + §> — |S 0,+ %}
(a) and the resulting LCD (b) in GaAs and InAs, where the contribution of the coherent saturation effect is neglected

Figure 3 shows the spectral and angular dependencies of the two-photon LCD coefficient for optical transitions

[lh, +1/2) 2, |SO,+1/2) (Fig. 3a) and the resulting LCD (Fig. 3b) in GaAs and InAs semiconductors. From this
figure, it is evident that the two-photon LCD exhibits the following characteristics: In narrow-bandgap semiconductors,
it is greater than in wide-bandgap semiconductors. The polarization dependence has an oscillatory nature. With increasing
frequency, the maximum value decreases for both semiconductors. It is more significant in the low-frequency region than
in the high-frequency region and remains practically unchanged in the frequency range Aw)1,545,. Peaks occur at angles

% between the light polarization vector and the wave vector of charge carriers, and these peaks are independent of the
type of semiconductor. Now, we proceed to analyze the calculation results considering the contribution of the coherent
saturation effect to the probabilities of two-photon transitions. Calculations show that the two-photon LCD coefficient

6
should be distinctly observable in the low-frequency region, as it is proportional to the value (%) . Therefore, we will
=4so

further analyze the contribution of the coherent saturation effect in the frequency range . First, we calculate the

3 L4
frequency-angular dependencies of the LCD coefficient for several values of the Rabi parameter £, = 2a, (L) =

1) B

&R =01and &z = 1.5
Figure 4 shows the frequency-angular dependencies of the probabilities VI/;,(llZlf/"ZT;O 11/, and Wu(ll,iitlffzr-)so,ﬁ /2 inGaAs
and InAs, illuminated by both linearly and circularly polarized light for £z = 0.1 and &z = 1.5. It can be observed that
the physical nature of the probabilities depends on the degree of light polarization, the types of transitions, and the band

structure of the semiconductor: a) At a fixed frequency, the angular dependence Vlllfllliflfﬁrgo +1/2 (Vlllffgf/)z;soy +1/2

)

2PA
exhibits three (two) peaks for transitions |lh,+1/2) ——|S0,4+1/2), and four peaks for transitions |lh,+1/

2PA _
2)—— S0, ¥1/2).

From the latest results (see, for example, Fig. 4a, c, b, d), it is evident that the spectral dependence of the 7;, 50 =
5o
(chiz)
Lh,SO

transitions for both linearly and circularly polarized light become zero at specific points.

two-photon LCD coefficient can only be calculated at certain angle values, since the probabilities of optical
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Figure 4. Spectral and angular dependencies of the transition probabilities of type |lh,+1/2) —[SO,+1/2) and
2PA

|lh, £1/2) —— |S0O, ¥1/2) for linear (a, ¢) and circular (b, d) polarization in InAs and GaAs. The Rabi parameter is assumed to be 0.1

In such cases, the LCD coefficient remains undefined. Therefore, we will analyze the frequency-angular
dependencies of 7y 1+1/2;50,+1/2 0 GaAs and InAs for two angle values between the light polarization vector and the

photon wave vector: z (a) and = (b) (Fig. 5).

(circ) (linear)
M zvzs0. 202 = VVIh,ﬂ/z;So.ﬂ/z/VVI) £1/2:50.,£1/2

0.16

b) holAg,

Figure 5. Frequency dependence and dependence on the Rabi parameter of the two-photon LCD coefficient for the angle between
the light polarization vector and the photon wave vector equal to % (a) and g (b), calculated for optical transitions

2PA
|lh,£1/2) —— |SO, £1/2) in GaAs and InAs, where the intersections of the graphs are marked with circles

From Fig. 5, it is evident that the nature of the frequency dependence of the LCD coefficient: a) Depends on the
band structure of the semiconductor; b) The amplitude value of 15, +1/2;50,+1/2 1S almost ten times greater than that of
Mih,+1/2;50,%1/2 in both the high- and low-frequency regions for GaAs and InAs.

Fig. 6. Angular dependence and dependence on the Rabi parameter of the resulting two-photon LCD coefficient
(nrezult = Min+1/2;50,+1/2 F Mih,+1/2;50,F1 /2) in GaAs and InAs for two frequency values: Aiw = 0.25eV (a) and hw =
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0.5eV (b). It can be observed that the LCD is more noticeably observed in GaAs than in InAs, but the maximum LCD
values in InAs occur at iz—", and in GaAs at %ﬂ when hw = 0.25eV; in GaAs at %, and in InAs at % when hw = 0.5eV.

Myezulr. Gads
R ; InAs
InAs Mrezult. R
4

3z _ z
4

Figure 6. Angular dependence and dependence on the Rabi parameter of the resulting two-photon LCD coefficient
(nrewlt = Mn+1/2;50,+41/2 T Wlh,i1/2;so,¢1/2) in GaAs and InAs for two frequency values: iw = 0.25eV (a) and iw = 0.5eV (b)

Calculations show that if the dependencies E(T), m(T),mgo(T), calculated using the three-band Kane model, are

taken into account, the main contribution to the resulting two-photon LCD coefficient (n(z) (w, T)), averaged over the
2photonabsorption

solid angles of the hole wave vector, comes from transitions of type [lh, +1/2) |SO, +1/2), while

2photonabsorption

the contribution of transitions |lh, +1/2) |SO,F1/2) is less than 3%. The calculations also indicate
that, without considering the effect of coherent saturation, (17(2) (w, T)) in GaAs and InAs is practically independent of
temperature.

Light absorption due to two-photon transitions from the light hole branch of the valence band to the spin-
orbit split subband
Thus, the coefficient of two-photon absorption caused by optical transitions between the light hole subband and the
spin-orbit split subband is determined by the following relation

2hw  2mmgomyy,

KO0, = == S o n (Kinso) = fro(Kino)] %

) 2 5 2
f: sinf - do fo Tde |Zlh,m=i1/2;50.m’:i1/2 Ml(h,)m;.S‘O,m' (kl(i‘;,)l, 0, (p)| (20)

where kl(,fas)[)) is the wave vector of the photoexcited holes, and the matrix element (ME) of the transition
2fotonliyutilish

|th,+1/2) ————— |50, +1/2) is:

o= () 3G ) (o[ #4542
lh,+1/2;50,+1/2 ch) 2\ hw BEsy — Ejp, — hw B ?

_ P hw 2 2 3hw /2
B2k23 Econd—Eih—hw (el + 4@2 ) + Epp—Eip—hw € J'}’ (21)
2PA _
for |lh, £1/2) —— |SO, ¥1/2):
__ (eAo\? [ i 2(a+B)Pck | 1 p2 3vZABKk? -
Minz1/25071/2 = (Ch) [\/3 (hw) V2 (Econa—Ein—hw), Eso—Ezh—hw] -ee (22)

fin (kl(,f(g’g,) [fs0 (kl(,f?(),)] - are the distribution functions of charge carriers in the light hole subband (spin-orbit split
2
subband), Bz(kl(,i(g()) g h?z(n::;;:;h) (gioji?h) (2hw — 4gp), 6 (p)-are the polar (azimuthal) angles of the hole wave
vector. Calculations show that each term in equations (20) and (21) provides comparable contributions to the two-photon
matrix element. This indicates that significant contributions are made not only by transitions where the intermediate states
are located in the light and heavy hole branches but also in the spin-orbit split subband, as well as in the conduction band.
The average value of the matrix element (ME) (see formula (3.4.2)) is determined as:

2 . 5 2
<|Ml(if,)m;50,m’(kl(lf,(;)())' 0, ‘/’)| > = fonsm 0-do J; "dg Yinm=+1/2;50,m' =+1/2 |Ml(lf,)m;so,m’(kl(fi(gt)750' 0, <P)| .
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. . 2¢oToHHOeNOrIoLeHHE
Then: for optical transitions of type: |lh, +1/2) |SO,+1/2):
2\ 1 (1 e?2m\? (B%k?)? 3 8 2
sl = 5 G2 (2" (0 o, (0 ) @

2PA
and for optical transitions of type: |lh, +1/2) —— |S0,+1/2)

<|Mlh.i1/2;50¢1/2|2> = %(ﬁgi—pz (B;ZZ)Z %5 <(5Rz {3 + R, {3 + R, {;)) (24)

The number indicated at the top (bottom) in expressions (22) and (23) refers to linear (circular) polarization. Thus, if in
expression (19) the relations (20)—(23) are taken into account and the effect of coherent saturation is neglected, then:
a) For linearly polarized light:

I e? 2 B22 ZM(so,m)
2 _ 30 (£ _ (@) = (2w)
Kiimear = 2(2) ho (fmﬁ fso,ﬁ) <chnw> < Ao ) h3 kso,in X

x ([39 + 5 @23, + 89, +3%,0]) @9)
b) For circularly polarized light:

bi e? 2 B22 Zu(so,zh)
@ _ 3_° (£ _ £(2) - 2w)
Kcirc - 2(27T) hw (flh,ﬁ fso_ﬁ) (chnw) ( hw ) A3 kSO,lh x

x ([z&n;l + L @R TR+ zmu)]>. (26)

The frequency-temperature dependencies of the absorption coefficient K (2), calculated using (24) and (25) for
2fotonliyutilish 2fotonliyutilish

transitions |lh, +1/2) ——— > |S0,+1/2) and |lh, +1/2) ———— > |SO, ¥1/2) in GaAs (a, ¢) and InAs
(b, d), are shown in Fig. 7. From this figure, it can be observed that: a) In GaAs, the consideration of E,(T) practically

does not affect K® (w, T), whereas in InAs, it leads to an increase in K® (w, T). b) The amplitude value of K (2) (w, T)

circ
is greater than the amplitude value of Kl(ii)ear (w,T). ¢) With increasing temperature in InAs, the maximum values of
(@)
K

ciretinear (@ T) decrease in the low-frequency region, while in the high-frequency region, they increase instead.
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Figure 7. Frequency-temperature dependencies of the two-photon absorption coefficient K ® (w, T) for linearly polarized light (a,
b) and circularly polarized light (c, d) in semiconductors GaAs (a, ¢) and InAs (b, d)
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This situation is explained by the ratio of the bandgap width to the spin-orbit splitting width, which is greater than
one in GaAs and close to one in InAs.
In the study, the maximum value of K® (w, T) for linear polarization, calculated for in GaAs, was set equal to one,

neglecting the contribution of the coherent saturation effect. (R @ (w, T)) represents the 2PA coefficient in cases where
the temperature dependence of the band parameters is considered (or not considered).

CONCLUSIONS
Thus, in this work:

1. Based on the multi-band Kane model, interband two-photon absorption (2PA) of light, caused by optical transitions
from the light hole branch to the spin-orbit split subband in GaAs and InAs, has been theoretically investigated.

2. Two-photon interband optical transitions have been classified, with attention paid to the fact that virtual states of
charge carriers are present not only in the light and heavy hole branches but also in the spin-orbit split subband and
the conduction band.

3. In GaAs and InAs, the presence of several peaks in the frequency-temperature dependencies of the 2PA coefficient
has been identified. The appearance of the peaks is explained not only by the specific change in the distribution
functions of photoexcited holes but also by the fact that, at certain frequency values, some denominators in the
expressions for the composite matrix elements tend toward zero.

4. It has been shown that all two-photon optical transitions, which differ by their virtual states, contribute comparably
to the absorption.

5. It has been demonstrated that in the frequency regions where the spectral dependence of the probabilities of two-
photon transitions changes sharply, two-photon linear-circular dichroism (LCD) can be clearly observed.
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JO TEOPIi IBO®OTOHHOI'O MIXKITIJI30HHOI'O MO JIMHAHHS TA JIHIAHO-IIUPKYJISIPHOTO
JUXPOI3MY B HANIBITPOBITHAUKAX THITY AsBs
Pycram 5. Pacysior?, Bokcoo P. Pacyios?, ®@appyx Y. Kacumos®, Mapaon6ex X. Hacipos®<, Iciiam E. ®apmanos?,
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“@epeancvruil Oepacasrull yHisepcumem, Pepeana, Y3oexucman
b Anouscancoruii deparcasnuii ynisepcumem, Anousican, Yzbexucman
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VY craTTi AOCHIIKYIOTBCS YacCTOTHO-TEMIIEPATypHi 3aJeXHOCTI WMOBIpHOCTI ABO(OTOHHOrO moriauHaHHS (2PA), 3yMOBIEHOTO
Hepexo/iaMu 3 TUJIKH JIETKUX IiPOK 0 MiI30HH CIiH-0pOITaIbHOrO PO3IIEIUICHHS, 8 TAKOX JIIHIHHO-IUPKYIsIpHOTO quxpoizmy (LCD),
noB’s3aHoro 3 2PA, Ta koediuienta 180(OTOHHOTO NOTJIMHAHHS CBIT/a B HAMIBIIPOBigHUKaX GaAds Ta InAs. Po3risHyTo BILIUB eeKTy
KOT€pPEHTHOT0 HACHUCHHS Ha MOTJIMHAHHA. [IpoaHasi3oBaHO pOJIb Pi3HUX THIIIB IIEPEXOIB, SIKi BiAPI3HAIOTHCS BipTyaJbHUMH CTaHAMU
Ta OepyTh yuactb y 2PA. Y Gads ta InAs BUSBICHO HAasBHICTh KUTBKOX MIKIB y YaCTOTHO-TEMIIEPATYPHIH 3aJ€KHOCTI KoedilieHTa
2PA; nosiBa IUX MIKiB IMOSCHIOETHCS HE JIMIIE CHEH(ITHO0 3MiHOI0 (QYHKIIH pO3IOAiay (OTOAKTHBOBAHKX JIPOK, a H THM, IO IPH
MIeBHUX 3HAUEHHSX YaCTOTH JAEsIKi 3HAMEHHUKH y BHPa3ax M CKJIAJCHUX MAaTPHIHUX €IEMEHTIB IPSIMYIOTh 10 HYJIS.

KuawuoBi caoBa: o0sogomonni onmuuni nepexoou, eipmyanvhi cmanu, 6aeamoOmonHi OnMuyHi nepexoou; KoegiyieHm
060(OMOHHO20 NOTUHAHHSA, eeKm KO2EPEeHMHO20 HACUYEHH S, HANI6NPOBIOHUK
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We present a theoretical study of interband two-photon (two-quantum) absorption of polarized light in semiconductors of cubic and
tetrahedral symmetry. Our analysis is conducted within a multiband approximation, taking into account the admixture of valence states in
the conduction-band states, as well as coherent saturation (Rabi) effects. We use simplified parabolic dispersion laws for both heavy- and
light-hole subbands and for the conduction band, and compare two common temperature-dependent band-gap formulas (Varshni and
Passler) to illustrate how they alter the spectral-temperature dependence of the total two-photon absorption coefficient. In particular, we
show that the interband two-photon absorption first increases with photon frequency, reaches a maximum, and then decreases at a fixed
temperature. The amplitude of the absorption for linearly polarized light is found to be larger than that for circularly polarized light,
especially at lower temperatures. Our calculations reveal that the admixture of valence states significantly modifies the interband
transitions, while the Rabi effect reduces the absorption in the high-intensity regime, especially at elevated temperatures. These findings
may be useful for designing optoelectronic and photonic devices that rely on multiphoton interactions in narrow-gap semiconductors.
Keywords: Two-photon absorption; Rabi effect; Valence—conduction band mixing; Multiband approximation; Kane model;
Temperature-dependent band gap; Varshni and Passler formulas; InSb and InAs semiconductors; Nonlinear optics

PACS: 42.65.-k, 78.20.Bh, 71.20.Nr

INTRODUCTION
In this paper, we analyze interband two-photon absorption in semiconductors of cubic and tetrahedral symmetry by
employing a multiband k - p Kane-type Hamiltonian. Specifically, we consider the conduction band (Ig) and the valence
bands ((I3) heavy- and light-hole subbands, plus (1) for spin-orbit split-off). The complete 8x8 Kane model can, in
principle, provide non-parabolic dispersion relations for electrons and holes. However, in the moderate energy range
relevant to our two-photon absorption processes (hw < 0.8 Ej), higher-order k* terms make only small corrections.

Therefore, for simplicity and analytic tractability, we adopt the following parabolic dispersions:

25,2 25,2
Ec(k) = By + 50 B (k) = —5f

2m, 2my,’
where m, and m;, are effective masses for electrons and holes, respectively. This approximation still incorporates conduction—valence
admixture via Kane’s matrix elements (including 4g,), but neglects higher-order nonparabolic terms beyond k2. Extensive prior studies
[see, for instance, Refs. 24-26] confirm that, under these conditions, the simpler parabolic form captures the essential physics of two-
photon absorption in InSb and InAs.

The Hamiltonian thus includes admixture between I, I, and I states, ensuring that valence-band mixing effects are accounted
for. The spin-orbit interaction enters via the splitting 4y, which modifies the band-coupling strengths and appears explicitly in our

transition-matrix elements. In Section 3, we derive the two-photon absorption coefficients KC(ZW)L 1 under this model and discuss how

the Rabi effect further alters the absorption in both low- and high-temperature regimes.

The discovery of powerful quantum generators of coherent laser electromagnetic waves stimulated the development of studies
of optical phenomena in semiconductors that are nonlinear in illumination intensity [1-3]. In this aspect, it seems necessary to study
the nonlinear optical parameters of both narrow- and wide-bandgap semiconductors. It is associated with the unusualness and
complexity of the properties of the effect under consideration, the possibility of obtaining new information about the band parameters
of the samples under study, and the prospect of application in optoelectronics and photonics.

Two-photon nonlinear optical phenomena caused by intraband transitions in semiconductors were carried out [1-3], where the
calculation of two-photon matrix elements was carried out using perturbation theory for the field of an unpolarized electromagnetic
wave in the two-band approximation [2, 3]. In [4-7], two- and three-photon linear-circular dichroism (LCD) were studied, and in [8-23],
multiphoton intraband absorption of light of linear and circular polarization in semiconductors with a complex band structure was
investigated. In [18], nonlinear single-photon absorption of polarized radiation in topological insulators was investigated.
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In the above-mentioned works, the nonlinearity of the coefficient of single-photon absorption of light is described
by the effect of coherent saturation (Rabi) [19] and it is determined both in intra-band [18] and interband [9, 10, 16, 17]
optical transitions by the photoinduced addition to the distribution function of electrons, as well as light and heavy holes.

However, in the above-mentioned works, calculations were made of the spectral-polarization dependences of the
intraband two-photon, i.e. two-quantum absorption of light (TQAL) and its LCD in semiconductors of tetrahedral
symmetry. in Kane's three-zone model [24, 25] , but not taken into account mixing of valence band states with conduction
band states. This paper is devoted to filling this gap.

SPECTRAL-TEMPERATURE DEPENDENCES OF THE COEFFICIENT OF INTERBAND TWO-
QUANTUM ABSORPTION OF LIGHT
Note that the coefficient of two-photon (quantum) absorption of light for optical transitions from the valence band
to the conduction band is determined by the expression [23]

2) _ (2) _ ) )
K® = Zz_g‘mzil/z;l,l,m’ chm;L,m' - ZE,c,m:J_d/z;zh,m’:J_d/z Kcm th,m' + z:E,c.m=J_r1/2;lh,m’=J_r3/2 Kc,m;hh,m" M
Here
K® 2n 2he @ _ @) |y® o s(E.—E . — 20 2
ZE,C,T}‘L:il/Z;Lm’ CmLm Y_chm +1/2Lm (fcic' _ij(') cmLm ( )| ( cfé_ L,E_ (l)) ( )

(Lym' = lh,m' = £1/2(hh,m’ = +3/2)-for heavy (light) holes) , where their energy spectrum has the form E, 7 =

h2KZ n?k?
- and the energy spectrum of electrons in the conduction band: E ;; = E; + ——
(ZmL) (2me)’
If we take into account that the composite matrix of the two—quantum interband optical transition M~ @ _in

LK;SOk
expression (2) depends on the inclusion of valence states I'8 (valence band) and I'7 (spin-orbit splitting band) in the states
I'6 (conduction band), then we have the following expression

* 2
IO 3(@)4 lpey| n?k? (1 _t¢ )26,4 _( hwy )2 lel |4 3)
Ihkick ~ 3\ ch (hw)? 3°9) “Z Enn—En—hw e
M@ = 3(er)4 lpey | 2k (1+2 Lot )2 22 A
hh};c} - ch (hw)? 3 Ejp—Epp—hw €z €1 ( )

then the coefficient of two-quantum absorption of light caused by optical transitions from the subband of light holes to
the conduction band is expressed as:

2( ) (@))? 2 2
. @  _20 (@ _ @ \Perl (kD) cm [ 4, 2 e (__hog /4
Litc,m=s1/2:nm' =11/2 Kemnm' =3 (f k() flh k“’”) (ays M+ (1 359) €z (Ehh-Ezh-flw) leil],
(%)

and for optical transitions from the heavy hole subband to the conduction band:

@ _ @ @  \lpev (kchn)  (cnmy 2 hwgy 2
z:E,c,m=J_r1/2;zh,m’=J_r3/2 K mnnm = 0C1 (f (@) flhk(w))(hT'u+ (1 +§m) ’ (6)

2 2 (cL)
Where C, = ! (znez) I(h—z) , kc(fz) = \/2!;;2 (Zhw —E ),L, m' =lh,m' = £1/2 (hh,m' = £3/2)- for heavy

3 AngC mg
271'@2

2
(light) holes and took into account that (%) = G )2,

I(w)is the intensity (frequency) of light, n,is the refractive

h2 (mpp—mp)
(4mppmyp) ’

/2
index of light at frequency w,p., = ( ) is the Kane parameter, B = my, (my,)is the effective mass
of light (heavy) holes .

Note that if we take into account the contribution of the coherent saturation effect to K (2)_ L then it is necessary

to replace in expression (2) |MC(2) ,(k)| with }; MSZ n23(| Yon'h [1 + == hZ 2 '

composite matrix element caused by two-photon optical transitions from the light hole subband to the conduction band
consists of two terms, which are determined by the relations:

/2
. Then the square of the

nn'k
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Here k3 = %ASO, §@ = 2T(1)T(1) (Zne ) s 2 7V (Tl(hl))is the time of exit from the final state of photoexcited

neych/ mg A5
electrons in the conduction band (light holes in the Valence band).

Results of calculation of spectral and temperature dependence of the resulting absorption coefficient K @ msLm’ of

linear (line 1) and circular (line 2) polarization light produced according to (1) and (2) taking into account (3) and (4) and
caused by vertical optical transitions from the subband of light and heavy holes of the valence band to the conduction
band in InSb (a) and InAs (b) crystals are shown in (Fig. 1). In numerical calculations, the maximum value of the
absorption coefficient of linearly polarized light was taken as unity, where the temperature dependence of the band gap
and the contribution of the coherent saturation effect were not taken into account. Fig. 1 shows that in the region of low
frequencies and temperatures, the value increases with increasing frequency and reaches a maximum, and then decreases.

Also, the amplitude of the coefficient of two-quantum absorption of Kc(ir)l_L m,((u, T)linearly polarized light is

approximately 5 times greater than the amplitude of Kc(?l . m,(w, T) circular polarization both in InSb (a) and and in
InAs (b).

(2)

K(Z)

c.m;L.m'

0.60
500,50 0.52 0.54 0.56 0.58

a)

Figure 1. Spectral - temperature dependence K @ for light of linear (line 1) and circular (line 2) polarization in InSb (a) and

m;Lm
InAs (b) crystals. In the calculations, the maximum value of the absorption coefficient of linearly polarized light KC( ) v Was taken

as unity. In the numerical calculations, the temperature dependence of the band gap and the contribution of the coherent saturation
effect were not taken into account.

In further calculations of the frequency-temperature dependence of the two-photon absorption coefficient, we
assume that the temperature dependence of the band gap width is determined by the Varshni formula [26]

E,(T) = Ey(T = 0) -y —

T+Ty

®

here constants y; and T}, are material-dependent empirical parameters. Specifically, y; controls the rate at which the band
gap decreases with increasing temperature, while Ty, is a characteristic offset temperature that fine-tunes the shape of the
denominator in the T2 /(T + Ty) term. Passler's formula [27]

E,(T) = E,(T = 0) —“_91’[(1 + (2:) )w - 1]. (10)

Here, a is an empirical coefficient controlling the band-gap shrinkage rate, 6), is a characteristic phonon-like temperature
scale, and p is an exponent that shapes the functional form of the band-gap temperature dependence. Their values can be
found through experimental data or taken from the literature for specific materials such as InSb and InAs [26,27]. The
temperature dependences of the effective masses of electrons m.(T) in the conduction band and holes mg, (T) in the spin-
orbit splitting zone can be represented as [26]:
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here F is a dimensionless parameter linked to higher-order non-parabolic corrections in the conduction band; it modifies
the usual parabolic dispersion to more accurately reflect the influence of strong band coupling at higher energies. Along
with these parameters, the Kane energy E,, and the spin-orbit splitting As, play central roles in describing the band
structure within the Kane model. The Kane energy, Ep, originates from the momentum-matrix element between
conduction and valence bands; it quantifies the degree of band mixing in narrow-gap semiconductors. A larger Ej,
generally signals stronger coupling between conduction and valence states, thereby affecting both the effective masses
and optical transition probabilities. Meanwhile, the spin-orbit splitting Ag,, represents the energy separation between the
topmost valence-band states (often labeled I5) and the spin-orbit split-off band (I5), which arises from relativistic spin-
orbit coupling in the crystal. In narrow-gap materials such as InSb and InAs, 4g, can significantly influence the valence-
band structure and, consequently, the optical absorption processes. Numerical values for E,, Ao, F, yr and Ty, relevant
to InSb and InAs are provided in Refs. [25, 26].

(@7)

<V

b

cV

(21)

Figure 2. Spectral - temperature dependence of the total coefficient of two-quantum absorption Ec(i)1 J2:hh, 43 /z(w, T)of light of

o

linear (lines 1 and 3) and circular (lines 2 and 4) polarization, caused by transitions of the heavy-hole subband of the valence band

to the conduction band in In Sb (a, b) and InAs (¢, d). In Fig. (a and ¢) the Rabi coefficient is 0.5, and in Fig. (b) and (d) is equal to 0.7
Figure 2 shows the spectral-temperature dependence of the total coefficient of two-quantum absorption of light
I?c(zi)l J2:hh 232 (w, T)of linear (lines 1 and 3) and circular (lines 2 and 4) polarization , caused by transitions from the
subbands of light and heavy holes of the valence band to the conduction band in InAs (a,b) and InAs (c,d). Here
Ec(i)l J2:nn+3/2(@0, T) (Kc(‘zi)1 /2372 (@) T)) - the coefficient of two-photon absorption in the case when the temperature
dependence of the band parameters is taken into account (not taken into account). In the calculations, the maximum value
I?c(zi)l J2:hh 432 (w, T)for linearly polarized light was taken as one unit. In Fig. 2 (a and ¢), the Rabi coefficient is equal to

0.5, and in Fig. 2 (b and d) is equal to 0.7. Graphs 1 and 2 are calculated using formula (9), and 3 and 4 using (10),
respectively. From Fig. 2 it is evident that dependence (9) significantly affects the amplitude value of the temperature
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dependence Kézi)l J2:hh+3)2 (w, T)than (10), and the light absorption edge shifts by frequency a);V) (T) = %TT:—TVWhen

2T

choosing (9), by w;P)(T) =% [(1 + (@
14

p\1/p
h ) ) — 1]when choosing (10). Note also that regardless of the frequency of

E(z)

light, with an increase in the Rabi coefficient K 1 /5. 43/, (@, T)in InSb it is unnoticeable, but in InAs it decreases

noticeably in the high temperature region, and in the low temperature region it is the opposite, which is associated with

the complexity of the temperature dependence Ec(i)l J2snn,+3/2(@0, T).

CONCLUSIONS
We have presented a theoretical study of interband two-photon (two-quantum) absorption in cubic and tetrahedral
semiconductors by incorporating valence-band admixture to conduction-band states and the coherent saturation (Rabi)
effect within a multiband approximation. By employing parabolic dispersion laws that emerge from the full 8 X 8 Kane-
type Hamiltonian (truncated to second order in k for moderate photon energies hw < 0.8 Ey), we have derived analytic

expressions for the two-photon absorption coefficients of both linearly and circularly polarized light. To capture the
material’s temperature dependence, we have implemented both the Varshni and Passler formulas for the band-gap
evolution, showing how these choices shift the absorption edges and alter amplitude values in InSb and InAs. The
interplay between valence admixture and the spin-orbit-split I'; band leads to nontrivial differences in the relative
contributions from heavy- and light-hole subbands, while the Rabi effect suppresses absorption at high intensities,
especially at elevated temperatures.

The novelty of this study lies in the combined treatment of valence—conduction admixture and coherent saturation
in narrow-gap semiconductors, highlighting how each mechanism modifies the spectral-temperature dependence of two-
photon absorption. Our results reveal that, under low-temperature conditions, the amplitude of two-photon absorption can
be substantially enhanced for linearly polarized radiation compared to circular polarization, whereas at higher
temperatures, the suppression from the Rabi effect becomes more pronounced. We further find that the choice of
temperature-dependent gap formula (Varshni or Passler) significantly influences absorption peaks in the photon-
frequency domain. These findings may guide future experimental work on multiphoton processes in narrow-gap materials
and aid in the design of optoelectronic or photonic devices where higher-order absorption processes are crucial.
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JIO TEOPIi MI)K3OHHOI'O JBO®OTOHHOTI'O TOTTMHAHHSA CBITJIA B HAIIIBIIPOBITHAUKAX:
BPAXYBAHHSI 3BMIINAHHS CTAHIB TPOBITHOCTI TA BAJIEHTHHUX CTAHIB, EOEKT PABI
Pycram IO. Pacyaos?, Bokco6 P. Pacynos**, ®appyx Y. Kacumos®, Mapnontex X. Hacipos®, Icaiam E. ®apmanos?
“@epeancoruil depacasnuil yHisepcumem, Depeana, Yzbexucman
b Anouacancokuti depoicasnuii ynisepcumem, Anousican, Yzbexucman
“Depeancokuil deporcasHuti mexuiunuu yHisepcumem, Depeana, Y3bexucman

Mu npeAcTaBIsEMO TEOPETHYHE AOCIIIKSHHS MIK30HHOTO ABO(OTOHHOTO (JJBOKBAaHTOBOI'0) MOTJIIMHAHHS MOJIAPU30BAHOTO CBITJIA B
HaTIBIPOBIIHUKAX 3 KyOIYHOIO Ta TETpacApHYHOIO CUMeTpiero. Hamr anani3 34iiCHIOETHCS B paMKax 0araTo30HHOTO HAOJIMKEHHS 3
ypaxyBaHHSAM 3MIITyBaHHS BaJCHTHUX CTaHIB y CTaHAX 30HM NPOBIJHOCTI, a TAaKOX KOT€PEHTHHUX HacHUyBaIbHHX (epexT Pabdi)
nporeciB. MU BHKOPHCTOBYEMO CIIPOIICHI MapaloiidHi 3aKOHM IUcHepcii JUIs BaKKUX Ta JITKUX JIPOK, a TaKOX ISl 30HU
IIPOBIHOCTI, 1 HOPIBHIOEMO /IBI TOIIMPEHI TEMIIEpaTypHO-3aJISKHI (hopMynu MUpUHU 3a00poHeHo1 300K (Bapmmi ta Ieccnepa), mo6
MOKa3aTH, SIK BOHM 3MIHIOIOTH CHEKTPAIBLHO-TEMIIEPATYPHY 3aJISKHICTh 3arajbHOr0 KoedilieHTa NBOGOTOHHOTO IIOTJIMHAHHS.
30Kpema, OKa3aHo, 110 MXK30HHE JBO(QOTOHHE IOTNIMHAHHS CHOYATKY 3pOCTac 3 4acTOTOI (OoTOHa, JIocsIrac MaKCUMyMy, a IOTIiM
3MEHIIY€EThCs P (iKcoBaHil Temiieparypi. BcTaHoBIIEHO, 110 aMIUTITY1a TOTIMHAHHS JUIS JIIHIHHO MOJISPU30BaHOrO CBIiT/JA BHINA,
HIK U1 KpyroBoi noispusalii, 0co0IMBO IIPH HU3bKHX TeMiepaTypax. Haii po3paXxyHKH MOKa3yloTh, 10 3MIlllyBaHHS BaJCHTHHX
CTaHIB CYTTEBO 3MIHIOE MDXK30HHI Mepexonu, y Toi yac sk edexr Pabi 3MeHIIye MOrTIHHAHHS B PEXUMI BHCOKOi iHTEHCHBHOCTI,
0c00JIMBO TIPH MiABUIIEHUX TeMIepaTypax. OTprMaHi pe3yJIbTaTH MOXKYTh OyTH KOPHCHIMU ITPH MPOEKTYBAHHI ONTOSNEKTPOHHHX Ta
(hOTOHHUX PHUCTPOIB, MO 6a3yIOThCA Ha 0araTopOTOHHIN B3a€EMOIiT B By3bKO30HHHX HAIiBIPOBITHUKAX.

KuarouoBi cioBa: dsoghomonne nocnunanns; egpexm Pabi; 3miutysanns sanrenmuoi ma nposioHoi 30n; 6azamo3onne HAOIUICEHHS,
mooenv Keitina; memnepamypno-s3anescna wiupuna 3aboponenoi 3ouu,; gopmyau Bapwmi ma Ileccnepa; nanisnposionuxu InSb ma
InAs; neninitina onmuka
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This article presents the results of ion scattering from the surface of a thin film of CdTe (001) < 110>, obtained using ion stripping
spectroscopy. The trajectories of scattered Ar' ions were obtained and analyzed. with an initial energy of 1 keV and at angles of
incidence y=3° and 7°. It is shown that the trajectories of scattered ions from the surface atomic row, from the wall of the semichannel
and from the bottom of the semichannel differ from each other. The first trajectories of scattered ions from a surface semichannel
consisting of five Cd and Te atoms arranged layer-by-layer in two layers were obtained. The shapes of these three types of trajectories
are discussed and the energies, scattering coefficients, and inelastic energy losses of the scattered ions are calculated. It is shown that
the energy values, scattering coefficient and inelastic energy losses of scattered ions from surface atomic rows differ little from each
other. For ions scattered from the wall of the semichannel and from the bottom of the semichannel, the values of these parameters lie
in the range.

Keywords: Computer simulation, Ion scattering; Semichannel; Trajectory scattered ions

PACS: 34.35.+a, 68.49.Sf, 79.20.Rf

INTRODUCTIONS

The use of ion probing is one of many available methods for studying surfaces. And it provides a wide range of
energies and the ability to obtain information about composition and structure, using many equipment. One of the methods
is the ion scattering spectroscopy method. The range of energies used in ion scattering is usually divided into three parts.
Low energy ion scattering (LEIS, energies 500-10 keV), intermediate energy ion scattering (MEIS, 10-600 keV) and
high energy ion scattering (HEIS, >1 MeV), these definitions have never been rigid. Ion scattering research did not
become widespread until the early fifties of the last century and was concentrated mainly in the HEIS energy region.
These studies tested the two-body collision model and found it to be applicable and ultimately led to the development of
Rutherford backscattering (RBS). Lower energies were carried out in the late fifties of the last century [1-4], which found
that the maximum energy of scattered ions corresponds to the prediction of the classical model of successive collisions.
This was followed by the development of this line of research, which applied this method to the analysis of the elemental
composition in the outermost monolayer, this led to a rapid increase in the number of studies on ion scattering. There is
currently active research into many aspects of ion scattering, such as ion neutralization and the effects of different work
functions or the determination of the universal scattering potential [5-9], and there is considerable interest in its
application to the determination of surface structures.

It is known that CdTe thin films belong to A"™BY! semiconductor compounds, which. And also, CdTe-based solar
cells attract attention because CdTe is characterized by direct energy band gap E, and high absorption coefficient, which
makes CdTe an excellent light-absorbing layer of solar cells. Therefore, obtaining and studying CdTe films is of great
interest. And this work presents the results of studying the CdTe surface using the ion scattering spectroscopy method.

RESEARCH METHOD AND RESULTS

In the region of medium energies, the trajectories of colliding particles are determined to a first approximation by
the forces of elastic interaction of atoms. These forces arise from the Coulomb forces of interaction between nuclei and
electron atoms and, therefore, act at any distance between the interacting particles. Consequently, to calculate the
trajectory of an incident ion, it is necessary to consider its interaction in the crystal lattice with all atoms simultaneously,
which is very difficult. But at not very low energies, ion — atom collisions can be considered as isolated pair collisions of
particles. Confirmation that the lattice atoms are free during collisions, i.e. behave like atoms of a dense gas, are the
results of a study of the interaction time and energy of colliding particles [10-14].

In the pair collision approximation model, it appears that a particle of mass M, with atomic number Z,, with speed vo
(and kinetic energy Eo), collides with a stationary target atom of mass a M, and atomic number Z,. As a result of interaction,
the incident particle is scattered in the laboratory coordinate system at an angle 6, relative to the direction of its initial
motion. In this case, the target atom as a result of the collision begins to move in a direction that makes an angle of 6, with
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the initial direction of the incident particle. Applying the law of conservation of energy and momentum to an elementary
act of interaction, we obtain for energy E; scattered particle the following relationship:

E, = (1+ ) Ey(cos 6, = [(fu) —sin’ )’

For the particles, interaction description the Ziegler — Biersack — Littmark (ZBL) potential [15] with regard to the
time integral was used. The ZBL approximation for the screening function in the Thomas — Fermi potential takes into
account the exchange and correlation energies and the so-called “universal” potential, obtained in this way shows good
agreement with experiment over a wide range of interatomic separations. To estimate the in elastic energy loss in an
elementary collision event, we used the Firsov formula modified by Kishinevsky [16].

In Fig.1. a semichannel formed on the surface of CdTe(001) <110> and a diagram of ion scattering from this
semichannel are presented. The depth and width of the semichannel are 2.28A and 4.64A, respectively. Here s is the
incidence angle, ¢ is the azimuthal scattering angle, and & is the polar scattering angle. In our calculations, the aiming
point is a is divided into coordinates I and J, which presented on the Fig.1. It should be noted that with increasing
coordinates I we cover the entire width of the semichannel Due to the symmetry of the semichannel, it is enough for us
to use 1/2 in our calculations, since we can symmetrically cover the entire width of the semichannel. Kinematics of the
elementary act of collision of two particles within the framework of classical mechanics, making it possible to establish
a connection between the characteristics of particles before and after the collision. Velocity (energy) of an incident ion
with mass m; after the collision were determined by the laws of conservation of momentum and energy.

Figure 1. Semichannel and ion scattering scheme

In Fig. 2. a semichannel on the CdTe(001) <110> surface and the trajectories of scattered Ar" ions after bombardment
at grazing angles are presented. In the calculations, the angle of incidence was y=3° and 7°, and the initial energy was
1 keV. In Fig. 2. the trajectories of scattered ions at y=3°are presented. At first glance, one can see different trajectories
of the scattered ion. Some of them end inside the semichannel and this shows that ions are implanted inside the crystal. It
should be noted that reflections from the surface atom and the bottom atom of the semichannel are clearly visible. To
understand the whole picture of the ion scattering process, we divide these trajectories into 3 groups. The first are the
trajectories of scattered ions from the surface atomic row (1), second — from the wall of the surface atomic semichannel
(2), and the third — from the bottom of the semichannel (3). The figure also shows that in these three areas there are
stepped dense areas (7 pieces). Calculations have shown that dense areas are formed due to parallel trajectories, i.e., the
trajectory incident and reflected particles do not diverge. Such trajectories can be observed in the three groups mentioned
above. These three trajectory groups are shown separately in Fig. 3.

T T T T T T T
-1 0 1 2 LA 3 4 5

Figure 2. Trajectories of scattered Ar*ions from the surface of CdTe(001) <110> at y=3° and E¢=1 keV.
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Fig. 3a shows the trajectories of ions belonging to the first group, i.e. trajectories of ions scattered from the surface
atomic row. It can be seen that at initial values of I, trajectories are observed whose projections of the incident and
scattered parts are almost parallel. The parallelism is especially clearly visible when I = 1. And starting from I = 2,
deviations from the original direction occur. It can be seen that further increases in the value of I lead to deviations from
the initial direction towards the center of the semichannel. This is explained by the fact that as the value of I increases,
the incident ions begin to collide with the edges of the surface atom and change their trajectories towards the center of
the semichannel. Early calculations showed that the ions scattered from the surface atomic row have an energy of 991 eV,
the scattering coefficient is -7, and the inelastic energy loss is -8 eV. This shows that the bombarding ions will lose about
10% of the initial energy at a grazing angle y=3°.

In Fig. 3b. some trajectories belonging to group 2 are presented. These trajectories have different shapes. It can be
seen that these trajectories also have trajectories in which the incident and reflected parts are similar. These trajectories
are formed by scattering of ions from the surface atomic row and the bottom of the semichannel. Therefore, the projection
trajectories are curves. And also, trajectories were observed that were not similar to the incident reflected part. This shows
that the ion is first scattered from the surface atomic row, and then scattered from the atom located at the bottom of the
semichannel and leaves this semichannel. There is also a trajectory similar to a loop (red trajectory). This trajectory is
formed due to the scattering of the ion from the surface atomic row, then from the bottom of the hemichannel, and then
again from the surface atomic row before exiting the hemichannel. Early calculations showed that ions scattered from the
surface atomic row have an energy in the range of 968-980 eV, a scattering coefficient in the range of -14-30, and inelastic
energy losses -15-29 eV.

In Fig. 3c. The trajectory of scattered ions belonging to group 3 is presented. It can be seen that the trajectory of the
ions has an almost parallel shape to each other. And these ions remained (implanted) inside the crystal and before that
were first scattered from the bottom of the semichannel, and then from the surface atom. They have the same physical
parameters (energy 981-987 eV, dissipation coefficient -14-16, inelastic energy losses -12-17 eV).

3.0 3.5 4.0 4.5

1.4

T T T T T T T T T
-1.0 -0.5 0.0 0.5 1.0 1.5 2.0
LA

Figure 3. Trajectories of scattered ions from the surface atom (a), from the wall of the semichannel (b) and semichannel (c) of the
CdTe(001) <110> surface at y=3° and Eo=1 keV

We also simulated the trajectory of Ar"ions scattered from the surface of CdTe(001) <110> at y = 7°, with an initial
energy of 1 keV (Fig. 4). It can be seen from the figure that the dense areas have become blurred and their step is equal
to 3. This indicates that the changes in the reflected part from the incident one have increased. Note that reflections from
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the surface atom and the bottom atom of the semichannel became more accurate. It is also clear that at this sliding angle
the number of implanted ions has increased.

In Fig. 5a. the trajectories of scattered ions from a surface atom is presented. It can be seen that the steel trajectories
were still moving towards the center of the semichannel than at the incidence angle y=3° and accordingly the energy of
the scattered ions decreased to 959 eV, the collision coefficient was equal to 3, and the inelastic energy loss was -7 eV.
In Fig. 5b. the trajectories of scattered ions from group 2 are presented. The difference between these trajectories and the
case at y=3° is that the upper part narrowed and the lower part became wider. The energy of scattered ions is 935-984 eV,
the collision coefficient is 7-12, inelastic energy losses are 15-23 eV. The trajectory of scattered ions from the bottom of
the semichannel is shown in Fig. 5c. It can be seen that the ions, scattering from the bottom of the semichannel, were
implanted into the crystal. The energy of these ions is -992-995 eV, collision coefficient is 4, inelastic energy losses
are 4-6 eV.

1.4 a 1.5 b

0.6

0.4

-0.1

T
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Figure 5. Trajectories of scattered ions from the surface atom (a), from the wall of the semichannel (b) and semichannel (c) of the
CdTe(001)<110> surface at y=7° and Eo= 1 keV
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CONCLUSIONS

Ar" ions from the surface semichannel formed on the surface of CdTe(001)<110>. Trajectories were obtained at the
angle of incidence y = 3° and 7°, with an initial energy of 1 keV. The influence of increasing the grazing angle on the
trajectory of scattered ions is shown. It has been established that an increase in the angle of incidence of bombarding
particles leads to a change in the trajectory of scattered ions. With increasing angle of incidence of ions, The Ar* part of
the trajectory that is located inside the semichannel narrows and therefore it becomes clearer to obtain information about
the location of the atoms on the surface and bottom of the semichannel. And the trajectories of scattered ions from the
surface atom were not subject to change.
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JOCIII)KEHHS PO3CIFOBAHHSI IOHIB Ar+ BIJI IIOBEPXHI CdTe(001) <110> ITPY KOB3AIOUOMY ITAAIHHI
LI.P. Cagyanaes?, ¥.0. Kyruies?, A.1O. Cainosa?, I'.O. l:zxymana3zapos?, P.P. Py3meros®
“Vpeenucvruii Oeporcasnutl ynisepcumem imeni Aoy Patixana Bepyni, hakynemem ghizuxu,
eyn. Xamioa Onimoscana, 14, Ypeenu 220100, V36exucman
bBiticoxoso-axademiunuii niyeii imeni JJocanoniodina Manzybepoi, Ypeenu 220100, Y3bexucman

V wiit cTaTTi HaBe#eHO pe3yabTaTh po3ciroBaHHs i0HIB Ha moBepxHi ToHKOI miiBku CdTe (001) < 110>, orpumani 3a HOMOMOror
i0HHOI cTpUMII-ceKTpockorii. OTpUMaHO Ta MPOaHaTi30BaHO TPAEKTOPIT po3CisiHUX i0HIB Ar+. 3 TouaTkoBorO eHeprieto 1 keB i mpu
KyTtax naminas Y=3° i 7°. [loka3aHo, 0 TpaeKTOPii pO3CISTHUX 1OHIB BiJ TOBEPXHEBOT'O PSY aTOMIB, BiJl CTIHKH IiBKaHAaJy i Bix IHA
miBKaHaIy BiJPI3HAIOTHCS OHA BiJ 0HOT. OTPHMaHO HEpIIi TPAEKTOPil PO3CISTHUX 10HIB 3 TOBEPXHEBOI'0 IMiBKaHATY, 1[0 CKIAIa€ThCS
3 m'atu atomiB Cd i Te, po3ramoBaHux momapoBo B aBa mapu. OOroBoproroThCs (OPMH LUX TPHOX THUIIB TPAEKTOPiH i
PO3paxoBYIOTBCS €HEPTii, KOe(ii€eHTH PO3CIIOBaHHS Ta HEMPYXKHI BTPATH €Heprii po3cisHux ioHiB. [TokazaHo, M0 3HaYeHHS €HEprii,
Koe(iIieHTa PO3CISTHHS Ta HENPY>KHUX BTpAaT €Hepril po3CisHUX i0HIB IOBEPXHEBHUMHI aTOMHHUMH PSIaMH MAJIO BiIPi3HSIOTHCS OIWNH
Big oxHOro. Js i0HIB, PO3CISIHMX BiJ CTIHKM HANiBKaHATy Ta BiJl JHA HaliBKaHAJy, 3HAUYCHHS IIMX MapaMeTpiB JIEkKAThb B MEKax
JiamnasoHy.

Kuro4oBi ciioBa: xomn'tomephe mooenosanns, po3citoeanHs ioHie, NIGKAHATbHUL, MPAEKMOPIsSL PO3CIAHUX [OHIE
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This study investigates the negative differential resistance (NDR) phenomenon in cobalt-doped tin dioxide (SnO2:Co) memristors
fabricated on p-type silicon substrates. Using ultrasonic spray pyrolysis (USP), crystalline SnO2:Co thin films were deposited on p-Si
substrates with a thin native SiOz layer. The resulting memristor devices exhibit reproducible bipolar resistive switching between high-
resistance (HRS) and low-resistance states (LRS). Key findings include the observation of a distinct NDR region in the current-voltage
(I-V) characteristics, specifically in the positive voltage range from approximately +3V to +4V. Within this NDR region, current
decreases despite increasing voltage, a characteristic hallmark of this effect. This behavior is attributed to the charge trapping and
redistribution within the Co:SnO2 material. The consistent and reproducible nature of the observed NDR effect suggests the potential
of SnO2:Co memristors for applications in advanced memory and switching technologies. This work contributes to the understanding
of resistive switching mechanisms in Co-doped SnOz thin films, which are promising materials for next-generation memory devices.
Keywords: SnO: doped by cobalt; Memristor; Negative differential resistance switching; USP

PACS: 85.50.-n

INTRODUCTION

Resistive switching phenomenon with different performance characteristics have been reported in various materials,
including solid electrolyte [1], perovskites [2], organics [3] and binary transition metal oxides [4]. Among those materials,
the metal oxides represent with many advantages of low cost, facile sample preparation. As one of the most studied wide
bandgap semiconductors, ZnO thin films [5], Mg-ZnO films [6], CuO [7] and nanorods [8] as well as Mn-ZnO films [9]
have been reported to shown stable resistive switching behavior.

However, study of the resistive switching property in cobalt-doped SnO; is few. It is well known that Co-doped
Sn0O; is diluted magnetic semiconductor and is would be of great interesting to realized the resistive switching property.
In this work, we demonstrate that 1%-5% cobalt-doped SnO; films-based metal-insulator-metal (MIM) structure exhibit
reproducible bipolar resistive switching behavior. Building upon this foundation, our study delves deeper into the specific
mechanisms and characteristics of resistive switching in cobalt-doped tin dioxide. While prior research has explored the
potential of various materials for resistive memory applications, the unique combination of magnetic doping and
semiconductor properties in Co-doped SnO, presents an opportunity to engineer novel functionalities beyond
conventional resistive switching. This includes the potential for achieving tunable switching parameters, enhanced device
performance, and even the integration of spin-based functionalities into memristive devices.

A critical aspect of this work is the exploration of the negative differential resistance (NDR) phenomenon exhibited
by our Co-doped SnO, memristors. NDR, characterized by a decrease in current with an increase in voltage, holds
significant promise for applications in low-power logic circuits, oscillators, and neuromorphic computing architectures.
This study aims to precisely characterize the NDR behavior, identify the underlying physical processes driving it, and
assess its impact on the overall performance of the fabricated devices. We aim to demonstrate that by carefully controlling
the doping levels and material processing conditions, the NDR effect can be reliably harnessed for practical applications.

The insights gained from this investigation not only contribute to a better understanding of the fundamental
properties of Co-doped SnO, but also pave the way for the development of innovative memory and switching devices
with improved efficiency and novel functionalities. Our approach aims to bridge the gap between theoretical potential
and practical realization, positioning Co-doped SnO; as a viable candidate for next-generation electronics.

METHODS
The cobalt doped SnOs films were deposited on heavily doped p-type silicon (100) substrates by ultrasonic spray
pyrolysis method at ambient atmosphere, as described in details in [8]. All chemical reagents utilized in the present study
were of analytical grade and used without further purification. The aqueous solution of tin acetate (0.5 mol/l) and cobalt
acetate (0.005 mol/l and 0.001 mol/l) were used as the sources of Sn and Co, respectively. The substrate temperature was
set at 450°C and the thickness of SnO,:Co film was about 200 nm. In order to measure the electrical properties of the
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Sn0,:Co films, Ag top electrodes of 220 um in diameter with 100nm thickness were thermally evaporated with a metal
shadow mask. The current-voltage (I-V) characteristics of Ag/Sn0,:Co/SiO»/p-type Si structure were measured by a
Keithley 2460 source-measure unit. During the measurement in voltage sweeping mode, the positive bias was defined by
the current flowing from the top electrode to bottom electrode, and the negative bias was defined by the opposite direction.
To ensure the reliability and reproducibility of our measurements, several steps were taken to standardize the electrical
characterization process. The Keithley 2460 source-measure unit was configured to perform voltage sweeps with a step
size of 0.05V, while the compliance current limit was set at 10 mA to prevent any irreversible damage to the devices.
Prior to each measurement, the system was calibrated to minimize any systematic errors, and the contact resistance
between the probe tips and top electrodes was carefully verified. The measurements were conducted at room temperature
under ambient atmospheric conditions, without any external illumination, unless stated otherwise. For each sample, I-V
curves were recorded at multiple locations to assess the device-to-device variability. Furthermore, for detailed analysis of
the switching behavior, including the endurance and retention characteristics of the devices, we performed repeated I-V
cycling measurements and monitored the resistance state over time. Endurance tests were conducted by performing
multiple voltage sweeps between the set and reset voltages, while retention tests were carried out by monitoring the
change in the resistance at a fixed bias voltage. In order to establish the statistical significance of our results, we analyzed
data from multiple devices and multiple measurement runs. The data processing and curve plotting were performed using
OriginPro software, which allowed for precise determination of device parameters, such as switching thresholds and the
negative differential resistance region. A schematic illustration of the device structure is included for clarity (Fig. 1).

Figure 1. Schematic diagram of the Ag/Co:SnQ./SiO2/p-Si-based memristor structure. The top layer consists of a silver (Ag) contact,
followed by a cobalt-doped tin oxide (Co:SnOz) layer. This layer is deposited on a silicon dioxide (SiO-) insulating layer, which is built
on a p-type silicon (p-Si) substrate. The electrical properties of the memristor are studied by applying an external voltage

RESULTS

The current-voltage characteristic of a tin oxide material doped with 1% cobalt, typical of an RRAM device with an
Ag/Sn02:Co/SiO2/p structure at room temperature (RT), is shown in Figure 2. Starting from 0V, as the voltage is
increased in the positive direction, the current begins to increase non-linearly. It reaches a peak current value around 5V
before dropping slightly as the voltage starts to decrease. This forms a clearly visible clockwise loop. The shape suggests
that the device is switching between different resistance states, a common characteristic in memristive devices. As the
voltage is swept negatively, a similar pattern is seen. The material initially has very low current, almost zero, until the
voltage goes more negative than -3 V. At this point, the current suddenly increases sharply negatively. This abrupt change
in current indicates that the device exhibits bipolar resistive switching behavior.

The Fig.3 shows the current-voltage characteristic of a tin oxide material that has been doped with 5% cobalt. The
presence of a negative differential resistance (NDR) region is clearly evident in the graph depicted in the figure. In the
positive voltage region, a portion of the graph shows a decrease in current with an increase in voltage (between +3V and
+4V). This phenomenon is recognized as the Negative Differential Resistance (NDR) effect. Within this region, the
material’s resistance increases, leading to a temporary reduction in the current. An increase in voltage causes a change in
the internal electric field of the material, thereby obstructing charge movement and consequently reducing the current.
When the current decreases, the resistance of the material increases. This results in a temporary reduction of the material’s
ability to conduct electrical current. The current-voltage (I-V) graph illustrates how the current’s direction and magnitude
vary with both positive and negative applied voltages. The negative differential resistance (NDR) effect is seen solely
within the positive voltage range. Following the negative differential resistance (NDR) region, the current rises again,
suggesting that the device is capable of providing stable measurements. The consistent nature of the changes in the graph
indicates the reproducibility of this characteristic. Beyond the qualitative observations described above, a detailed
quantitative analysis was performed on the I-V characteristics presented in Figures 2 and 3. In the 1% Co-doped sample
(Figure 2), while a hysteretic behavior indicative of resistive switching is apparent, the NDR effect is not prominent. The
switching threshold voltages were measured to be approximately £2.5V for this device. However, a notable and robust
NDR phenomenon is observed in the 5% Co-doped sample (Figure 3), with the NDR region occurring between
approximately +3V and +4V, as previously mentioned. The peak current before the onset of NDR was recorded to be
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around 15 mA, and a clear decrease in current is observed following the NDR region, eventually returning to higher
current values upon further increase in voltage.
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Figure 2. Current—voltage (I-V) curve of Ag/SnOz: Co (1%)/SiO2 /p-Si resistive switching
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Figure 3. Current—voltage (I-V) curve of Ag/SnOz: Co (5%)/SiO2 /p-Si resistive switching

CONCLUSION

This study successfully demonstrated a tunable negative differential resistance (NDR) effect in memristors based on
cobalt-doped tin dioxide (SnO,:Co). The SnO,:Co thin films, grown on p-type silicon substrates via ultrasonic spray
pyrolysis (USP), exhibited unique electro-physical characteristics, demonstrating an unusual decrease in current within a
specific voltage range. The identified NDR region, particularly within the positive voltage range (approximately +3V to
+4V), highlights the promising potential of the devices studied. This behavior is attributed to the trapping of charge
carriers and the redistribution of the electric field within the material.

The observed resistive switching properties, especially the stable transitions between high and low resistance states,
indicate the suitability of these materials for memory applications. The presence of the NDR effect further creates new
possibilities for these devices to be used in dynamic switching technologies, including low-power logic circuits and
oscillation generators. The results position the Co:SnO» system as a promising candidate for controlled memory elements
and future generation electronics.

Building upon the findings, further research is warranted to optimize the NDR effect and the device performance
parameters. This includes fine-tuning the doping levels, film thickness, and the selection of electrode materials, as well
as enhancing the device structure. Additionally, exploring the underlying mechanisms more deeply to stabilize the
fabrication process and broaden the scope of applications is also crucial. These research directions could lead to finding
new solutions for high-performance and low-power electronics. Our work provides a solid foundation for the future
application of the Co:SnO, material in electronic devices, especially in memory and switching components.
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PET'YJIbOBAHMIA BIJI'€MHUI TUPEPEHIIAJILHUAM OIIIP Y MEMPHUCTOPAX Sn02:Co HA p-Si
Taxamounnin X. Myponos™?, Illaskar V. FOnnames®, Azamar O. Apcaanos®, Mapry6a C. Mipkaminosa?, YTkyp E. Jl)kypaes?
“TawikeHmcovKuil OeparcasHuti mexuiunuil yHigepcumem imeni Icnama Kapimosa, Tawkenm, Y36exucman
bIJenmp poseumxy nanomexnonoaiii, Hayionanonuii ynisepcumem Yzbexucmany, Tawxenm, Ysbexucman
“Hayionanvnuii ynisepcumem Y3zoexucmany imeni Mipso Yyeoexa, Tawikenm, Y3bexucman
Y 1boMy JOCII/PKEHHI JIOCIIKYETBCS ABUILE Bi'eMHOT0 qudepeHitiansHoro onopy (O10) y MeMprcTOpax Ha OCHOBI IIOKCHTY 0JI0Ba
(Sn02:Co), neroBaHoro KoOaIbTOM, BHIOTOBJICHHX HA KPEMHIEBUX MiAKJIagKax p-THIY. 3a IOIOMOIOI0 YJIBTPa3ByKOBOI'O
posmmnoBansHOro niponizy (USP) Tonki kpucranivni miaiBku SnO2:Co Oynu HaHECeHI Ha MiAKIAAKH P-Si 3 TOHKUM IIapOM PiZHOTO
SiO2. OtpuMaHi MEMPHCTOPHI NPUCTPOI JEMOHCTPYIOTH BiITBOpIOBaHE OiNOJSApHE PE3UCTHBHE NMEPEMHMKAHHS MK BHCOKOOMHHM
(HRS) Ta =HuzekoomauM (LRS) cramamu. KirouoBi BHCHOBKM BKIIIOYAIOTH CIIOCTEpeXeHHS diTkoi obmacti NDR (Bix’emHOTO
IudepeHIiaTbHOTO 0nopy) Ha BoabT-amriepHuX (BAX), 30kpema B fianazoHi MO3UTUBHOI Hapyru npubans3Ho Bix +3 B no +4 B. ¥V
uiit o6macti NDR cTpyM 3MeHIIyeThCs, He3BaKaloUM Ha 30UIBIIEHHS HANPYTH, IO € XapaKTepHOI0 O3HAaKOI0 Iboro edexry. Taka
TIOBE/IIHKA IOSICHIOEThCS 3aXOIUICHHSIM Ta IepeposnoxaiioM 3apsmy B Marepiani Co:SnOz. [locrifina Ta BiaTBOpIOBaHA IpHpOna
cnoctepexkyBaHoro edekry NDR cBiqunth mpo moreHmian Memprctopie SnO2:Co uis 3aCTOCYBaHHS B MEPEAOBHX TEXHOJOTISMX
mam’sTi Ta kKomytanii. List poGota cripusie po3yMiHHIO MEXaHi3MiB PE3UCTUBHOIO MEPEMHUKAaHHs B TOHKUX IUTiBKax SnO2, jeroBaHux

KOOAJIbTOM, SIKi € TIEPCHSKTHBHUMH MaTepiaJlaMy [UIsl IPUCTPOTB IaM’ATi HACTYITHOTO TTOKOJIiHHSI.
KarodoBi cnoBa: nezysanns xobanomom SnQz; mempucmop; komymayis 3 Heeamugnum ougpepenyianvrum onopom, USP
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In this work, the diffusion of Mn and Ni impurity atoms to p-Si and n-Si samples under the influence of an external electric field was
investigated in the temperature range 7~800+1300°C. The research results show that at temperatures above 1000°C, the effective
charge of manganese ion has a negative value, and at temperatures below 900°C, the effective charge has a positive value. In the
temperature range 7=800+1250°C, nickel ions move in the opposite direction to the current direction of the electric field. The increase
in the effective charge with the increase in temperature was explained by the attraction of neutral nickel atoms by electrons.
Keywords: Silicon, Impurity atoms; Diffusion, Effective charge; External electric field

PACS: 61.72.uf, 68.43.Jk

1. INTRODUCTION

The external electric field causes the movement of the impurity particles in the semiconductor and the interaction
between the diffusion particles and the free charge carriers of the semiconductor. In a number of cases, this interaction
significantly affects the migration of these particles [1,2].

Formation of III-V and II-VI binary compounds in Si crystal lattice and surface is one of the most promising
directions. But when forming III-V and II-VI group compounds in the silicon crystal lattice, the diffusion coefficient of
III and V group elements in Si material is small (~10"4+10""! cm?/(V-s)) [3,4,5,6 ,7,8.9], due to the low solubility of group
II and VI elements in Si material (~10'3+10'8 cm™) [10,11,12,13,14,15], it is not possible to detect the change in the
functional parameters of the Si semiconductor using existing devices. For this reason, the interest in increasing the
diffusion coefficient and solubility of impurity atoms in crystals of Si and Ge [16,17,18,19] is of great scientific and
practical importance.

Until now, there are very few articles devoted to the effect of external electric field on the diffusion of impurity in
semiconductors. This article provides information on the electromigration of nickel (Ni) (a Ni acceptor in silicon
[20,21,22]) and manganese (Mn) (a Mn donor in silicon [23,24,25]) in silicon.

2. MATERIALS AND METHODS
For the study, p-Si (ng = 510" cm) and n-Si (np = 5%10'3 cm™) brands of silicon were selected. The samples were
cut in dimensions of 5x10x1 mm? (all samples have the same size) using a STX-402 diamond wire cutter, and the surface
of the samples was mechanically and chemically treated.
After that, using the VUP4 device, a thin metal layer of Mn (the purity of manganese was 99.998%) on the surface
of p-Si and Ni (the purity of nickel was 99.997%) on the surface of n-Si was formed (Fig. 1).

Mn Ni
AN AN
g p-Si g n-Si

Figure 1. Si samples with a thin metal layer formed on the surface

Two grains of Si samples with a thin metal layer of Mn on the surface, were placed in an electro-diffusion device
for the purpose of diffusion. In this case, the positive pole of the electro-diffusion device was connected to one of the
samples and the negative pole to the other. The same process was repeated for Si samples on which a thin metal layer of
Ni was formed on the surface (Fig. 2). In the process of electro-diffusion, a constant current with a current density of
J =20+260 A/cm? was passed through the samples for 20 minutes, during which the samples were heated to a temperature
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of 800+-1300°C. After the end of the electro-diffusion process, the samples were quickly cooled using a special oil and
subjected to chemical and mechanical processing. After electro-diffusion, the distance between the contact boundaries of
the samples and the depth of the p-n transition in the cathode and anode samples was measured using an optical comparator
with an accuracy of +1 pm.

Mn Ni
Anode Cathode Anode Cathode
n p-Si p-Si 3 " n-Si n-Si 3
Graphite Graphite Graphite Graphite

Figure 2. Placement of samples in an electro-diffusion device

3. RESULTS AND DISCUSSION
By studying the distribution of the impurity concentration in the samples, the mobility of ions can be determined
from the following equation:

0,-0
p==— (1)
N,Et
where Q+ and Q_ are the amount of impurity diffused in the direct current £ electric field to the anode and cathode
samples, Ny is the impurity concentration in the x = 0 plane, # is the duration of electrical migration. On the other hand, if
you know the concentration distribution in the studied samples, you can determine the ratio of the mobility to the diffusion
coefficient:

s 1d ; N_(x,1)
—=——In—-"=.
D Edx N,(x1)
where N_(x,t) and N.(x,t) are the impurity concentration distributions in the cathode and anode samples, respectively.
Diffusion of impurities to silicon under the influence of an external electric field, analysis of the concentration profile

of impurities was supplemented by the p-n junction technique. In this case, the mobility of ions is determined by the
following formula:

@

X —X,

- , 3
H=— 3)

where x_ and x- are the p-n junction depths of the cathode and anode samples, respectively. The surfaces of the samples
were chemically cleaned from the oxide layer, and the p-n junction depth was determined using a thermoprobe and layer-
by-layer chemical decomposition method.
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Figure 3. Distribution of impurities in silicon doped with Mn atoms under the influence of an external electric field:
a) T=830°C; b) T=1200°C.

Figure 3 shows that manganese ions move in the same direction as the external electric current at temperatures
T'=830°C (at temperatures below T = 950°C), that is, manganese ions are connected to the cathode moves towards the
sample. Manganese ions at temperature 7= 1200°C (at temperatures higher than 7= 1000°C) move mainly towards the
anode (Fig. 3 b).
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Figure 4. Distribution of diffusion of Ni atoms in silicon under the influence of an external electric field:
a) T=813 °C; b) T=1200 °C.

Figure 4 shows the graphs for electromigration of nickel in silicon in anode and cathode samples at temperatures
T'=813°C and T'=1200°C. As can be seen from the figure, in this case, unlike Mn, it is not observed to move in the same
direction as the direction of the external electric current in the entire temperature range, and in the studied temperature
range, the ions of Ni atoms q = 0.3+2 moves towards the anode in the form of an effective charge. In the temperature
range 7 = 800+1250°C, the lack of inversion of the mobility of nickel ions and the increase of the effective charge with
increasing temperature indicate that the results of the electromigration study can be explained by the attraction of neutral
nickel atoms by electrons is necessary, because the movement of neutral atoms in electromigration is determined only by
the attraction effect.

Knowing p/D and using Einstein's relation (4), the charge of the input ions can be calculated (Fig. 5).
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Figure 5. Dependence of effective charge of Mn ions doped on silicon by electro-diffusion method on diffusion temperature

4. CONCLUSION

Values of manganese ion mobility and their effective charge calculated from experimental data as a function of
diffusion temperature are shown in Fig. 5. It can be seen that at temperatures above 1000°C, the effective charge of
manganese ion has a negative value and the transmission increases rapidly with increasing temperature, and at
temperatures below 900°C, the effective charge has a positive value and changes in the range of 1:2. The movement of
manganese ions to the cathode at temperatures below 900°C can be explained by the diffusion of manganese in the form
of Mn**, which has a large diffusion coefficient in silicon, between the nodes. However, in this case, the reason for the
change in direction of movement of Mn ions at 7=950°C remains unclear. This anomalous phenomenon may be a
consequence of a change in the diffusion mechanism of manganese or a manifestation of the attraction effect of manganese
ions with electrons.



218

EEJP. 2 (2025) Bobir O. Isakov, et al.

The results of the experiment show that the solubility and diffusion coefficient of silicon-doped impurities can be

increased under the influence of a constant external electric field. Proving this assumption requires large-scale
experiments on the doped of silicon impurities under the influence of an external electric field.
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E®EKTUBHMI 3APA/] JOMIIIKOBHUX ATOMIB Mn TA Ni B KPEMHII II1J] BILIMBOM 30BHILIHHOI' O
EJIEKTPUYHOTI'O IMOJISL
Booip O. Icakos, Xanmypat M. Liies, 3adap b. Xynoiinazapos, Iiliocinnin A. Kymies
Tawxenmcokuil deporcagruil mexniunuil ynieepcumem, gya. Yuisepcumemcoka, 2. 100095, Tawxenm, Y36exucman

VY naHiit po6oTi mocmimkeHo qudysiro qomimkoBux atoMiB Mn Ta Ni 10 3paskiB p-Si Ta n-Si miJ Ai€r0 30BHIIIHBOTO SICKTPUUHOTO
oy B intepaiti Temnepatyp T~800+1300°C. PesynpraTi qOCTiKEHb TOKA3yI0Th, 1110 pyu Temiepatypax suiue 1000°C edexTnBHuit
3apsi i0Ha MapraHillo Mae HeraTHBHE 3HAa4€HHs, a npu Temmepartypax Hikde 900°C edexTHBHUIA 3aps] Ma€e MO3UTHBHE 3HAUYCHHSI.
B intepBani temnepatyp T=800+1250°C ioHM HIKeNIO PYyXalOTbCS B MPOTHICKHOMY HANPSIMKYy JO MOTOYHOTO HANPSIMKY
€JIIEKTPUYHOTO TOJs. 30UIbLICHHS €(PEKTUBHOTO 3apsdy 3 MiABHIICHHSIM TEMIIEPATyPH MOSCHIOBAIN MPUTATAHHAM EJICKTPOHAMHU
HEHTpaJbHUX aTOMIB HIKEIIO.

KunrouoBi cnoBa: kpemniti, domiwkosi amomu, ougysis, epexmusnuil 3apso, 306HIUHE ereKmpuiHe noie



220

EasTt EUROPEAN JOURNAL OF PHYSICS. 2. 220-225 (2025)
DOI:10.26565/2312-4334-2025-2-24 ISSN 2312-4334

MATHEMATICAL ANALYSIS OF THE FEATURES OF RADIAL p-n JUNCTION:
INFLUENCE OF TEMPERATURE AND CONCENTRATION

J.Sh. Abdullayev®*, ©1.B. Sapaev*", N.Sh. Esanmuradova®>¢, S.R. Kadirov‘, Sh.M. Kuliyev*
“National Research University TIHIAME, Department of Physics and Chemistry, Tashkent, Uzbekistan
bWestern Caspian University, Baku, Azerbaijan
¢Urgench State University, Urgench, Uzbekistan
aPhysical-Technical Institute of Uzbekistan Academy of Sciences, 100084 Tashkent, Uzbekistan
¢Kimyo International University in Tashkent, Uzbekistan
*Corresponding Author e-mail: j.sh.abdullayev6@gmail.com
Received November 11, 2025; revised January 7, 2025; in final form March 23, 2025; accepted April 1, 2025

In this article, the electrophysical characteristics of GaAs/Si radial heterojunctions are studied analytically over a temperature range
of 50 K to 500 K in increments of 50 K, considering various doping concentrations. The analysis encompasses band gap narrowing
(BGN), built-in potential, the difference in band gap between GaAs and Si, and capacitance-voltage (C-V) characteristics. In
particular, we focus on shell radii of 0.5 pm and 1 um within the structure. We found that the thickness of the depletion region of
the GaAs/Si radial heterojunction increases with rising temperature. When the doping concentration changes from 2:10" to
2-10'® BGN decreases by 2 meV. The charge capacity of the GaAs/Si radial heterojunction increases by 3 nF as the temperature
rises from 50 K to 500 K. Additionally, the built-in potential of the GaAs/Si radial heterojunction decreases by 1.5 volts with
increasing temperature.

Keywords: Radial p-n and p-i-n junction, Light trap; External factors; Volt-farad; Volt-amper; Cryogenic temperatures

PACS: 73.40. Lq, 73.61.Cw, 73.61.Ey, 72.20.Jv

INTRODUCTION

Over time, the ongoing surge in research on semiconductor electronic devices has led to significant advancements
in their design, unique materials, optimization, and functionality. Key developments include two-dimensional
transistors [1-4], nanowires [5], and notably, radial p-n and p-i-n junction structures [6,7]. Radial p-n junctions offer
several advantages over traditional planar junctions, especially in submicron nanowire applications [8-11], including high
internal and external quantum efficiency [12], low recombination due to short diffusion length [13], and a high surface-
to-volume ratio [14]. Over the past two decades, these radial junctions have gained popularity for their enhanced optical
and electronic properties, making them ideal for applications such as photodiodes, optical sensors [15], thermal and
photovoltaic detectors [16], and solar cells [17]. Their design minimizes optical losses through efficient light absorption
and charge carrier collection, thereby enhancing energy conversion efficiency. Additionally, the perpendicular alignment
of light absorption and carrier transport in radial p-n junctions supports high-frequency performance, making them
suitable for high-speed electronics and wireless communication systems.

Furthermore, radial junctions are integral to high-speed photodetectors [18], avalanche photodiodes [19],
photovoltaic devices, gamma-ray detectors [20], and infrared sensors [21,22]. Their unique structural design provides
superior efficiency, speed, and sensitivity [23], essential for various modern semiconductor applications [24]. Given their
broad applications, it is crucial to investigate the electrophysical properties of these junctions, particularly ionization
processes and their behavior across a wide temperature range. Both theoretical modeling and experimental validation are
essential to ensure the reliability and accuracy of these semiconductor devices.

While radial p-n and p-i-n junctions have been extensively studied, research on heterojunction structures remains
comparatively limited. In this work, we have focused on the GaAs/Si heterojunction structure, analyzing its
electrophysical features theoretically and analytically. Using mathematical modeling, we have analyzed the
electrophysical characteristics of the n-GaAs/p-Si heterojunction structure to gain insights into its performance under
varying temperatures and applied voltages.

METHODS AND MATERIAL
2.1 Material and Geometric Parameters
Despite the development of new semiconductor materials, GaAs remains the primary material for optoelectronic
devices, while Si continues to be the most widely used material due to its advanced development technology and
abundance on the Earth's surface. Based on this perspective, Si and GaAs were selected for this study. Figure 1 shows the
cross-sectional view of the selected radial p-n junction sample, cut along the Z-axis. We derived solutions for radial p-n
junction structures with a p-type core radius of 0.5 pm and an n-type shell radius of 1 pm. Where r denotes the radial
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dimension, ce” and ee” represents the densities of ionized N; donor and N acceptor atoms respectively, at the interface
of the radial p-n heterojunction within the depletion region. If full ionization case N;, = N,, N, = N, . In Figure 1, the
interval 0 <r <r, represents the p-type quasi-neutral region (QNR), the interval 7, <7 <7, represents the depletion

region in the radial p-n heterojunction junction, the interval », <r < 2R represents the n-type quasi-neutral region (QNR).

d = \/2(eGaASNA +eN,)@, (1) -U) .

9E€5EGus €N - N

The interval d, , =7, <r <r, represents the depletion region and this depends on temperature and external voltage and
is represented by the expression (1): Where, ¢,,(T) is the built-in potential of the radial p-n junction which is defined by
the expression (3), &;,and €,,, are dielectric constant of the Si and GaAs respectively, £, =8.85-10™"* F-m™" electrical

constant. Heterojunction p-n structures are essential for advanced semiconductor devices, as they enhance performance
through optimized band alignment and reduced recombination. The depletion region width plays a crucial role in
determining device efficiency by influencing charge carrier distribution, breakdown voltage, and overall performance,
particularly in high-frequency and high-power applications.

—Tn —Tp 0 Tp Tn

Figure 1. This figure illustrates a 2D cross-section of submicron radial p-n junction structures. The n-type GaAs region is represented
by the light gray area, the p-type Si region by the dark gray area, and the depletion region is shown in very light gray

Precisely understanding and controlling this width is critical for improving the functionality and reliability of
heterojunction-based devices. Figure 2 illustrates how the depletion region varies with external voltage at different
temperatures, based on the results derived from Equation (1).

— T=50K

—n (um)
N w

Depletion Region Width dp

"
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Figure 2. Temperature dependence of the depletion region thickness differences in the p-GaAs/n-Si heterojunction

The band gap is indeed one of the most critical parameters in semiconductor materials, especially for heterojunctions
like p-GaAs/n-Si. In such heterojunctions, the difference in band gaps between GaAs (about 1.43 eV) and Si
(about 1.12 eV) at 300K, plays a significant role in their behavior and performance, particularly affecting charge carrier
dynamics, recombination, and junction properties. This balance of properties in GaAs/Si heterojunctions supports a wide
range of applications in high-speed electronics and optoelectronic devices. The (2) expression represents the change in
the width of the band gap with temperature variation.

_ 2 Qs O
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Where, AE,(0) is differences of the band gap Si and GaAs at 0 K. 6,

. and & are Debye temperature GaAs and
Si respectively. The Debye temperature can be calculated using the material's properties, but empirical values are often

referenced.
kT N, N
(/?b,-(T)=AEg(T)—?'1n(#)- (3)

NiGans * Misi

Here, k is the Boltzmann constant, T is the absolute temperature in Kelvin, q is the charge of an electron,Na and Np
are acceptor and donor concentration respectively, nis; and nicaas are intrinsic carrier concentrations of Si and GaAs
respectively. The electrostatic potential difference in the radial p-GaAs/n-Si heterojunction varies with changes in the
external source voltage, which can be expressed as follows:

Ap, , =¢,(T)-U. “

The charge capacity of the GaAs/Si radial heterojunction depends on the differences in electrostatic potential. The
negative charge of the p-type acceptors is balanced by the positive charge of the n-type donors Q = Q" = Q™. which is
equal to the differential electric capacity derived from the change in charge with respect to voltage. The results of the
analytical and mathematical expressions derived above are analyzed in the following section, along with proposed future
expectations. Additionally, the obtained results have been calibrated. The charge capacity of the p-GaAs/n-Si
heterojunction is expressed by equation (5)

®)

p-n

\/ 9E€5€6uu € N4 - Np
2(Eguus N4+ €GN )@, (T)-U)

RESULTS AND DISCUSSION

In this section, the results are presented and analyzed. The analytical study of GaAs/Si radial heterojunctions over a
temperature range of 50 K to 500 K provides significant insights into their electrophysical characteristics. One key finding
is the observed increase in the depletion region thickness with rising temperature, while it decreases with increasing
external voltage, as shown in Figure 2. This behavior is attributed to the intrinsic properties of the semiconductor materials
involved. As temperature increases, thermal energy enhances charge carrier movement, effectively reducing the doping
concentration within the depletion region. Consequently, a wider depletion width is required to maintain charge neutrality
across the junction, which is critical for the heterojunction’s operation.

The depletion region thickness in p-GaAs/n-Si heterojunctions is analyzed at various voltages, specifically -1 V and
1V, across different temperatures ranging from 50 K to 500 K in 50 K increments, as depicted in Figure 2. The results
indicate that the depletion region thickness decreases with increasing voltage and temperature. Additionally, the potential
barrier of the p-n junction is directly influenced by the depletion region thickness, leading to observable variations in the
potential barrier. This dependence plays a crucial role in the functionality of devices such as thermosensors, photosensors,
and solar cells.
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Figure 3. Bandgap narrowing as a function of logarithmic doping concentration in both n-Si and p-GaAs

Another noteworthy result is the decrease in band gap narrowing (BGN) by 2 meV as the doping concentration
increases from changes from 2:10'5 to 2-10'8. This trend indicates that higher doping levels enhance the screening of
ionized impurities, effectively reducing the interactions responsible for BGN. The implications of BGN on device
performance are significant, as a narrower band gap can lead to increased leakage currents, potentially degrading the
efficiency of heterojunction-based devices such as solar cells and light-emitting diodes, as shown in Figure 3.
Understanding the interplay between temperature, doping concentration, and band gap narrowing is crucial for designing
high-performance GaAs/Si radial heterojunctions. The results of this study highlight the potential of GaAs/Si
heterojunctions in advancing semiconductor technology. By leveraging insights into BGN and temperature effects,
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manufacturers can design devices with improved performance, enhanced efficiency, and an extended operational range
across various applications.

0.34 - 1.6
£
~ .32 -
- 2 14
2 g
503 B
& &
€2 =1 9 -
4 £ 12
0.28 |- - 5
I M
0.26 Ir il
0 100 200 300 400 500 0 100 200 300 400 500
Temperature (K) Temperature (K)
a) b)

Figure 4. a) Temperature dependence of the band gap differences in the p-GaAs/n-Si heterojunction,
b) The built-in potential of the p-GaAs/n-Si heterojunction varies with temperature from 50 K to 500 K

Moreover, the decrease in built-in potential by 1.5 volts with increasing temperature provides crucial insights into
the stability of the junction. The built-in potential is vital for determining the electric field strength within the depletion
region, which influences carrier recombination and overall junction performance.

The temperature dependence of the bandgap energy difference is also significant, as the bandgap decreases from 3.2
eV at 200K to 3.0 eV at 300K, suggesting a bandgap narrowing effect. This phenomenon, commonly observed in
semiconductors, results from increased lattice vibrations, as shown in Figure 4.

As temperature rises, the reduced built-in potential may lead to increased thermal generation of electron-hole pairs,
potentially elevating the reverse saturation current. This observation highlights the need for robust thermal management
in device design, particularly for applications operating under varying thermal conditions.

The results of this study emphasize the intricate relationship between temperature, doping concentration, and the
electrophysical characteristics of GaAs/Si radial heterojunctions. The increase in depletion width, the reduction in
bandgap narrowing, the enhancement of charge capacity, and the decrease in built-in potential collectively provide
valuable insights into optimizing device performance across different thermal environments.

Future work should focus on the experimental validation of these findings and exploring strategies to mitigate the
adverse effects of temperature on the electrical characteristics of GaAs/Si radial heterojunctions, particularly for
applications in high-performance semiconductor devices.

=l =0:5 0 05 1

Figure 5. The charge capacity of the p-GaAs/n-Si heterojunction varies with external voltage over a temperature range from 50 K
to 500 K, with the red line representing 50 K and the brown line representing 500 K

The observed increase in charge capacity by 3 nF with rising temperature from 50 K to 500 K reflects the temperature
dependence of the capacitance-voltage (C-V) characteristics in Figure 5. As temperature increases, carriers are thermally
excited, increasing their availability for conduction and, subsequently, enhancing the overall capacitance of the device.
This behavior is particularly significant in high-frequency applications where capacitance stability is essential. It suggests
that GaAs/Si radial heterojunctions could be designed to operate effectively across a broad temperature range, although
careful consideration must be given to temperature effects on other parameters such as leakage current and noise.
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CONCLUSIONS

In conclusion, this study provides a comprehensive analysis of the electrophysical characteristics of GaAs/Si radial
heterojunctions across a temperature range of 50 K to 500 K, focusing on the effects of various doping concentrations
and shell radii of 0.5 um and 1 pm. Our findings reveal that the depletion region thickness increases with temperature,
indicating enhanced charge distribution within the junction. Notably, the band gap narrowing (BGN) was found to
decrease by 2 meV as the doping concentration varied from 2-10" to 2-10'%, highlighting the influence of doping on
electronic properties. Furthermore, we observed an increase in charge capacity by 3 nF with temperature elevation, which
signifies improved device performance at higher thermal conditions. Conversely, the built-in potential experienced a
notable decrease of 1.5 volts as temperature increased, suggesting a reduction in the energy barrier for charge carriers.
These insights into the temperature-dependent behavior of GaAs/Si radial heterojunctions contribute valuable knowledge
for the design and optimization of semiconductor devices operating in varying thermal environments.
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This study investigates the volt-ampere characteristic of the TlInSe2 compound at various temperatures, as well as the relaxation of
electric current across different voltages (corresponding to varying electric field intensities) at a temperature of 300 K. From the volt-
ampere characteristic analysis, we calculated the concentration of free charge carriers, mobility, and trap concentration, yielding values
of np = 5.45-10'% ecm3, u = 3.03x103 cm?/V's, and N, = 5.2:10'° cm™, respectively. The dependence of electrical conductivity on
temperature revealed local energy levels with activation energies of 0.2 eV and 0.53 eV in the TlInSe: crystal. It was found that at low,
constant voltages (where the electric field intensity £ < 25 V/m), relaxation processes occur within the TlInSe> compound, leading to
a decrease in current due to charge accumulation. An increase in current was observed at higher voltages (where £ > 25 V/m). This
increase was attributed to the injection of charge carriers from the contacts, the discharge of charges accumulated near the contact
under the influence of the electric field, and the partial discharge of electron centres.

Keywords: Volt-ampere characteristics; Current relaxation; Current intensity; Electric field intensity; Charge carriers; Local energy
levels
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1. INTRODUCTION

Studying the structure and physical properties of materials used in electronics and spintronics under external
influences is essential. These external factors, which include conditions experienced during the use of these materials in
various fields like space technologies, have prompted extensive recent research. This research focuses on understanding
functional materials that are subjected to various conditions, such as temperature, pressure, and radiation [1-6].
Chalcogenide semiconductors play a significant role among functional semiconductors. Investigating their structure and
physical properties is critical for developing converters that can operate effectively under diverse conditions.
Consequently, both the structural components and electronic processes of these materials are being explored. It has been
established that physical properties are influenced by the type, stoichiometric amounts, and valence of the anions and
cations present [7-11]. The generation and capture of charge carriers occurring at local levels within the forbidden zone
of semiconductor materials significantly influence the performance of devices built from these materials, including their
electrical characteristics. As a result, the dark current can vary over time based on the voltage applied to the crystal. In
some instances, even with a constant voltage, the current may either increase or decrease, a phenomenon known as current
relaxation. This relaxation depends on the nature, concentration, and energy state of the local energy levels within the
studied crystals. The changes in the charges accumulated in these local levels, which are created by various structural
defects within the forbidden zone of the crystal, lead to current relaxation. Additionally, the nature of this relaxation is
influenced by the voltage applied to the system. Current relaxation and the accumulation of electric charge occur due to
the presence of local levels in the forbidden zone, which are caused by inhomogeneities, mixtures, and other factors in
semiconductor materials. Investigating current relaxation in semiconductor materials offers valuable insights into the
kinetics of the local levels situated in the forbidden zone.

The semiconductor compound TlInSe, belongs to the group of ternary AMB™C,Y! compounds and has a chain-like
defective structure [12,13]. According to electronographic and X-ray crystallographic analyses, the TlInSe. compound is
a structural-coordinated analogue of TlSe, obtained by substituting TI** ions with In** ions [14]. The interest in these
compounds is due to their small crystal structure size, high concentration of defects (10'7 cm™), distinct electrical and
photoelectric properties, and sharp anisotropy of physical properties in various crystallographic directions [15-17].
TlInSe: crystals are applied in various electronic technology fields, such as in X-ray detectors, tensor resistors, and more.
Despite the available information about the electrical and photoelectric properties of TlInSe: crystals, as well as the effect
of radiation on their physical properties, the kinetics of current flow in chain-like crystals and the kinetic parameters of
trapping centres have not been thoroughly studied [18]. Therefore, studying the current relaxation in TlInSe; crystals,
which affects their electrical and photoelectric properties, is of particular interest.
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This work aims to investigate the relaxation processes in TlInSe: crystals, to study the relationship between electrical
conductivity and accumulated charges in the semiconductor, and to clarify the causes of the occurring physical processes.
The volt-ampere characteristics of TlInSe. compounds and the current relaxation at various constant voltages were studied
to achieve this.

2. EXPERIMENT

TlInSe: single crystals were grown using the directed crystallisation method as described in [12]. These crystals
exhibit a tetragonal structure, with the following lattice parameters: a = 8.06 A, ¢ = 6.822 A. Parallelepiped-shaped
samples with dimensions of 6.66x0.84x0.43 mm (Sample No. 1) and 5.2x1.56x0.53 mm (Sample No. 2) were prepared
from the obtained crystals. The silver paste was used as the contact material. After making the contacts, the samples were
kept at room temperature for 24 hours to dry. The contacts were found to be ohmic.

During the experiments, the samples were placed in a cryostat, and the air inside the cryostat was evacuated to a
pressure of 1072 Pa. The width of the forbidden band of the sample was determined from the temperature-dependent graph
of electrical conductivity at a constant voltage in the TlInSe: crystal, yielding a value of 1.23 eV.

In the study of current relaxation at a constant voltage, the ends of the sample were short-circuited after each
measurement, and measurements were taken after 1 hour.

3. RESULTS AND DISCUSSIONS

Several theories explain how charge carriers injected from contacts in semiconductor materials contribute to
electrical conductivity. According to these theories, charge carriers generate current in semiconductors either through the
conduction band or via a hopping mechanism involving deep energy levels within the forbidden band. Consequently, the
band structure of semiconductor materials is studied both theoretically and experimentally [19-23]. The physical
properties of semiconductors are largely determined by the energy levels of electrons and ions. Therefore, understanding
the formation of electronic processes and the electrical properties in these materials is essential [24-27].

Figure 1 illustrates the volt-ampere characteristic for the TlInSe. compound at a temperature of 300 K, displaying both
the increasing voltage (curve 1) and decreasing voltage (curve 2) directions. From the graph (curve 1 in Fig. 1), it is evident
that at very low voltages (300 K), the current intensity shows a sublinear dependence on voltage. This is followed by a linear
region, after which a quadratic dependence is observed. When the voltage is increased to 25 V (electric field intensity of
3.75%x10° V/m) and then reduced, the graph exhibits slight deviations above the initial curve, resulting in hysteresis-like
behaviour. When the voltage is lowered to 10 V, the curve obtained during the decreasing voltage measurement closely
resembles that of the increasing voltage direction, indicating that the hysteresis effect is practically negligible.

In subsequent measurements, raising the voltage to higher levels reached the point of complete trap filling, causing
both the sample and contacts to heat up and leading to failure. Consequently, studies at high voltages were not conducted.
Figure 2 presents the voltage-current characteristic obtained at various temperatures for the TlInSe. compound. As the
temperature decreases, the sublinear region expands, the linear portion shortens, and the transition voltage from the linear
to quadratic part shifts toward higher voltage values. At relatively high voltage levels, the exponent n varies between 2
and 5, indicating that the current intensity follows the relation I~(U").
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Figure 2. Volt-ampere characteristics of the TlInSe> compound
at different temperatures. 1-300 K, 2- 250 K, 3- 198 K,
4-132K

Figure 1. Volt-ampere characteristics in the direction of
increasing (curve 1) and decreasing (curve 2) voltage in a
TlInSe: single crystal at a temperature of 300 K

The graph depicting the temperature dependence of current intensity at a constant voltage in the TlInSe2 crystal
reveals local energy levels with activation energies of 0.2 eV and 0.53 eV within the forbidden zone. Based on these
results and existing literature, the conductivity mechanism in the TlInSe; crystal can be explained as follows:

According to the theory of space charge-limited currents, in semiconductors with trapped charge carriers, the current
flows through the semiconductor primarily due to the equilibrium charge carriers when the electric field is small. As the
applied electric field increases, the number of charge carriers entering the semiconductor from the contacts also rises. If
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the time (¢ = L/v) that equilibrium charge carriers spend travelling through the semiconductor (where L is the distance

between contacts and v is the drift velocity of these carriers) exceeds the lifetime of the charge carriers entering from the
contacts, then the current flowing through the sample behaves in an ohmic manner.

. U
j=enu—. (M

In this context, j represents the current density, ny is the equilibrium charge carrier concentration, ¢ denotes carrier

mobility, U is the applied voltage, and L is the distance between the contacts.

As the applied voltage (or external field intensity) increases, the number of charge carriers injected from the metal
contacts into the semiconductor also increases. These carriers gradually penetrate a larger area of the semiconductor.
Once the charge carriers have filled the entire area of the semiconductor sample, the lifetime of the equilibrium charge
carriers becomes shorter than that of the injected charge carriers. Consequently, the amount of current flowing through
the semiconductor becomes limited by these charges. In this scenario, the current density can be expressed as follows:

9 U’
=——&U—. 2
/ 327 L @
Based on the transition voltage (U”) value from the ohmic to the quadratic part:
9eU’
n, =———. 3
* 327el’ ©)

The equilibrium charge carrier concentration in the sample was determined using formula (3). From this calculation,
we found that the equilibrium charge carrier concentration in the TlInSe; crystal is 7= 5.45-10'® cm™. We can now use
this value in formula (1).
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The mobility value of the load carriers was calculated using formula (4), resulting in a value of u = 3.03 - 1073 %

The volt-ampere characteristic provides information about the concentration of traps in the crystal by determining

the transition voltage (U") from the ohmic region to the quadratic part:
N, = cu .
eLS

Using the formula (5), the calculated value of N,=5.2:10'° cm™ (where e is the elemental charge, L is the distance
between contacts, S is the contact area, and C is the electric capacity of the sample).

When studying the electrical properties of the TlInSe, compound, it was observed that the electric current relaxes at
a constant voltage. Unlike other similar compounds, samples of TlInSe, do not always show a decrease in current intensity
over time at low constant voltage values.

At an electric field intensity of £ = 1.92 V/m (U = 0.1 V), the current intensity initially increases over 120 seconds,
then decreases for 60 seconds, before consistently rising again. At £ = 3.83 V/m (U = 0.2 V), the current intensity
decreases for the first 60 seconds, followed by a steady increase. At £=19.2 V/m (U= 1 V), the current intensity decreases
for the first 120 seconds, then increases briefly for 60 seconds, changes slowly for a while, and ultimately increases at a
steady rate (see Fig. 3.a).
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Figure 3. Relaxation of the electric current at different voltages (at different values of the electric field intensity) in the TlInSe2
compound at a temperature of 300 K. a) £=1.92 V/m, b) E=3.83 V/m, c) E=19.2 V/m,d) E=95.8 V/m.

When the electric field intensity exceeds 25 V/m at constant voltage, only an increase in current intensity is observed
over time. Initially, the rate of this increase is significant, but it gradually slows down, indicating that the current rises
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more slowly as time goes on (see Fig. 3.b). As the electric field intensity increases, the rate of increase in current intensity
also rises.

Figure 4 illustrates the time dependence of the electric charge accumulated in the TlInSe, crystal at a voltage of 1 V
(E = 19.2 V/m). The graph indicates that the rate of charge accumulation gradually decreases as the duration of the
constant electric field applied to the sample increases.

-4.0 T T T T
U=1v
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S
2 52t -
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6.0 . . . .
0 30 60 90 120

1, sec.
Figure 4. Time dependence of the electric charge accumulated in a TlInSe2 crystal under a constant voltage of 1 V.

The presence of a sublinear portion in the volt-ampere characteristic at low values of electric field intensity at a
temperature of 300 K—namely, a decrease in electrical conductivity—can be attributed to small energy (shallow) traps
located in the forbidden zone close to the conduction band. The existence of these shallow traps is further confirmed by
the observed decrease in current intensity over time when a constant small voltage is applied. Moreover, at low voltages
(where electric field intensity £ <25 V/m), most of the charge carriers injected from the contacts are captured by these
traps. Consequently, both the concentration of injected additional charge carriers decreases, and the electric field created
by the trapped electrons hinders the movement of electrons involved in conduction. This leads to a reduction in current
intensity over time at the applied constant voltage. In such a case, the current limit by space charges within the sample is
significantly lower than in the absence of traps.

Simultaneously, electrons can escape from the traps to the conduction band due to thermal excitation. When the
rate at which electrons are excited from the traps equals the rate at which they are captured, the quasi-Fermi level rises,
the concentration of free electrons increases, and a stationary state is established. One reason for the increase in current
intensity after a decrease in constant voltage in the TlInSe, compound could be related to the effective filling of the traps.

Additionally, the presence of a barrier at the boundary with the anode causes the accumulation of volume charges
near the anode when current flows through the sample. This accumulation makes it difficult for electrons to pass through
this region, increasing resistance. Consequently, the voltage applied to that section also rises. An increase in the voltage
drop near the anode enhances the electric field intensity in that region, which lowers the height of the barrier. As a result,
current intensity increases again due to both the discharge of charges accumulated near the contact under the influence of
the field and the partial release of the centres that capture electrons.

At relatively high voltages (where electric field intensity £ > 25 V/m), the effects of thermal excitation and the
filling of traps by captured electrons overshadow the decrease in current due to the trapping of injected electrons. Thus,
instead of decreasing, the current shows an increase. The upward shift of the graph obtained during the voltage decrease
in Fig. 1, compared to the graph obtained during the voltage increase, further suggests that current intensity increases due
to the filling of traps during current flow through the crystal. Notably, the current intensity does not decrease during the
first 60 seconds at a constant voltage of U = 0.1 V; instead, it increases, potentially due to the transfer of charge carriers
from shallow levels in the forbidden zone to the conduction band.

CONCLUSIONS

In the studied TlInSe, compound, it was determined that electronic relaxation processes occur at a stable voltage (or
electric field intensity). The crystals of the TlInSe, compound exhibit defects, which contribute to current relaxation in
their electrical conductivity. Consequently, electric charge accumulates in the shallow energy levels present within the
crystal structure. At relatively high electric field values, the current intensity increases again due to the discharge of
charges that had accumulated near the contact, the partial discharge of centres that capture electrons, and the injection of
charge carriers from the contacts. Since the measurements were conducted at a temperature of 300 K, the influence of
charge carriers on electrical conductivity through a jump mechanism, involving deep levels within the forbidden zone,
can be considered negligible at this temperature.
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penakcamis eIeKTPUYHOTO CTPYMy IMpPH PI3HUX Hampyrax (U0 BiATOBINAIOTH Pi3HUM iHTEHCHBHOCTSIM EIEKTPHYHOTO TOJIS) TIPH
temmneparypi 300 K. 3 aHami3y BoibT-aMIEpHOI XapaKTEPUCTHKHA MU PO3paxyBali KOHLEHTPALI0 BITbHUX HOCIIB 3apsiy, pyXJIHUBICTh
i KOHLIEHTPALIIO MACTKH, 110 JAJI0 3HaUYeHHs 1o = 5.45-10"8 cm3, = 3.03%107 cm?/V-s i N; = 5.2-10'° cm™ BiAnosiano. 3anexHicTs
CJICKTPOTPOBIHOCTI BiJ TeMIepaTypH BusiBuia B kpuctani TlInSes mokanbHi eHepreTHyHi piBHi 3 eHeprieto aktusaiiii 0,2 ¢eB 10,53 eB.
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pernakcamiifii MpouecH, Mo MPU3BOAATH 10 3MEHIIEHHS CTPYMY BHACIIITOK HAKOITMYEHHS 3apsay. 30UIBIICHHS CTPyMy CIIOCTEpiraiocs
npu Bumux Hampyrax (me E > 25 B/m). Lle 30inbpIeHAs MOSCHIOETHCS 1HKEKIIIE€I0 HOCIIB 3apsAay 3 KOHTAKTiB, pO3PAAOM 3apsiB,

HAKOMUYEHHX MOOIHN3Y KOHTAKTY MiJ JI€0 eNEKTPHYHOTO MOJIS, 1 YACTKOBUM PO3PSIIOM €IEKTPOHHHX LIEHTPIB.
KurouoBi ciioBa: gonbm-amnepna xapakmepucmuxka,; nomoyHe po3ciaOieHHs; CUid Cmpymy; HanpysceHicme eleKmpuiHo2o nos,;
Hocii 3apady; micyesi pisHi enepeii
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This study delves into the interband absorption dynamics of polarized radiation in monatomic layers of transition metal dichalcogenides
(TMDs), a field critical to advancing nano- and optoelectronics. Using theoretical modeling and computational analysis, the spectral
and temperature dependencies of one- and two-photon absorption coefficients were examined for linearly and circularly polarized light.
Results reveal a pronounced increase in absorption coefficients with frequency, reaching a peak before declining, a behavior modulated
by the material's bandgap and temperature. The analysis further highlights the substantial impact of light polarization on absorption
characteristics, with temperature-dependent shifts in the maximum absorption frequency. These findings contribute to a deeper
understanding of the optical properties of 2D TMD materials and pave the way for their application in designing efficient
photodetectors, light-emitting diodes, and other next-generation optoelectronic devices.

Keywords: Monoatomic layers, Transition metal dichalcogenides; Photon absorption; Spectral dependency; Temperature influence;
Polarization effects
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INTRODUCTION

Although transition metal dichalcogenides have been studied for more than 50 years [1-3], scientific interest in two-
dimensional (2D) structures, in particular monoatomic layers of transition metal dichalcogenides (TMDs), has increased
even more since the creation of graphene [4, 5]. Monatomic layers of TMD represent weakly (van der Waals) and strongly
(covalently) bonded atoms, which makes it possible to isolate from a sample a 2D layer with a thickness equal to the size
of one elementary lattice. The development of such technologies and recent advances in the production of new types of
devices based on them [6] have opened up new possibilities for the use of 2D TMD layers in the field of nanoelectronics
and optoelectronics [7].

One of the unique properties of TMDs such as MoS2, MoSe2, WS2 and WSe2 is that when two-dimensional
monoatomic layers are produced from a bulk sample, they become a direct gap material as the number of layers is reduced.
In particular, monoatomic single-layer transition metal dichalcogenides have the nature of direct-gap semiconductors [8].
Monoatomic layers of such TMDs are today widely used in the field of nano-, optoelectronics and photonics [9-12].

It should be noted that the excitonic optical properties of monoatomic layers of TMD have been widely studied in both
experimental and theoretical aspects (see, for example, [13-19] and references therein). However, single- and multiphoton
absorption of interband or single-band polarized light in semiconductors and its linear circular dichroism [20-23] have been
theoretically poorly studied. Therefore, in this work, the frequency and temperature dependence of the interband single- and
multiphoton absorption coefficient of linearly and circularly polarized light in monatomic TMD layers was studied.

METHODS

The investigation of interband photon absorption in monatomic layers of transition metal dichalcogenides (TMDs)
was carried out using a combination of theoretical modeling and computational analysis. The study focused on the spectral
and temperature-dependent behavior of one- and two-photon absorption coefficients under polarized radiation.

The optical transitions were analyzed using models designed for semiconductors with diamond and zinc blende
lattice structures, adapted for the unique properties of 2D monatomic layers. The single-photon absorption coefficient
was derived using the equilibrium distribution function of charge carriers and the composite matrix element for interband
transitions. For two-photon absorption, the squared modulus of the composite matrix element was incorporated alongside
the law of energy conservation for multiphoton transitions.

The temperature dependency of the bandgap energy was modeled using the Varshni and Passler formulas, which
account for thermal effects specific to the materials studied. Effective masses of electrons and holes were treated as
functions of temperature to reflect their sensitivity to thermal variations. The Hamiltonian was formulated to include
terms representing the mixing of light and heavy hole states with conduction band states. This formulation ensured
accurate incorporation of spin-orbit coupling effects, particularly relevant for narrow-gap TMD semiconductors.
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Polarization effects were considered by defining the polarization vector relative to the monatomic layer plane.
Coherent saturation effects were analyzed using the Rabi parameter to evaluate the nonlinear optical response under
varying light intensities. Calculations were conducted using the computational software “Maple,” leveraging constants
and material-specific parameters sourced from established databases and prior studies to ensure precision and reliability.

The absorption coefficients were analyzed for trends and validated by comparing the results with existing theoretical
and experimental data. Spectral and temperature dependencies were visualized through graphs to illustrate key trends,
such as peak absorption frequencies and their shifts with temperature and bandgap width. This methodological framework
provided a comprehensive understanding of the optical properties of monatomic TMD layers and their behavior under
polarized radiation.

SPECTRAL AND TEMPERATURE DEPENDENCES OF THE COEFFICIENT
OF ONE- AND TWO-PHOTON LIGHT ABSORPTION

The spectral and temperature dependences of the coefficient of interband single-photon light absorption (K C(l\;) ina
monatomic TMD layer are determined by the relation [20, 25]

KD =2y (MP@O) - [£ED) - £ (E)I6(E(R) - B (5 - ho) (1)

where M 51\3 (E)— is the composite matrix element of the interband optical transition, fc(l_c) l) ( fv (E L))- is the distribution
function of electrons (holes) in the conduction band (valence band), w(I)-is the frequency (intensity) of light, EC(E l) =
(E2 + yzkf_)l/z, (EV (EL) =—(E2+ yzkf_)l/z)- is the energy dispersion of electrons (holes), k, - is the two-

dimensional wave vector of current carriers , directed in the plane of the TMD layer, y = h(E"g / m*)l/z, Eg =Ey/2, Eg4-
is the bandgap width, m* - is the effective mass of current carriers, the sign (...) means angular averaging over the solid
angles of the two-dimensional wave vector, the rest are well-known quantities.

Following [24] and taking into account the law of conservation of energy, it is not difficult to obtain that the square
of the modulus of the composite matrix element of a single-photon optical transition we obtain:

ML k)| (e;")zwpé[e’i Ll (o2 - ] 2)

E2+4y2kg, E2+2y2k2

where €', = (e’x, e'y) - is the two-dimensional light polarization vector directed along the plane of the layer, k, =
(h@)? — Ej /y - is the wave vector of current carriers participating in a single-photon optical transition and is

determined using the &- function in (1). Then K C(l\; becomes

(1) _ m?e? pyn® (5%—1)1 oEg(1-£1)/(2kpT) 7+€1< 2 1= 2 >
KC:V T hngc moEZ & . ! 3+&2 211:[ i+ 7+&2 (e x =€y ] ! ©)

E

here eZF/k8T = ry2n@ /[kpT(E, + kBT)]_1 e"'f)TgT, &1 = hw/Ey, with the help of which the Fermi energy is determined
depending on temperature, two-dimensional concentration n®® and band parameters'.

Figure 1 shows the spectral and temperature relationships of the inter-zone one-photon absorption coefficient

(1) v (0, T) of light in monoatomic layers of metal dichalcogenides: the st line in the picture corresponds to E; = 0.3 eV,

the 2nd line corresponds to E; = 0.5 eV quantities and 500 K < T < 600 K to the temperature range. E; = 0.3 eV and
200 K of Kc(:l\g (w,T) were calculated. It can be seen from this figure that the spectral and temperature coupling of
K (flv) (w, T) increases with the width of the forbidden zone, and as the temperature decreases, the one-photon absorption
Kc(;lv) (w, T) coefficient of light in monoatomic layers of metal dichalcogenides increases significantly: in particular, the

value of K C(lv) (w,T = 200 K) calculated for the E; = 0.3 eV forbidden zone is greater than the value calculated for the
E; = 1 eV forbidden zone will be several thousand times larger. This is because eFF/kBT takes large values in small
temperature fields and large bandgap values (such temperature coupling is suitable for 2D current carrier systems).

In particular, in monoatomic layers of dichalcogenides of transition metals with E; = 0.3 eV forbidden zone, the
magnitude of efF/¥BT decreases 10 times when the temperature increases from 200 K to 270 K. For this reason, we

recorded the spectral and temperature relationship of Kc(;l\; (w,T) with respect to the field of 500 K < T < 600 K

' In what follows we use the following notations for the N photon optical transition: &y = N& and ky, = [(Nf’l(u)2 —E;]l/Z /Qy) =
Ey [N?§F — 11'2/(2p).
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temperatures in Fig. 2 b). It can be seen from this figure that at a certain temperature value, the magnitude of K c(lv) (w,T)
increases with increasing frequency, reaches a maximum, and then decreases. However, at a specific value of hw,
K c(lv) (w, T) decreases with increasing temperature, and this nature of temperature dependence is explained by temperature
dependence of magnitude ¢(T) = 4 e%F/k8T /(y2rn®@E,).

1.4
1.3 1.2

5
holE, 1.1 4 97500

Figure 1. Spectral and temperature correlations of interband one-photon absorption coefficient K, c(lv) (w, T) of linearly polarized light
in monoatomic layers of transition metal dichalcogenides: 1st line E; = 0.3 eV, 2nd line E; = 0.5 eV in the figure correspond to

quantities. In the calculations, the calculated maximum value of K c(lv) (w,T =200 K) for E; = 0.3 eV was taken as one unit.

1.2 11 500

n (0/ E, a h a)/ E,
Figure 2. Spectral and temperature correlations of interband one-photon absorption coefficient K C(l‘; (w, T) of linearly polarized light
in monoatomic layers of transition metal dichalcogenides: a) in the figure, line 1 corresponds to the quantity E; = 1.0 eV, line 2
corresponds to the quantity E; = 1.2 eV, b) line 3 corresponds to the quantity E; = 1.5 eV, line 4 corresponds to the quantity E; =

2.0 eV will come In the calculations, the maximum value of K C(:i,) (Eg =1lel,w, T) was taken as a unit.

b)

The Kc(i,)(a), T) bond reaches a maximum of Kc(i,'max) (Wmax, T) at frequencies wyay & 1.072E;/h and wpay =

1.125E, /h at temperatures T = 300 K and T = 600 K, respectively, that is, Kg,'max) (Wmax T) increases with increasing
temperature (see Table 1).

Table 1. This table presents the mathematical relationship between the band gap energy E; of semiconductor materials, the temperature
T, and the peak absorption frequency wy,,y in the optical domain

T=300K T=600K
E, =03eV Omax ~ 1.072E, /R Omax ~ 1.125E, /R
E,=05eV Wmax ~ 1.058E,/h Wmax ~ 1.10E, /R
E,=1eV Wmax ~ LO3E, /R Wmax ~ L.OSBE, /R

In the calculations, the calculated maximum value of K C(l\; (w,T =500 K) for E; = 1.0 eV was taken as one unit.
Kc(;lv) (w,T) bonds T =550 K, T = 600 K and T = 700 K correspondingly at temperatures K, C(l\; (E; = 1eV,w,T) reach
the maximum value of magnitude wmax = 1.043E5/h, wmay = 1.046E;/h and wyax = 1.053E;/h frequencies,
Kc(;lv) (Eg =1.2eV,w,T) reach the maximum value of magnitude Wy =~ 1.036E,/h,wmax = 1.041E,/h and wpayx
1.045E, /h frequencies, Kc(;l\; (Eg =15¢eV,w, T) reach the maximum value of magnitude wmax = 1.029E; /R, Wpax
1.032E,/h, and wyax = 1.037E, /h frequencies, K, c(lv) (Eg =2el,w, T) reach the maximum value of magnitude wy, 1«
1.022E,/h,wmax = 1.024E,/h, and wpax = 1.02E,/h frequencies, i.e. with an increase in temperature, the frequency

corresponding to the maximum values of the K, 5;32'3'4) (w, T) quantities increases somewhat, although not significantly,
but this maximum frequency decreases with an increase in the width of the forbidden zone.

Q

Q

Q
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The coefficient of two-photon interband absorption of light is defined as

kG =222 (M ®[) .00 = £ EI6E) — By () - 2hw), @

Then, given the expression for the squared modulus of a composite matrix element:

©) eA (4%-1) 127 1
IMD(k,, e)| ( 0) pi 3152 32 g4 (3345%) [4e? + (483 — D)e2]e’2, (%)
we find that the coefficient of two-photon light absorption has the form:
(2) () Eg/kBT ,—Ey(Kze)/KkBT kowé1 (483-1) 12112
K K (0)6 9/ "Bl @RV B M(1 ZkBT) (3+482) \2 [4' + (451 De y]e x| (6)
Eg Eg

2 6.,(2)
) _ 256 (Znez) hIy®n
where Ky (0) = —m e 5

two-photon optical transition.
Fig. 3 shows the spectral and temperature relationships of the interband two-photon absorption coefficient

£ = hw/E, and took into account that the law of conservation of energy for a

KC(:Z\; (w, T) of light in monoatomic layers of transition metal dichalcogenides: a), b), ¢) pictures show the relationships
related to monoatomic layers with forbidden band width E; = 0.3 eV, E; = 0.6 eV and E; = 1.0 eV of Kc(;zv)(w, 7).
Lines 1 in the images correspond to linear, and lines 2 correspond to circularly polarized light. In the calculations, the
calculated maximum value of K C(ZV) (w, T =200 K) for E; = 0.3 eV was taken as one unit. It can be seen from Figure 3
that both in the spectral connection of the quantity K C(z\; (w, T) and in the temperature connection, it gradually reaches a
maximum with the increase of w, T, and then decreases. Tables 2 (3) for the exact value of the forbidden zone width of
the temperature (frequency) corresponding to the maximum value of K] 2) v (w,T) at the selected value of the frequency
(temperature). Numerical calculations show that: a) the frequency correspondlng to the maximum value of K c(v) (w,T) at

a specific value of the temperature decreases with an increase in the width of the forbidden zone (see Table 2), that is, it
reaches a significant value in monoatomic layers with a narrow zone; b) the temperature corresponding to the maximum

value of K (2)((,0 T) at a specific value of the frequency increases significantly with an increase in the width of the
forbidden zone (Tp,4x) (see Table 3), that is, in monoatomic layers with a wide zone, it is greater than 1000 K by T.x;
c¢) As the bandgap width increases, the maximum value of KC(;ZV) (w, T) decreases for both linearly polarized light and
circularly polarized light.

KX (@.7)

ha}/l?i

Figure 3. Spectral and temperature correlations of interband two-photon absorption coefficient K, C(Z‘; (w, T) of light in monoatomic

layers of transition metal dichalcogenides: a), b), ¢) pictures show the correlations K m(w T) of monoatomic layers with forbidden
band width E; = 0.3 eV, E; = 0.6 eV, and E; = 1.0 eV. Lines 1 in the figure correspond to linear, and lines 2 correspond to

circularly polarized light. In the calculations, the calculated maximum value of K, 2,((1) T = 200 K) for E; = 0.3 eV was taken as

one unit

Table 2. Calculated results of the frequency corresponding to the maximum values of the two-photon absorption coefficient of light in
monoatomic layers of transition metal dichalcogenides versus temperature and bandgap width.

Wmayx frequencies corresponding to the maximum values of the two-photon absorption coefficient
E, eV (calculated in units of E;/h)
T=100K T=300K T =500K
Lin. pol. Cir. pol. Lin. pol. Cir. pol. Lin. pol. Cir. pol.
1.5 0.514 0.514 0.536 0.557 0.563 0.564
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Table 3. Calculated results of the temperature corresponding to the maximum values of the two-photon absorption coefficient of light
in monoatomic layers of transition metal dichalcogenides versus frequency and bandgap width.

Tnax, K temperature corresponding to the maximum values of the two-photon absorption coefficient
Eg eV hw = 0.6E, hw = 0.7E, hw = 0.8E,
Lin. pol. Cir. pol. Lin. pol. Cir. pol. Lin. pol. Cir. pol.
1.5 1000 1000 > 1000 > 1000 > 1000 > 1000
CONCLUSIONS

This study presents a theoretical framework for understanding the interband absorption of polarized radiation in
monatomic layers of transition metal dichalcogenides (TMDs). Through comprehensive modeling and computational
analysis, the spectral and temperature dependencies of one- and two-photon absorption coefficients were examined under
linearly and circularly polarized light. The findings reveal that absorption coefficients increase with frequency up to a
peak value and then decrease, with the behavior significantly influenced by the material's bandgap width, temperature,
and polarization of the incident radiation.

The analysis demonstrated that for a fixed temperature, the frequency corresponding to maximum absorption
decreases with increasing bandgap width, suggesting enhanced absorption in narrow-gap TMD layers. Conversely, at a
fixed frequency, the temperature corresponding to maximum absorption increases with larger bandgap widths. The results
also highlight that the maximum absorption coefficients are more pronounced in narrow-gap TMDs at lower temperatures,
emphasizing the role of thermal effects in tailoring optical properties.

These insights contribute to a deeper understanding of the optical transitions in 2D TMD semiconductors and their
potential applications in nanoelectronics and optoelectronics. The study provides a foundation for designing advanced
photodetectors, light-emitting diodes, and other devices utilizing the unique optical characteristics of monatomic TMD
layers. Future work could extend these findings through experimental validation and explore their implications for device
optimization under various operational conditions.
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CIIEKTPAJIBHA TA TEMITIEPATYPHA IUHAMIKA TIOTJIMHAHHSA ®OTOHIB B OTHOATOMHHUX
JUXAJBKOTEHIJAX TEPEXITHUX METAJIIB
Pycram 1O. Pacyaios?, Bokco6 P. Pacynos?, MapaonGex X. Hacipos®, Mas3sypoex X. Kyukapos®, Kamona K. Ypinosa®
“Pepeancokuti depoicasHull ynigepcumem, Pepeana, Y3bexucman

bKoxandcoxuii depacasnuii nedazoziunuii incmunym, Koxano, Ysbexucman

‘@epeanckuii depoicagnuii mexuiynuil ynigepcumem, Qepeana, Y3bexucman
VY oMy JOCIIPKEHH] PO3IIIAAETHCS TMHAMIKA MDK30HHOTO TIOTJIMHAHHS MOJIIPU30BaHOTO BUIIPOMIHIOBAHHS B OTHOATOMHHMX IIapax
IUXanpkoreHiniB mepeximaux Meranie (TMJI), 0 € KPUTUYHO BAKIMBUM JUII PO3BUTKY HaHO- Ta ONTOGJIEKTPOHIKH.
BUKOpUCTOBYIOYM TEOpPETHYHE MOJCIIOBAaHHS Ta OOYMCIIOBAIGHHN aHami3, Oyau JOCITI/DKeHI CIEKTpalbHI Ta TeMIepaTypHi
3aJIe)KHOCTI KOe(ili€eHTIB OIHO- Ta ABO(POTOHHOIO MOTJIMHAHHSI IS JIHIHHO Ta LUPKYJISIPHO MOJSIPU30BAaHOrO CBiTia. Pesynbratu
MOKa3yIOTh BHpaKCHE 30UIbIICHHS KOCQII€HTIB MOTJIIMHAHHSA 3 YaCTOTOIO, JOCATAIOYH MKy Mepel 3HIDKCHHSM, MOBENiHKa, II0
MOJYJIIOETHCS IUPUHOIO 3a00pOHEHOT 30HM MaTepially Ta TeMIIepaTyporo. AHaNi3 TaKOX MiJAKPECTIOE ICTOTHUH BIUIMB TOJSPH3ALIii
CBITIIa Ha XapaKTEPUCTUKH IOTIHMHAHHS i3 3QJICKHUMH BiJ TeMIEpaTypH 3pYIICHHSIMH MaKCHMalbHOI 4acTOTH moriauHaHHs. Lli
3HAXIIKU CHPUSIOTH IIHOIIOMY PO3YMIHHIO ONITHYHUX BIacTHBOCTeH Marepianis 2D TMD i BinkprBaroTh NUISIX IS iX 3aCTOCYBaHHS
B po3po0iti eheKTUBHUX (HOTONETEKTOPIB, CBITIIONIOIB Ta IHIIMX ONTOCICKTPOHHUX MPUCTPOIB HACTYITHOT'O MOKOTiHHS.
KurouoBi ciioBa: oonoamommi wapu, Ouxanbko2eniou nepexionux Memanie; NOSNUHAHHA (POMOHIE; CHEKMPANbHA 3AENHCHICIb, 6NIUE
memnepamypu; egpekmu noaspusayii



