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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.
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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.

Cite as: R.Y. Rasulov, V.R. Rasulov, M.Kh. Nasirov, M.Kh. Kuchkarov, K.K. Urinova, East Eur. J. Phys. 2, 231 (2025), https://doi.org/10.26565/2312-
4334-2025-2-26
© R.Y. Rasulov, V.R. Rasulov, M.Kh. Nasirov, M.Kh. Kuchkarov, K.K. Urinova, 2025; CC BY 4.0 license


https://doi.org/10.26565/2312-4334-2025-2-26
https://periodicals.karazin.ua/eejp/index
https://portal.issn.org/resource/issn/2312-4334
https://creativecommons.org/licenses/by/4.0/
https://orcid.org/0000-0002-5512-0654
https://orcid.org/0000-0001-5255-5612

232
EEJP. 2 (2025) Rustam Y. Rasulov, et al.

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:
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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
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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
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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.
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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



234

EEJP. 2 (2025) Rustam Y. Rasulov, et al.

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:
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we find that the coefficient of two-photon light absorption has the form:
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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




235
Spectral and Temperature Dynamics of Photon Absorption in Monatomic Transition... EEJP. 2 (2025)

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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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.
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