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Lienbto paHHOM pa6oTbl ABNSETCS onucaHue
ONTUYECKUX CNEeKTPOB KBa3U3HEPrui HocuTenemn
3apspa B AUpaKkoBCKOM MaTepuane. [ins
AOCTMXXEHUS NoCcTaB/IeHHOM Lenn B paboTe
pelwaeTcs 3aga4a HaxoXAeHUs JHepreTU4ecKkoro
cnekTpa B6/1M3n Kpas SHepreTU4Yeckux 3oH
rpadena (AS, =0, A’ =0) u B6an3n Kpas
3HepreTU4Yeckom 30Hbl guxanbkoreHnga (Mos,)
(A%, #0, AY, #0), 0671y4eHHBIX CBETOBbIM MONEM

C BbICOKOM 3Hepruen ¢poToOHOB U pa3IMHHOM
MHTEHCMBHOCTbIO |, rae noJje IMHeAHO
Nnonsapu3oBaHoO BAOJb ocU Y, X. PeLieHne faHHOM
3aa4m faeT MHOXECTBO 30H, M0 KOTOPbIM MOXHO
onpepenuTb ABASETCS IM MaTepuan
NpOBOAHMKOM, NONYNPOBOAHUKOM MU
M30/1TOPOM.
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BBEAEHWE

IlepexogHble MeTaslIbl — 3TO 38 3JI€MEHTOB B TpYII-
ax c 3-e# 1o 12-y10 meproAHYeCcKOn Tabnuuel MeH-
JlenieeBa. MOHOCION AMXaTbKOIeHU/IOB II€PEXOMHBIX
MeTasu1oB (TMDC) SIB/ISIOTCS IBYMEPHBIMH (2D) 11omny-
NpoBOJHHUKAaMHU. OHU HalUIM IIKPOKOe IIpHMeHeHHe
B 3JIeKTPOHHKE M ONTHKe. MHOTOYHCIeHHBIe IIpH-
JIOKEHHUS B 3JIeKTPOHHKe O0OYyCIIOBIEeHBI CBOMCTBAMU
IIPSIMOM 3allpellleHHOM 30HBI (B OTIMYHe OT HeIps-
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Features of the
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Nanostructures and
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Dichalcogenides
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The aim of this work is to describe the optical
spectra of the quasi-energies of charge carriers
in a Dirac material. To achieve this goal, we solve
the problem of finding the energy spectrum near
the edge of the energy zones of grapheme

(A5, =0, A’ =0) and near the edge of the
dichalcogenide energy zone (MoS,)

(A5, #0, A, #0) irradiated by an electromagnetic
field with a high photon energy and various
intensities I, where the field is linearly polarized
along the Y, X axis; The solution to this problem
provides many zones by which it can be
determined whether the material is a conductor,
semiconductor or insulator.
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INTRODUCTION

The transition metals are 38 elements in groups from
the 3 to the 12th periodic table. Monolayers of transi-
tion metal dichalcogenides (TMDC) are two-dimen-
sional (2D) semiconductors. They are widely used in
electronics and optics. Numerous applications in elec-
tronics are due to the properties of the direct forbidden
zone (in contrast to indirect forbidden zones in three-
dimensional layered crystals of TMDCs). Monolayer
TMDCs have already been implemented in field effect
transistors, logic devices, as well as in optoelectronic
devices. The discovery of graphene, a monolayer of
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MBIX 3allpellleHHBIX 30H B TPexXMEepPHBIX CJIOMCTBHIX
KpucTtanaax TMDCs). MoHocnoriHele TMDC yske 6b11H
peasM30BaHbl B I10JIEBBIX TPAH3UCTOPAX, JIOTHYECKHUX
YCTPOMCTBAX, a TaKKe B OIITOIEKTPOHHBIX IHPH60-
pax. OTKpeITHe rpadeHa - MOHOC/IOS aTOMOB YIJIe-
poia C MHUHEMHOM (JMPaKOBCKOM) IUCIIEPCHEN 3eK-
TPoHOB [1-3] - MHUIIUHPOBA/IO HCC/IeLOBaHUSI HOBOIO
KJIacCa UCKYCCTBEHHBIX HAHOCTPYKTYP, M3BECTHBIX KaK
JMPAKOBCKHE MaTepPHaJIbL.

Xots rpadeH cam 1mo cebe xapakTepusyercs bec-
IIe/IeBEIM JHEPreTHYeCKUM CIIEKTPOM 3JIeKTPOHOB,
HO CO3JaHHe JHPAKOBCKUX MaTePHA/IOB C IIHPOKOH
3ampelleHHON 30HOM MeXAy BaJIeHTHOM M IIPOBO-
Osier 30HaMH (IUPaKoBCKHe MaTepHalbl C 3a30-
poMm) CyauT OonbliMe MepCHeKTHUBBI ISl CO3AaHMS
OIITO3/IeKTPOHHBIX MPHUOOPOB. MOHOC/ION 3THX MaTe-
puasioB 3pPeKTHBHO IIOIJIOIIAIOT M TeHEePUPYIOT
CBeT. DTH Ka4yeCTBA Ba’kKHBI JJIs1 CO3JaHHS Ha OCHOBe
2D-MaTepHasioB M3 OHUXaJIbKOTeHUJOB I1ePeXOJHBIX
MeTa/I0B (MX2) 371eMeHTOB OIITOJIEKTPOHUKHU: IIepe-
CTpaMBaeMBbIX OITHYECKHMX MHKPOPE30HATOPOB MJIf
TOHKOIUIEHOYHBIX VCSEL-1a3epoB U JeTeKTOpoB. [103-
TOMYy Ha HUX CO3ZlaHHe OBUTM HaIIpaBeHBl OObIIMe
YCUIHS. DTUM OIpefe/sieTcs aKTya/JbHOCTh MCCIIef0-
BaHHM OIITHUYeCKUX CBOMCTB HAHOCTPYKTYP Ha OCHOBE
rpagena u MX2.

JHepreTH4eCcKHH CIIeKTP 3/IeKTPOHOB MaTepHasia
OIMCBIBAETCSl Tapabomuyeckor QyHKIHEHN BOIHU3K
KpaeB 30H, HO IIpeBpallaeTcs B JTUHEUHYIO JTHPAKOB-
CKyI0 AHCIIEPCUIO, eC/IM IIMPOKas 3allpelleHHas 30Ha
rcye3aer. TakuM obpa3oMm, 371eKTPOHHBIE CBOMCTBA
JHPAKOBCKMX MaTepHa/IOB C 3a30pOM CYLIeCTBEHHO
3aBUCAT OT BEIMYHHEI IIeJIH U, CJIEJOBATEIbHO, STUM
ompezenseTcs MX IepPCIeKTUBHOCTh JI HaHO3JIeK-
TPOHHBIX U OIITO/IeKTPOHHBIX IIPUIOKeHUH [4-6].

He cMoTpst Ha To, YTO CTPYKTyphl rpadpeHa u MoS,
OBUIM B LIEHTPe BHHUMAaHHS B TeueHHe [JTHUTeIbHOTO
BpeMeHH, MaTeMaTHh4ecKass KBAaHTOBas TeOpHs [
pacyeTa 3HepPreTUYecKoro Mx CIeKTPa B OITHYECKHX
IIpUIOKeHUAX PpaspaboraHa He 6pu1a. I10CKONIBKY
3JIEKTPOHHAsl CTPYKTypa AMPAKOBCKHUX MaTepHajioB
NPUHIMUIIKAIBHO OTJIMYAETCS OT TPaJHUILIMOHHBIX
CTPYKTYpP MaTepHa/ioB B KOHJAEHCHPOBAHHOM COCTO-
SHUH, K JUPAaKOBCKMM MaTepHajaM C 3a30pOM He
MOKeT OBITh HEIIOCPe/ICTBEHHO ITPUMeHeHa M3BeCTHas
Teopusl C71aboM CBA3M 37eKTPOHOB C aTOMaMH Bellle-
cTBa. bosee Toro, CllefAyeT OTMETUTh, YTO JUPAKOBCKHE
MaTepHasIbl C 3a30pOM B HaCToslllee BpeMsl pacCMaTpu-
BAIOTCSI KaK OCHOBA [IJISI OIITO3/IeKTPOHHBIX YCTPOKCTB
HOBOT'O ITOKOJIeHMsI. Ha JaHHBIN MOMEHT CYIIeCTByeT
3a/la4a BOCIIOJIHEHHS TeOPUH CBA3H. [I/is ee peleHHs
paccMaTpHBaeTCsl CIOHM rpadeHa, BBIpAlleHHBIM Ha
reKCaroHaJIbHOM MOIOKKe U3 HUTpUza bopa [7, 8].

=

carbon atoms with a linear (Dirac) dispersion of elec-
trons [1-3], initiated studies of a new class of artificial
nanostructures known as Dirac materials.

Although graphene itself is characterized by a gap-
less energy spectrum of electrons, the creation of
Dirac materials with a wide forbidden gap between
the valence and conducting bands (Dirac materials
with a gap) holds great promise for the develop-
ment of optoelectronic devices. Monolayers of these
materials effectively absorb and generate light. These
qualities are important for creating optoelectronic ele-
ments based on 2D materials from transition metal
dichalcogenides (MX,): tunable optical microresona-
tors for thin-film VCSEL lasers and detectors. There-
fore, great efforts were directed towards their creation.
This determines the relevance of studies of the opti-
cal properties of nanostructures based on graphene
and MX,.

The energy spectrum of the electrons of the mate-
rial is described by a parabolic function near the edges
of the bands, but turns into a linear Dirac dispersion
if the wide forbidden gap disappears. Thus, the elec-
tronic properties of Dirac materials with a gap sub-
stantially depend on the size of the gap and, therefore,
this determines their prospects for nanoelectronic and
optoelectronic applications [4-6].

Despite the fact that the structures of graphene
and MoS, have been the focus of attention for a long
time, a mathematical quantum theory for calculat-
ing their energy spectrum in optical applications has
not been developed. Since the electronic structure of
Dirac materials is fundamentally different from tra-
ditional structures of materials in a condensed state,
the well-known theory of weak coupling of electrons
with atoms of matter cannot be directly applied to
Dirac materials with a gap. Moreover, it should be
noted that Dirac materials with a gap are currently
considered as the basis for a new generation of opto-
electronic devices. At the moment, there is the task of
completing the theory of communication. To solve it,
a graphene layer grown on a hexagonal boron nitride
substrate is considered [7, 8].

When studying the interaction of laser radiation
with the studied objects, we use the term «strong
electromagnetic field». This means that the photon
energy of the light field incident on the structure
under study should be much larger than the band gap
in the source material.

SOLVING THE PROBLEM OF DETERMINING
EIGENVALUES BY THE CHOLESKY METHOD
To calculate the optical spectra of charge carriers of
the nanostructures under study and their analysis,
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[Ipy HcCnefOBaHUU B3aHMOIEMCTBUS JIa3epHOrO
M3JIydeHHUsl C HCCIefyeMbIMH O0BeKTaMH MCIIONb-
3yeM TepMHH ¢CHJIbHOe 31eKTPOMarHHUTHOe IIoje».
9TO 03HA4aeT, 4YTO 3Heprusi GOTOHOB CBETOBOIO IO,
[aJaoIlero Ha HMCCIefyeMyo CTPYKTYpy, HOJIKHA
6pITh HaMHOTO OoJbllle, YeM IIHPHHA 3allpelleHHOM
30HBI B ICXOTHOM MaTepHalle.

PELLEHUE 3AAAYUN OMNPEAEJIEHUA
COBCTBEHHbIX 3HAYEHU METOAOM
XOJIELLKOIO
s pacyeTa ONTHYECKUX CIEKTPOB HOCHUTeleH
3apsifia UCCAeAyeMBbIX HAaHOCTPYKTYpP M UX aHaIH3a
HY>KHO HaHTH COOCTBeHHBle 3Ha4eHHUS FaMHIIb-
TOHMAaHa. Bocmonb3yeMcs CTaHIAPTHBIM MeTO-
nom Xo0JIeIIKOro, Tak KaK B 3TOM MeTOJle HHJeKC
m OpH pas3nokeHUH OYHKUMIO W 1o 6a3uCHBIM
GYHKIUSIM HMeeT OJHO KM TOXe 3HaueHHe Kak
B LMIMHIPHUYECKOM CHCTeMe, Tak U B cdepuue-
CKOM CHCTeMe KOOPAUHAT. B obenx cucTteMax Koop-
OUHAT UCIOb3yeTCsl OJHA U TakKe asUMYyTasbHas
KOOpAHHATa . Tak KaK B 3TOM C/ly4ae CHMMeTPHUS
LMIMHIPHUYeCcKass U BCe KBAHTOBble TOUKH JIeXKaT
Ha OCH CHCTEMBI, TO HeT HeoOXOAMMOCTH HCIIO/Ib-
30BaTh TEOPeMY CIOKEHUS [/ LHUIHUHAPUYECKUX
byHKUIUH.

HyskHo Ha#uTH cobcTBeHHBle 3HadeHus E(k),
ramuibToHUaHa H ¢ cobcTBeHHBIMU QyHKUUAMEA W

v = E(k)w. M

[IpencTaBuM QyHKUMIO ¥ B BHE Pa3lIoskKeHHS II0
6a3ucHBIM QYHKUMAM (B 0bLiemM caydae He OPTOro-
HQIBHBIM) N, my, p;=1,2,3....

¥=Yfo,(x), )

rge ® - cobcTBeHHass QYHKIMS TaMHJIbTOHHAHA.
TakuMm o6pa3om, MBI MOKeM HAITHCATh YpaBHeHHUe (2)
B CJIe[lyIollleM BHJIe:

det(Hy -E(k)S;) =0, 3)

Ile S - CKaJgpHOe Mpou3BefeHHe QYHKUMM. Perre-
HUe JJAHHOTO ypaBHEHHMS I10JIy9IaeTCsl TOIBKO IIPU6IH-
>KeHHO. IlonydeHHble QOPMY/IBl MOXKHO IIPHUMEHHTh
IJ1s pacyeTa CIIeKTpa HOCHUTeIek 3aps/a B 3/IeKTpoMar-
HUTHOM II07Ie KaK B C/Iy4dae rpadeHa, Tak U AUXATIbKO-
reHuzioB. CBesleM pellleHHe 3TOr0 YpaBHEHUs K 06bIu-
HOM 3ajadye Ha COOCTBeHHBle 3HaueHHUS. 3alHIleM
ypaBHeHME B MaTPUYHOM BH/JE:

Hf - ESf =0. @
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it is necessary to find the eigenvalues of the Ham-
iltonian. We use the standard Cholesky method,
since in this method the index m, when decompos-
ing a function ¥ into basic functions, has the same
value both in a cylindrical system and in a spheri-
cal coordinate system. Both coordinate systems use
the same and azimuthal coordinate ¢. Since in this
case the symmetry is cylindrical and all quantum
points lie on the axis of the system, there is no
need to use the addition theorem for cylindrical
functions.

We need to find the eigenvalues E (k) of the Hamilto-
nian H with eigenfunctions ¥

HY =E(k)w. o)

We represent the function ¥ in the form of expan-
sion in basis functions (in the general case, not
orthogonal) n;, my, p;=1,2,3....

¥=Yfro,(x), )

where @ is the eigenfunction of the Hamiltonian.
Thus, we can write equation (2) in the following
form:

det(Hy - E(k)S)=0, 3)

where S is the scalar product of thw functions. The
solution to this equation is obtained only approxi-
mately. The formulas obtained can be used to calculate
the spectrum of charge carriers in an electromagnetic
field both in the case of graphene and dichalcogenides.
Let us reduce the solution of this equation to the usual
eigenvalue problem. We write the equation in matrix
form:

Hf -ESf =0. (4)

TAKING INTO ACCOUNT THE
CONTRIBUTION OF INELASTIC
INTERACTION OF LIGHT WITH STRUCTURES
When solving the problem, it is necessary to take
into account the contribution of inelastic interac-
tion of light with the structures under study. Let a
linearly polarized electromagnetic field fall perpen-
dicular to the monolayer of transition metal dichal-
cogenide and graphene (Fig. 1).

In contrast to [10], in this work, the spectrum of
charge carriers is analyzed based on the solution of
the equation:

> H{"al® =(k|al. (5)

2
J=1
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EM field

EM field

Puc. 1. Bzaumodeticmaue 3AeKmpomazHumHozo noas

C 3NeKMpoHAMU 8 AUXAAbKO2eHUOax 2pagpeHa u nepexooHbix
memannos [9]

Fig. 1. Interaction of an electromagnetic field with electrons
in dichalcogenides of graphene and transition metals [9]

YYET BKNTAOA HEYMPYTOro
B3AMMOJENCTBUA CBETA
CO CTPYKTPYPAMMU
I1pu pellleHUH 33fja4X He0OX0IHMMO yUHUThIBATh BKIA/[,
HeYIIPYIoro B3aMMOZEHCTBHS CBeTa C UCC/IeyeMbIMHU
CTpPyKTypaMu. IIycTb JHHEHHO IIOJASPU30BaHHOE
371eKTPOMArHUTHOe I10JIe I1aJlaeT MepIeHAUKY/ISIPHO
MOHOCJIOI0 JHXa/bKOTeHH/IA I1epeXoJHOro MeTaslla
U rpadena (puc. 1).

B ormmune ot pabotsl [10] B gaHHOM paboTe aHAINU3
CIIeKTPa HOCHTeNIeH 3aps/a IPOU3BOSUTCS Ha OCHOBE
pellleHMsl YpaBHEHHUSI:

2 -
ZH&OO)aﬁ‘” = E—:(k)ﬂio). (5)

1
=

[TpoBemeM aHA/IM3 BKIAJA HEYIPYTUX B3aHMOMeEH-
CTBUI. [[JIs1 3TOTO PAaCCMOTPHM ypaBHeHHe

i ng”"')ag”v) = E(E)af”). (6)
ol

n

Bocronb3yemMcd  BBIpa’)KeHHSIMHM ~ MaTPHUYHBIX
3JIeMEHTOB CTAallMOHAPHOTO TaMH/JbTOHHAHA U3
pabotsl [9,10] 1 BeIpasKeHHeM [JIsI TAaMHJIBTOHHAHA
u3 pabotsr [11].

[—8“ er s ik, + nw}&nn. {% +ivk, }Jnv_n (),
H(nn') — ,(7)

[—8“ ; B iyky}}n,n () [—8“ er Eus _ ik, + nm}ﬁrm,

Let us analyze the contribution of inelastic inter-
actions. To do this, let us consider the equation

3
n'=—

2 , -
Y HMal = é(k)a.("). (6)
w1

Let us use the expressions of the matrix elements
of the stationary Hamiltonian from [9,10] and the
expression for the Hamiltonian from [11].

[% +ytk, + nm}snn, {% + iyky}Jnn (),
H™ == o ,(7)
[—8“ ;8“ + iyky ]}n,_n (@) {—8“ er B _ ik + nm}sm,

where ¢,,e,is the boundary of the zone;
A, 1sAS A, TSAY

c _ g S0 vo_ g so _ M 3 3

A e T k—(kx,lky) is the electronic

wave vector in the plane of the layer, 4, is the band
gap, Y is a constant proportional to the Fermi veloc-
ity of the quasiparticles; A} and A is a spin-orbit
splitting of the valence and conduction bands,
respectively; s=+1 is a spin index; t=1 is a valley
index corresponding to K and K', respectively [10], 8,
is the Kronecker delta, ] is the Bessel function of the
first kind.

The block matrix of the Hamiltonian has the
form

H—l—l H—IO H—ll
H=| H"' H™ H" | (8)
Hl—l HlO Hll

Let us write the matrix taking into account
mn=-1,0,1

11 11 -10 -10 11 1

H;, H, Hy H, Hy H,

1-1 111 -10 -10 -1 -1

H; H,” H; H," Hj H,

0-1 0-1 00 00 01 01
H= Hy H;, Hy H;, Hy H;, (9)
- HOL HO! g g g™ HO

21 2 21 2 21 2

1-1 1-1 10 10 1 1

Hy Hj Hy H, H, H,

1-1 1-1 10 10 1 1

Hy Hy, Hy H, H; H;

After we have reduced the multidimensional
matrix to the usual square one, we can use the stan-
dard functions that are available in mathematical
packets.
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c AQ TSAEG v Ag
rae € ,€, —rpaHHua 30HBI; € = 7+ 2 =

TSAY

S0

2 ’

’ ‘[5_2

k:(kx,iky) - 3JIeKTPOHHBII BOJTHOBOM BEKTOP B IIOCKO-
CTH €101, A, - IHUPUHA 3aMPeIEHHOM 30HBI, Y ~ KOH-
CTaHTa, IPOIOPLIMOHAIBHAS CKOPOCTH PepMH KBa3U-
YacTUL; AY U Al - CIIMH-OpbUTaNbHOE pacllellyieHue
BAJIEHTHOM 30HBI M 30HBI IIPOBOJKMMOCTH, COOTBET-
CTBeHHO; S=+1 CIMHOBOM HHAEKC; T=+l HOTHUHHBIN
HHIEeKC, COOTBQTCTBYIOLL[I/II;I K u K' coorBer-
ctBeHHO [10], §,, - menpTa KpoHekepa, | - GyHKIUS
Beccens mepBoro pozpa.
Bro4Hast MaTpUIa raMHUJIBTOHHAHA HMeeT BUJ

H—l—l H—lO H—ll
H — HO—l HOO HOl (8)
Hl—l HlO Hll

3anuiem MaTpuny mn=-1,0,1c ydeTrom

Hy' Hy' Hy Hp' HY' Hy
Hy' Hy' HY Hy Hy' Hy
go| B Hp' HY Hy Hy H ©)
Hy' Hy' Hy Hy Hy Hy
Hy' Hy' Hy Hy Hy Hp
Hy' Hy Hy Hy Hy Hy

ITocie TOro Kak MBI CB&JTH MHOTOMEPHYI0 MaTpHUILY
K OOBIYHON KBaJPaTHOM, MOXKHO HCII0/Ib30BaTh CTaH-
JapTHble QYHKIHMH, KOTOpble MMEIOTCS B MaTeMaTHu-
YEeCKHX ITaKeTaxX.

MaTtpuuy H MOKHO IpeCTaBUTh B BUJIEe

H=SE(k)S
§'S=1,

Ille JIMaroHaabHasi MaTpUIlA E(k) HMeeT BUL:

el(k) 0 0 0
e (k) 0 0

. (10)

0
0
0
0
0

o o o o
o
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BONMHOBOM BeKTOp k,, MKM™-108 | Wave vector k,, pm™-10°

1,0

Puc. 2. SHepzemuyeckull cnekmp 3AeKmpoHa 86Au3U Kpas
30H gpagera (A, =0, AY, =0, Ay=2, y/h=10°m/c),
06Ay4eHH020 KAAUBPOBOUHbIM NoAeM C IHepzueli PomoHa
hv =10 m3B u pasauuHoii uHmeHcusHocmbto I (I=0 - cuHue
AUHUU; I=7,5 KBm/ cm? - 3eneHsble auHuu; I=15 kBm/cm? -
KpacHble AUHUU; KaAUbpOBOYHOE NoAE AUHELIHO N0ASIPU30-
8aHo 80onb ocu'Y)

Fig. 2. Energy spectrum of an electron near the edge of
graphene zones (A, =0, Ay, =0, A, =2,y/h=10°m/s)
irradiated by a calibration field with a photon energy

hv =10 MeV and various intensities I (I=0 - blue lines;
1=7,5kW/cm? - green lines; I=15 kW /cm? - red lines; the
calibration field is linearly polarized along the Y axis)

The matrix H can be represented as

H=SE(k)S
§'S=1,

where the diagonal matrix E(k) has the form:

(k) 0 0 0 0 0
0 &k o 0o 0 0
- 0 0 =W O g
0 0 0 &k o0 0
0 0 0 0 ek o0
0 0 0 0 0 &k
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PE3YJIbTATbI PACHETA NMPU HAJIMYNA
HEYMPYTrUX B3SAMMOJENUCTBUW 414
FPA®EHA U XAJIbKOFEHUAA (MOSZ)

[Ipeskzie BCero, pacCMOTPUM ITPUMeHeHMe pa3paboTaH-
HOM TeOpHH K rpadeHy C 3a30poMm, IIpeirosaras 4ro,
A% =0,A}, =0 BO BCex IIPOM3BOLHBIX BBIPAKEHUSIX. [UC-
[IepCHsl JIEKTPOHOB B ILIeJIEBOM IpadeHe é(k) IIOKa3aHa
Ha PHC. 2 ¥ 3 ISl YaCTHBIX CIy4aeB JIMHEHMHO U LIUPKY-
JISIPHO  IIOJISIPU30BAaHHBIX KaJMOPOBOYHBIX IIOJEH.
B oTCcyTCTBHE IafAIOLIETO0 I10/IS JUCIIEPCHS 3IeKTPOHOB
M30TPOIIHA B IUIOCKOCTH IpadeHa (CM. CIUIOIIHBIE
CHHHe JIMHUY Ha PUC. 2 1 3).

OpHaKo, THHEMHO II0/SIpH30BaHHOe [10/le HapyIlaeT
3KBHUBAJIEHTHOCTb oceH X, Y [cM. ypaBHeHHe (5)]. Kak
C/Ie[ICTBHME aHM30TPOIIMHU 3JIEKTPOHA, ITOSAB/ISETCS KC
TIepCHs BIOJIb BOTTHOBBIX BEKTOPOB Kk, U k, (CM. IIyHKTHp-
Hble 3e/IeHble U KpacHble IMHUHU Ha pUC. 2 U 3).

B oTnuuue OT MOMSpPHU3aLMM XaJIbKOTeHHIA (Mosz)
(AS, =3 M3B, A}, =147 M3B), LUPKYISPHO IOISPHU30BAH-
HOoe KaJTMOPOBOYHOe I10/1e He BhI3bIBAe€T aHU3O0TPOIIHH
B IUIOCKOCTH [cM. ypaBHeHHe (6)]. OfHaKo, 37eKTPOH-
Hasl JUCIIePCHUs CYLIeCTBEHHO pasIM4YaeTcs OJis II0Id-
PH3aLMK 0 YacOBOM CTpPeJIKe M IIPOTHB YacOBOM
CTpe/IKH (CM. IyHKTUPHBIE IMHKUU Ha pUC. 4 1 5).

M3 aHanusa MOIy4eHHBIX I'padUUeCKUX 3aBHUCHMMO-
CTer BHJHO, YTO HIMPHHA 3aIlpeIlléHHOM 30HBI U SHep-
reTUYeCKUH CIeKTp BOMM3M Kpas 30H rpadeHa H3Me-
HSIIOTCS TP M3MeHeHUH KOOpPOUHAT BHOMb ocer X, Y
YU BeIMYMHBI MHTEHCHUBHOCTH IIaJAIOLIET0 CBETOBOIO
nons I. OgHaKo, IMPHUHA 3aIIPelléHHOM 30HBI U SHep-
TeTUYeCKUH CIeKTp BOIM3M Kpasi 30H AHXa/lbKore-
HUJA He MEHSIOTCA C U3MeHeHHeM KOOPAMHAT BIOJb
oceil X, Y.OTo 03Ha4aeT, YTO 3HEPreTUYeCcKHIl CIIeKTP
JUXaJIbKOTeHHA OCTAeTCs IIOCTOSHHBIM, Jaske IIpHU
HM3MeHeHHH HHTEeHCHBHOCTH B JHAalla30He 3HaueHMH
0-15 xBT/cM?. Pe3ynbpTaThl pacyeToB ITpefHA3HAUEHBI
JUIS. WCIIO/Ib30BaHMSA HAaHOCTPYKTYp rpadeHa u MoS,
B IIPOM3BOJCTBE ONTHYECKHX M II0YIIPOBOAHHKOBBIX
1pr6opoB.

3AKJTIOYEHUE

+ PaspaboraH MeTo[ pacyeTa ONTUYECKHUX CIIEKTPOB
(crleKTpa HOCHUTeNeH 3apsna) B JIMHEHHOM Mac-
CHBe KBaHTOBBIX TOUEK B JINHEMHOM pellleTKe KaK
Iy rpadeHa, Tak U 41t MoS,.

+ TlonydeHBl HOBBIe ypaBHEHUS [JIS1 OIIMCAHUS Hey-
IPYrUX B3aMMOJEHCTBHU 3/IeKTPOMATHHUTHOIO
nosnsi ¢ rpadeHOBBIMH HOCHTENISIMHU U TUXOIBKO-
TeHHBIMHU ITepeXOJHBIMU MeTa/UIaMH.

» Ilo pe3ynpTaTaM M3y4YeHUS >HEPreTHYECKOro
CIIEeKTPa M SHepreTUYecKHX 3a30pOB MOSKHO OITpe-
JeNnTh, SIBISeTCSL JIM MaTepHhal IIPOBOSHHKOM,
[IOJIyIIPOBOOHHUKOM HJ/IKM OUIIEKTPUKOM. ITO
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Puc. 3. SHepzemuueckuli cnekmp 3AeKmpoHa 86AU3U Kpasl 30H
epacera (A%, = 0,AY, =0, A ,=2Y/ h=10°m/c), 06ay4erHoz0
KaAUBPOBOYHBIM NoAem ¢ IHepzueli pomona hv=10 m3B u pazauu-
Hol uHmecusHocmbto I (I=0 - cunue aunuu; I=7,5 kBm/cm? -
3eneHble AUHUU; 1=15 kBm/ cm? — KpacHble AUHUU; KaAUGPo8oYHoe
noAe AUHeLiHO NoASIPLU308aHO 8304k ocu X)

Fig. 3. Energy spectrum of an electron near the edge of graphene
zones (A, =0,AY, =0, A, =2, y/h=10°m/s)irradiated by a
calibration field with a photon energy hv=10 MeV and various
intensities I (I=0 - blue lines; I1=7,5 kW/cm? - green lines;
I=15kW/cm? - red lines; the calibration field is linearly polarized
along the X axis)

CALCULATION RESULTS IN THE PRESENCE
OF INELASTIC INTERACTIONS FOR
GRAPHENE AND CHALCOGENIDE (MoS,)

First of all, we consider the application of the developed
theory to graphene with a gap, assuming that A5, =0,A}, =0
, in all derived expressions. The electron dispersion in gap
graphene £(k) is shown in Fig. 2 and 3 for special cases of
linearly and circularly polarized gauge fields. In the
absence of an incident field, the electron dispersion is
isotropic in the graphene plane (see solid blue lines in Figs.
2and 3).

However, a linearly polarized field violates the equiva-
lence of the X, Y axes [see equation (5)]. As a result of elec-
tron anisotropy, dispersion appears along the wave vectors
k. and k, (see the dotted green and red lines in Figs. 2 and
3).

Unlike polarization of chalcogenide (MoS,)
(A%, =3 meV, A}, =147 meV), a circularly polarized gauge
field does not cause anisotropy in the plane [see equation
(6)]. However, electron dispersion differs significantly for
polarizations clockwise and counterclockwise (see dotted
lines in Figs. 4 and 5).
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Puc. 4. SHepzemuueckuli cnekmp 3AekmpoHa, 86AuU3U Kpasl
30HbI M0S, (AS, =3 M3B, A}, =147 m3B, A,=1,58 m3B,

y/h =7,7-105m/c), 06Ay4eHHO20 KAAUBGPOBOYHBIM NoAEM

¢ 3Hepaueli pomoHa hv =10 mM3B M3B u pazauyHol uHmMeH-
cusHocmpto I (I=0 - cuHue auruu; I=7,5 kBm/ cm? - 3ene-
Hble AuHuU; I=15 KBm / cM? — KpacHble AUHUU; KaAU6po8oY-
HOe noAe AUHeliHO NoASIPU308aHO 800Ab ocu Y)

Fig. 4. Energy spectrum of the electron, near the edge of the
MoS, zone (A%, =3 m3B, A, =147 m3B, A, =1,58 m3B,
v/h=7,7-10°m/c), irradiated with a calibration field with
a photon energy hv=10 MeV and various intensities
I(I=0-bluelines;I1=7.5kW/cm? - green lines;

1=15 kW/cm? - red lines; the calibration field is linearly
polarized along the Y axis)

800

600 |

400 r

0

=200 L

-400 ¢

-600

SHeprus €, meV | Energy €, meV

-800

-1000 :
-1,0 -0,8 -0,6 -0,5 -0,2 0 0,2

BOHOBO¥ BEKTOP k,, MKM*-106 | Wave vector k,, pm™-10°

0,4 0,6 0,8 1,0

Puc. 5. SHepzemuyeckuli cnekmp 3AeKmMpoHa, 86AuU3U Kpas
30HbI MoS, (A°, =3 M3B, AY, =147 m3B, A,=1,58 m3B,

y/h =7,7+10°m/c), 06Ay4eHH020 KAALUBPOBOUHBIM NOAEM

¢ 3Hepauetli pomoHra hv =10 m3B mM3B u pazauyHol uHmMeH-
cugHocmpro I (I=0 - cuHue auruu; I=7,5 kBm/ cm? - 3ene-
Hble AuHUU; I=15 KBm / cm? — KpacHble AUHUU; KaAu6po8oY-
HOE noAe AUHeliHO NoASpU308aHO 800Ab ocU X)

Fig. 5. Energy spectrum of the electron, near the edge of the
MoS, zone (A%, =3 m3B, A, =147 m3B, A,=1,58 m3B,
v/h=7,7-10°m/c), irradiated with a calibration field with
a photon energy hv=10 MeV and various intensities
I1(I=0-bluelines;1=7.5kW/cm? - green lines;

I=15 kW/cm? - red lines; the calibration field is linearly
polarized along the X axis)

BaJKHO /151 MHOTHX IIPHUJIOSKEHUH B 37IeKTPOHHKE
U OIITUKE, KOTOpPbIe CBA3aHbI C BeIMYUHAMHU SHep-
FeTUYeCKHUX 30H MaTepHa/a U 3HAYeHUSIMH HX
3HepreTHYecKUXx Ilenemn.

* DPe3ynbpTaThl aHaaM3a IPadHKOB IIOKA3aJIH, YTO
IIMPHHA 3alIpelleHHON 30Hbl U SHepreTU4YecKui
criekTp BOmMM3M Kpas obnacrert rpadeHa H3Me-
HSIOTCS C M3MeHeHHeM KOOpOHUHAaThl ocer Y, X
Y1 UHTEHCHUBHOCTH 30HIHPYIOIIEro U3nyyeHusa. Ho
IIpA 5TOM IIMPHHA 3alpelieHHOM 30HbI U 3HEp-
TeTHYeCKUH CIIeKTp BOMM3K Kpast obnmacrert MoS,
He MEHSIOTCS IIPU M3MeHeHUM KOOPAMHAT BIOJIb
ocel X, Y U HUHTEHCHUBHOCTU 30HIHPYIOLIEro
H3JIydeHHs. DTO O3HadaeT, YTO SHepreTHYecKHH
CIIeKTp MoS, ocTaeTcs IIOCTOSHHBIM, OasKe eClHd
MHTEeHCHUBHOCTb 30HIMPYIOLIET0 U3/TyYeHH s U3Me-
HseTcs (B [uarasoHe 3HaueHuH 0-15 KBT/cMm?).

[TomydyeHHBIe Pe3yabTAaThl IIPOAEMOHCTPHUPOBAIIH,

4T0 MOS, SB/ISIeTCA IePCIeKTHBHBIM MaTepHUaioM I
CO3IaHHUS 37eMEHTOB COBPEMEHHOMN OIITO31eKTPOHUKHU
C PUKCUPOBAaHHBIMH XapaKTePUCTUKAMHM. HaIru pesyiin-
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An analysis of the obtained graphical dependences
shows that the band gap and the energy spectrum near the
edge of the graphene zones change with changing coor-
dinates along the X, Y axes and the intensity of the inci-
dent light field I. However, the band gap and the energy
spectrum near the edge of the dichalcogenide zones do not
change with coordinates along the X, Y axes. This means
that the energy spectrum of the dichalcogenide remains
constant, even when the intensity changes in the range of
0-15 kW/cm?. The calculation results are intended for the
use of graphene and MoS, nanostructures in the manufac-
ture of optical and semiconductor devices.

CONCLUSION

« A method has been developed for calculating optical
spectra (spectrum of charge carriers) in a linear array
of quantum dots in a linear lattice for both graphene
and Mos,.

« New equations for describing inelastic interactions
of electromagnetic fields with graphene carriers and
dichalcogenic transition metals.
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TaTbl COBIIAJAIOT C pe3y/lbTaTaMHU IPYTHX aBTOpoB [9-11],
KOTOPBbIe HCC/Ief0BAIM BO3MOXKHOCTH YIIPaB/IeHHsl CBOM-
CTBaMHU IpadeHa IyTeM HM3MEHeHHMS OCell WM HHTeH-
CHBHOCTH ITI3JIAOIIEro HU3/Iy4eHus. ITH CBOLCTBA HCCTIe-
JyeMBIX MaTepHUaJIOM OIIPEJe/ISIOT UX [ePCIIeKTHBHOCTh
JULS OIITO3/IEKTPOHUKM . Kak MoS,, Tak U rpadeH HMeoT
IIePCIIeKTUBEL IIPUMEHEeHHUS [I/IS CO3JaHMs [lepecTparBa-
eMBIX OITHYeCKHe MHKPOPE30HATOPOB, KOTOphIE SBJIS-
IOTCSI YaCTBIO OITO3/IEKTPOHHBIX ITPUOOPOB: TOHKOILIE-
HOo4YHBIX VCSEL-71a3epoB U JeTeKTOPOB.
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 Based on the results of studying the energy spectrum
and energy gaps, it can be determined whether the
material is a conductor, semiconductor or dielectric.
This is important for many applications in electronics
and optics, which are associated with the values of
the energy zones of the material and the values of
their energy gaps.

+ The results of the analysis of the graphs showed

that the band gap and the energy spectrum near
the edge of the graphene regions change with a
change in the coordinate of the Y, X axes and
the intensity of the probe radiation. But at the
same time, the band gap and the energy spectrum
near the edge of the MoS, regions do not change
when the coordinates along the X, Y axes and the
intensity of the probe radiation change. This means
that the energy spectrum of MoS, remains constant,
even if the intensity of the probe radiation varies
(in the range of 0-15 kW/cm?).

The results showed that MoS, is a promising material
for creating elements of modern optoelectronics with
fixed characteristics. Our results coincide with those
of other authors [9-11], who investigated the possibil-
ity of controlling the properties of graphene by chang-
ing the axes or the intensity of the incident radiation.
These properties of the material studied determine their
promise for optoelectronics. Both MoS, and graphene
have application prospects for creating tunable optical
microresonators that are part of optoelectronic devices:
thin-film VCSEL lasers and detectors.
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