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Abstract. Graphene, a representative of a new generation of 2D materials, remains in the center of scientific
research as a reflection of its unique electrical and mechanical properties. The article presents the results
of a study of electron scattering procedures of optical and acoustic phonons in graphene modified with hydrogen
atoms, a C,H, structure known as graphane. The obtained dependences of the scattering rates take into account
the combined processes of phonon emission and absorption by electrons, but the interaction of phonons
with the substrate material is not considered. The scattering rates play an important role in a detailed study
of the dynamics of charge carrier transport in semiconductor structures containing heterogeneous layers. Their
use makes it possible to implement the well-known many-particle Monte Carlo method, widely used in modeling
complex semiconductor devices. The obtained results will allow us to study new heterostructured devices based
on graphene and its modifications with improved output characteristics in high-frequency operating ranges.
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MOJIEJIUPOBAHUE U3 NEPBLIX IPUHIIUIIOB
UHTEHCUBHOCTEM JIEKTPOHHO-®OHOHHOI'O PACCEMBAHUSI
B I'MIPUPOBAHHOM I'PA®EHE

B. H. MUIIEHKO

Benopycckuii eocydapecmeennblil yHugepcumen uH@GOPMAmuku u paouod1eKmpOoHUKU
(Munck, Pecnybnuka Benapyco)

AnHortanust. ['paden, mpencraButens HOBOTO MOKoJIeHUs 2D-Marepnanos, ocTaeTcs B IIEHTPE BHUMAHHS Hayd-
HBIX MCCIEJOBAaHUI KaK OTPa’KEHUE €r0 YHUKAIBHBIX MEKTPUUECKUX U MEXaHUYECKUX XapaKTepPUCTHUK. B craTtbe
U3JIaraloTCs Pe3yNbTaThl HCCIS0BAHMS TIPOLIEYD MIEKTPOHHOTO PACCESHUSI ONTHYECKUX U aKyCTHYECKUX (hOHO-
HOB B TpadeHe, MOnupUIIMPOBAHHOM aTOMaMH Boiopona, — cTpykrype C,H,, n3BecTHOI! kak rpadan. B momyden-
HBIX 3aBUCHMOCTSIX CKOPOCTEH paccesiHHsl yYTeHbl COBMECTHBIE ITPOIIECCHl UCITyCKAHMS U TIOTIIOEeH!sT (POHOHOB
JNIEKTPOHAMH, a B3aUMO/IeiicTBUE ()OHOHOB C MaTepHAIOM TIOJUIOKKH HE pPacCMaTpuBaioch. IHTEHCMBHOCTH pac-
CesTHMsI UTPAOT BAXKHYIO POJIb UL JETAIBHOIO U3YYEHUsI JUHAMUKU TPAHCIOPTA HOCUTENEH 3apsaa B MOIYIIPO-
BOJIHUKOBBIX CTPYKTYpax, COAEPKAIIUX reTepOoreHHble ciou. Mx ucnoab3oBaHue Mo3BosseT peaau30BaTb U3BECT-
HBIf MHOTOYAaCTHYHBIA MeTo] MoHnTe-Kapio, mupoko NpuMeHseMBbIi IPH MOJCTUPOBAHUN CIIOXKHBIX TOJIYTIPO-
BOJHMKOBBIX TIPHOOPOB. IlomydeHHbIE Pe3ynbTaThl MO3BOJST HCCIEI0BAaTh HOBBIE TETEPOCTPYKTYPHBIE TIPHOOPHI
Ha OCHOBE Tpad)eHa u ero MoAn(UKALUK C yITydIIEeHHBIMU BBIXOAHBIMU XapaKTePUCTHKAMH B BHICOKOYACTOTHBIX
Jiana3oHax padoThI.

Kawuessble cioBa: rpadeH, GoHOH, MOJCIIMPOBAHKE, TOIYIIPOBOTHUKOBAS CTPYKTYpA.
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Introduction

The study of new two-dimensional materials, among which we should particularly mention graphene
and its modifications [1, 2], attracts increased attention of researchers. The charge carrier transport
characteristics is constantly in the center attention, due to the fact that such phenomena determine
the output performance characteristics of semiconductor devices. In the initial stages of the research,
the predominant approach was to develop empirical analytical expressions for scattering rates associated
with their various mechanisms, including scattering on optical and acoustic phonons [3—7]. However,
the use of a number of simplifying assumptions, and in particular, the assumption of parabolic nature
of the energy dependence on the magnitude of the wave vector, without taking into account anisotropy,
as well as the need for empirical selection of a number of parameters limits the wide application of this
direction in modelling.

New, progressive possibilities for the study of electron transport processes have opened up using
a fully ab initio approach, which is based on the DFPT (density functional perturbation theory) and the ap-
plication of Wannier functions to interpolate the obtained results. This approach allows to obtain more
accurate values of phonon scattering rates in comparison with experimental measurements of electron
and hole mobility and conductivity [8, 9].

In this work, first-principles modeling of electron-phonon scattering rates in hydrogenated graphene
has been presented. The use of the obtained modelling results will make it possible to investigate in de-
tail the contribution of various phonon scattering mechanisms in charge carrier transport processes
for the complex semiconductor structures.

Method of modeling of electron-phonon scattering rates in hydrogenated graphene

Quantum Espresso [10] and EPW [11, 12] programs were used for the first-principles simulations
of hydrogenated graphene (graphane) C,H, type. Perdew-Burke-Ernzerhof (PBE) parametrization within
the local density approximation (LDA) and norm-conserving type of the pseudopotentials [13] were used.
Next parameters were applied [14]: the cutoff energy of the wave function was 60 Ry (1 Ry = 13.605 eV),
the cutoff energy of the charge density and potentials was 240 Ry. The Brillouin zone (BZ) was repre-
sented using a 12x12x1 Monkhorst-Pack grid. A vacuum layer of 20 A thickness (1 A =1- 107" m) was
added to the considered structure to avoid unphysical situation during the simulation [14].

The EPW program [11, 12] was used to calculated the scattering rates. At first, the imaginary part
of the eigen energy was calculated by

(25 ) =72 2L g,,, (k.a)f »
my  S4BZ
X{(nqv + fokiq )8((8nk ~€ukiq ) + ‘quh) + (1 + Mgy = fuksq )6((8nk ~€hkiq ) - O)qvh)} > (D

where 7 is the modified Plank constant; €, €,x.q are the energies for the bands with number n
and wavevector k and number m and wavevector k+q in the Bruellen zone (£2g); oy, is the pho-
non frequency with mode v and wave vector q in the BZ over which the integration is performed;
Jmkiq» Mgy are the Fermi and Bose distributions, respectively, which are estimated at a given temperature;
2K, q) is the electron-phonon interaction matrix;  is the necessity of performing Gaussian smoo-
thing operations during integration [14].

The scattering rates with phonon absorption and emission were calculated from formula [12, 15]

o' =2 Im(Z"). )

The following values of the modeling parameters were selected in the EPW program [14]: the size
of grid NxNx1 was 264x264x1; Gaussian smoothing coefficient (parameter “dg”) — equal to 0.001 eV;
the parameter “fsthick”, which determines the value of the range of energies during modeling relative
to the Fermi energy level, — equal to 4 eV; the number of Wannier functions — equal to 12. Parameters
“auto_projection” and “scdm_proj” were set to “true”’. Concentration of electrons and holes for all cal-
culations is setto 1 - 10" cm™ [14].
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Results from first principles calculation of the scattering rates in hydrogenated graphene

It is known that ZA, TA, LA, LB, TB, LB*, TB*, ZO, TO, LO, ZS, ZS* phonon modes are formed
in hydrogenated graphene of the C,H, type [16]. Modes, denoted as LA, TA, ZA, are results of the scatte-
ring on acoustic phonons along the longitudinal and transverse directions (x, y coordinates), and the z co-
ordinate orthogonal to them [16]. Modes, denoted as LO, TO, ZO, are results of scattering on optical
phonons along the longitudinal and transverse directions (x, y coordinates), and the z coordinate ortho-
gonal to them [16].

Hydrogenated graphene C,H, type (graphane) in comparison with graphene have the processes
of structure bending, which are presented by the two symmetric modes - longitudinal and transverse LB
and TB, and two asymmetric modes LB* and TB* [16]. In the z direction two modes associated with
stretching processes are formed — the symmetric mode ZS and asymmetric mode ZS* [16]. The de-
pendences the scattering rates for modes ZA, TA, LA, LB, TB, LB*, TB*, ZO, TO, LO, ZS, ZS* from
energy obtained in the EPW program using formulas (1), (2) are presented in Fig. 1-12 by color dots.
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Data processing and plotting program ORIGIN is permitted to complete of approximation of the point
data using analytic degree functions the with the help of the Fitting and Polinomial Fit operations
in the Analysis section [17]. The Origin program provides the minimum value of the approximation
error of the obtained data sets for all scattering intensities inherent to a given material. Approximation
of the first-principles modeling data was completed with the help of the ORIGIN program. The results
for the modes ZA, TA, LA, LB, TB, LB*, TB*, ZO, TO, LO, ZS, ZS* are shown in Tab. 1. Analytical
relationships presented in Tab. 1 were used to plotted the curves 1, which are shown in Fig. 1-12.

Table 1. Results of approximation of first-principles modeling data
for the parameter t~! (s7!) from the energy E (eV)

Type Number of the figure
of r};l% de Type of dependences where the dependency
is represented as a curve 1
ZA 7! =(24—39,621515+21,6613EZ—3,05675153).1013 1
-1 _ 2 13
TA S (1,30817 —1,22865E +0,34054E )-10 2
LA o= (5,4136 —3,68907E +0,768924 E> ) 1013 3
LB = (40 —62,335E —35,75905E2 —8,86966E> +0,80633E* ) 10" 4
™ |t!= (o, 02-0,1067324E +0,14873E% —0,06888E> +0,01184E* ) 1013 5
LB* | t!= (0,25 —0,67324E +0,62945E% —0,23297E> +0,03156 E* ) 103 6
™B* | '= (0,5 —1,39387E +1,33834E% — 0,50374E> +0,06808 £+ ) 103 7
70 T (104 —0,64273E +1,40924E> —0,76814E> +0,13122E* ) 10" 8
TO = (0,65187E —0,6714E% +0,16824E> +0,00383E* ) 101 9
LO -1 _ ( _ 2 3 4 13
v =(1,77365E - 2,15171E2 +0,77598E> — 0,05832F )-10 10
zs | ! =(18,4954E—15,35071E2 +4,50152E3 —0,4337715“)-1013 1
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Fig. 5. Scattering rates for the TB mode on the energy Fig. 6. Scattering rates for the LB* mode on the energy
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Using data presented in Tab. 1 curves of scattering rates have been calculated for optical modes ZO,
TO, LO (Fig. 13, curves 1-3) and for acoustic modes ZA, TA, LA (Fig. 14, curves 1-3).
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Fig. 13. Scattering rates on energy in the case of ZO Fig. 14. Scattering rates on energy in the case of ZA
(curve 1), TO (2) and LO (3) optical modes (curve 1), TA (2) and LA(3) acoustic modes

Using data presented in Tab. 1 scattering rates have been calculated in the case of ZS and ZS*
(Fig. 15, curve 1, 2) and in the case of LB, TB, LB*and TB* mode (Fig. 16, curve 1-4).
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Fig. 15. Scattering rates on energy in the case Fig. 16. Scattering rates on energy in the case
of ZS (curve 1) and ZS* (2) modes of LB (curve 1), TB (2), LB* (3), and TB* (4) modes

The largest scattering rates are observed for the LB mode for small energy value less than 1 eV
(Fig. 13-16). Modes ZA, ZO, LO, TO, ZS, ZS* have largest scattering rates at the energy greater
than 4 eV. Scattering rates of the modes LB, LB*, TB, TB*, TA, LA are smaller than the scattering
rates for the modes ZA, ZO, LO, TO, ZS, ZS* for the energy less than 4 eV. The scattering rates
of modes LO, TO and ZO are close to each other in energy range which not exceeds 4 eV.
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Conclusion

The dependences of electron scattering rates on optical and acoustic phonons in the free layer of hydro-
genated graphene of C,H, type (graphane) have been studied. First-principles modelling for modes ZA,
TA, LA, ZO, TO, LO, LB, TB, LB*, TB*, ZS, ZS* types has shown that the highest scattering intensity
at low energies (less than 1 eV) is observed for the LB-type mode, which is presented a longitudinal sym-
metric mode associated with the process of structure bending. At significant energy values, which exceed
4 eV, the usual optical modes — longitudinal LO, transverse TO, as well as modes along the z direction — op-
tical ZO and acoustic ZA — already dominate in magnitude. The obtained numerical data on the behaviour
of electron scattering rates dependences for graphene modified by hydrogen atoms can be used to study
the characteristics of new promising semiconductor devices using the Monte Carlo method.
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