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Abstract: Graphene has a high mobility of charge carriers, which exceeds the mobility of charge carriers for all
known materials, and is currently considering as one of the most promising materials for the creation of new
semiconductor devices. The results of modeling of electron scattering rates on acoustic and optical phonons
in a single layer of hydrogenated graphene CzH: type without a substrate are presented. When modeling these
rates, variants of both emission and absorption of phonons are considered. The obtained dependences of the
charge carrier scattering rates will allow us to study the main characteristics of charge carrier transport in
semiconductor structures containing different layers by modeling using the Monte Carlo method.
Characteristics and parameters of graphene and its modifications can be used to create new heterostructured
devices with improved output characteristics.
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I. INTRODUCTION

Graphene is of great interest as a promising material for the development of new semiconductor devices for
various frequency ranges [1-2]. The study of charge carrier transfer processes for semiconductor compounds
containing graphene and other semiconductor materials layers is an urgent task, which is associated with the
development of fast and powerful devices in the microwave and ultrahigh frequency ranges, as well as in the
optical frequency range. The Monte Carlo statistical method is widely used to analyze semiconductor
structures. One of the main features of this method is that it allows to take into account the processes of charge
carriers scattering in the semiconductor and to study the operation of semiconductor devices in different
operating conditions.

Quasi-analytical dependences of electron-phonon (e-ph) coupling matrices for various scattering processes
have been developed. They have been used to obtain scattering rates (velocities) based on the Fermi golden
rule and thus to describe the charge carrier transport properties [3, 4]. Based on the concept of deformation
potential, a number of analytical expressions were proposed to estimate the scattering of electrons on optical
and acoustic phonons for different materials (amount then and graphene). However, the semi-empirical
expressions obtained in this way have serious limitations because of the simplifications made in their
derivation. The main simplification of these expressions is related to the necessity of selecting the value of
deformation potentials either from experimental measurements or from the calculated data of other theoretical
approaches.

The limitations associated with the use of deformation potentials are largely removed by using density
functional perturbation theory (DFPT) and an interpolation scheme using Wannier functions [5]. This approach
allows us to fully determine the coupling matrix from ab initio calculations (first-principles calculations), without
using empirical values of the deformation potential.

In this work, an ab initio study of scattering rates associated with electron scattering on optical and acoustic
phonons in hydrogenated graphene has been carried out. Using Wannier functions, the coupling matrices of
electron-phonon interaction were calculated, which are then used to model the rates (velocities) of electron
scattering on acoustic and optical phonons. The obtained modeling results allow us to determine the
contribution of various electron-phonon interaction components in the overall process of charge carrier
scattering.

Il. METHOD AND PECULIARITIES OF MODELING OF ELECTRON-PHONON SCATTERING INTENSITIES
IN HYDROGENATED GRAPHENE

First-principles simulations of hydrogenated graphene (graphane) CzH: type were performed with the Quantum
Espresso [6] and EPW [7] software packages using the Perdew-Burke-Ernzerhof (PBE) parametrization within
the local density approximation (LDA). Initially, self-consistent energy simulations were performed using the
Quantum Espresso software complex with program pw.x. Then the calculation of electron-phonon dynamic
matrices was performed using the program ph.x. The pseudopotentials of the Norm-conserving type [22] and
the following modeling parameters were used in the Quantum Espresso software package: 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
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240 Ry. The Brillouin zone (BZ) was represented using a 12 x 12 x 1 Monkhorst-Pack grid. To eliminate
possible parasitic energy oscillations during the simulation, a vacuum layer of 20 A thickness (1 A = 1-10-20 m)
was added to the considered structure.

The program epw.x from the EPW software package [7] was used to simulate the scattering rates. This
program is permitted to calculate the imaginary part of the eigenenergy
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where w is the phonon frequency, emk+q is the energy for the band with number m and wavevector k in the
Brillouin zone (g7), wgq, is the phonon energy with mode v and wave vector q in the BZ over which the
integration is performed, the parameters f;,4 and ng, are the Fermi and Bose distributions, respectively,
which are estimated at a given temperature, g,,,, (k, q) is the electron-phonon interaction matrix for the bands

with number n and m; 5 is the Fermi energy, the symbol § of the function means the necessity of performing
Gaussian smoothing operations during integration.

The total scattering rates of the electron-phonon interaction with phonon absorption and emission were
calculated from the imaginary part of the eigenenergy as [7, 8]

™t =2.1m(3o "), 2

The following values of the modeling parameters were chosen for modeling in the EPW program of the
dependences of the scattering rates. So the size of grids of the form NxNx1, which corresponded to the
conditional directions of coordinates X, y, z, for electrons and holes during interpolation procedures, was set
by the value of the parameter N, the value of which was equal to 264. The values of other modeling parameters
were taken as follows: the value of the Gaussian smoothing coefficient (parameter “dg”) - equal to 0.001 eV;
the value of 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 the value of 12.
The mode of setting the parameters “auto_projection” and “scdm_proj” to value “true” was used in modeling.

The value of the concentration of electrons and holes for all presented modeling results was taken as 1-10%2 cm-
3

[ll. RESULTS OF MODELING FROM FIRST PRINCIPLES OF ELECTRON-PHONON SCATTERING RATES
IN HYDROGENATED GRAPHENE

The dispersive phonon dependences of single-layer hydrogenated graphene C:H: type are considered for
modes of the ZA, TA, LA, ZO, TO, LO, LB, TB, LB*, TB*, ZS, ZS* type [9]. The first group of dependencies,
denoted as ZA, LA, TA, represents the scattering on acoustic phonons along the conventional longitudinal and
transverse directions (X, y coordinates), as well as the z coordinate orthogonal to them, respectively. The
second group of dependencies, denoted as ZO, LO, TO, represents the result of scattering on optical phonons
along the conventional longitudinal and transverse directions (X, y coordinates), as well as the z coordinate
orthogonal to them, respectively.

Among the additional modes that appear in hydrogenated graphene (graphane) by comparison with graphene
and are related to the processes of bending of the structure, two symmetric modes - longitudinal and transverse
LB and TB, and two asymmetric modes LB* and TB* can be noted. In the z direction, two modes associated
with stretching processes are formed. One of them is the symmetric mode ZS, and the other is the asymmetric
mode ZS* [9].

The results of modeling the scattering rates for modes TO, LO from energy obtained in the EPW program
using formulas (1-2) are presented in Figures 1-2 by lot of the blue and dark green dots, respectively. When
modeling these rates, variants of both emission and absorption of phonons are considered.

The obtained point data sets were subjected to approximation using analytic degree functions in the data
processing and plotting program ORIGIN when performing Fitting and Polinomial Fit operations in the Analysis
section. When performing these operations in the ORIGIN program, analytical dependencies are obtained with
minimal approximation errors.

Results of approximation of the first-principles modeling data for the ZA, TA, LA, LB, TB, LB*, TB*, ZO, TO,
LO, ZS, ZS* modes are presented by the curve 1 on the Figures 3-6. The total scattering rates 1 have the
dimension in s and the energy E have dimension in eV. Curve 1 shows the approximated dependences of
scattering rates on energy in the case of TO and LO mode in Figure 1 and 2, respectively.
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Figure 1. Dependence of the scattering rates for the
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Figure 3. Dependences of scattering rates on
energy in the case of ZO (curve 1), TO (curve 2)
and LO (curve 3) optical mode
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Figure 2. Dependence of scattering rates for LO
optical mode on energy
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Figure 4. Dependences of scattering rates on
energy in the case of ZA (curve 1), TA (curve 2)
and LA (curve 3) acoustic mode

The analysis of Figures 3-6 shows that the largest scattering rates are observed for the LB mode for small
energy value. ZA, ZO, LO, TO, ZS, ZS* modes have largest scattering rates at energy near the value 4 eV.
The scattering rates for the other modes LB, LB*, TB, TB*, TA, LA are significantly smaller than the scattering
rates for the above mentioned modes for the energy near 4 eV.
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Figure 5. Dependences of scattering rates on Figure 6. Dependences of scattering rates on
energy in the case of ZS (curve 1) and ZS* (curve energy in the case of LB (curve 1), TB (curve 2),
2) mode LB*(curve 3), and TB* (curve 4) mode

From the presented data, we can see that the scattering rates of mode LO are higher than scattering rates of
the modes TO and ZO in energy range from 2 eV up to 4 eV.

[V. CONCLUSIONS

The results of the study of electron scattering rates on phonons in a single layer of hydrogenated graphene
C:2H: type without a substrate are presented. The electron scattering rates for modes of ZA, TA, LA, ZO, TO,
LO, LB, TB, LB*, TB*, ZS, ZS* type at modeling from first principles are obtained. The presented dependences
and parameters of electron scattering rates on acoustic and optical phonons in hydrogenated graphene can
serve as a basis for modeling of new heterostructured devices containing graphene and other semiconductor
materials.
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AHHOTauus: MpadpeH obnagaeT BbICOKOW MOABWKHOCTBIO HOCUTENEN 3apsiaa, NpeBbllatoLle NoaBUKHOCTb
HocuTenen 3apsga Ans Bcex M3BECTHbIX MaTepuaros, 1 B HAcTOsILLLEEe BPEMS paccMaTpMBaeTCs Kak OauH 13
Hanbonee nepcnekTUBHbIX MaTepuanoB Afs CO303aHUA HOBbIX  MOMYNPOBOAHMKOBBLIX  NpubBOpPOB.
MpencraBneHbl pesynbTaTtbl MOAENUPOBAHUSA MHTEHCUBHOCTEN pacCesiHUSA SMEeKTPOHOB Ha aKyCTUYeCKUX U
onTuyeckmx (POHOHaxX B OOHOCMOMHOM ruapupoBaHHOM rpadeHe Tuna CzHz 6e3 noanoxku. [lpu
MOLENVPOBAHUN 3TUX WMHTEHCMBHOCTEN pPaCCMOTPEHbl BapuaHTbl Kak WCMYCKaHus, Tak W MOrnoweHus
oHOHOB. [lonyyeHHble 3aBUCUMOCTU WHTEHCUBHOCTEW pacCesiHusi HocuTenen 3apsiga  no3BonsT
uccnenoBaTb OCHOBHbIE XapaKTEpUCTUKM UMX TpaHcnopTa B MOMYNpOBOAHMKOBBLIX CTPYKTypax npwu
MoOenupoBaHuK ¢ ucrnonb3oBaHneM Metoaa MoHTe-Kapno. XapakrepucTukm n napameTpbl TMapMpoBaHHOIO
rpadeHa MoryT OblTb UCMOMb30BaHbl 419 CO34aHUS HOBbIX FeTEPOCTPYKTYPHBIX NMPMOOPOB C YryYLLIEHHBIMM
BbIXOOHBIMW XapakTepucTUKamu.

KntoueBble crnosa: rpadgpeH, poHOH, MOAEeNMpoBaHne, NoNynpoBOAHUKOBAs CTPYKTypa.
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