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Abstract: The electronic structures, deformation potential, electron-phonon
couplings (EPCs), and intrinsic charge transport of layered systems — the
sp + sp? hybridized carbon allotropes, graphynes (GYs) and graphdiynes
(GDYs), as well as sp? + sp® hybridized structure with buckling, such as
stanine — have been investigated theoretically. Computational studies % &% ¢ 6.4
showed that, similar to graphene, some GYs can possess Dirac cones (such gﬁf@ﬁwc
as a-, B-, and 6,6,12-GYs), and that the electronic properties of GYs and § "o Y
GDYs can be tuned by cutting into nanoribbons with different widths and £ %(\im“""fh 10rp-¢

edge morphologies. Focusing on the features of Dirac cones, band structure % odoe® oupling

engineering can provide a clue for tuning electronic transport in 2D Graphdiyne Stanene
carbon-based materials. Based on the Boltzmann transport equation and the

deformation potential approximation (DPA), the charge carrier mobilities in GYs and GDY's were predicted to be as high as
10*-105 cm?-V~'-s™! at room temperature. Interestingly, due to lower EPC strength and longer relaxation time, the charge
carrier mobility in 6,6,12-GY with double Dirac cones structure was found to be even larger than that of graphene at room
temperature. The unique electronic properties and high mobilites of GYs and GDYs make them highly promising
candidates for applications in next generation nanoelectronics. Additionally, through the full evaluation of the EPC by
density functional perturbation theory (DFPT) and Wannier interpolation, the EPCs with different phonon branches and
wave-vectors as well as charge carrier mobilities for graphene, GYs and stanene have been discussed. This showed that
the longitudinal acoustic (LA) phonon scattering in the long wavelength limit is the main scattering mechanism for GYs
and graphene, and thus the DPA is applicable. Due to stronger LA phonon scattering, the electron mobilities (~10*
cm?V-1-s7") of a-GYs and y-GYs were predicted to be one order of magnitude smaller than that of graphene at room
temperature by full evaluation of the EPC. However, the DPA would fail if there was buckling in the honeycomb structure
and the planar symmetry was broken (absence of on), such as in stanene, where the inter-valley scatterings from the
out-of-plane acoustic (ZA) and transverse acoustic (TA) phonons dominate the carrier transport process and limit the
electron mobilities to be (2-3) x 103 cm?-V~"-s™" at room temperature. In addition to our calculations, others have also
found that the main scattering mechanisms in layered systems with buckling, such as silicene and germanene, are ZA and
TA phonons. Thus, these results give us new insights into the role of EPCs and the limitation of the DPA for carrier
transport in layered systems. They also indicate that the carrier mobilities of systems without on-symmetry can be
improved by suppressing the out-of-plane vibrations, for example by clamping by a substrate.
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Fig. 1 Geometric structures of GYs and GDY 3!,
(a) a-GY, (b) B-GY, (c) y-GY, (d) GDY, (e) 6,6,12-GY.
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Fig. 2 Band structures of GYs and GDY at PBE level.
(a) y-GY %, (b) GDY %2, (c) a-GY 2!, (d) B-GY 2!, (e) 6,6,12-GY 2!.
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Fig. 3 Geometric structures of ANR and ZNR for
GDY with different widths (number of Cs hexagons),

the red frames represent unit-cells 7.
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Table 1 Band gap Egap, effective mass me*(mn*), deformation potential constant D¢(Dn), 1D elastic constant

C1p and mobility uc(un) at room temperature (300 K) for five GDY NRs at PBE level !,

NR EgapleV mn*/mo me*/mo Dy/eV D/eV Cip/(eV-em™) un/(em?- V17l ue/(em?-V-lg7h)
2-ANR 0.954 0.086 0.081 7.406 2.006 1.244 x 10* 0.711 x 103 10.580 x 103
3-ANR 0.817 0.087 0.086 6.790 1.730 1.864 x 10* 1.253 x 103 19.731 x 103
2-ZNR 1.205 0.216 0.281 4.386 1.972 1.035 x 10* 0.426 x 103 1.418 x 10°
2.5-ZNR 1.015 0.174 0.207 4.776 2.054 1.420 x 10* 0.679 x 103 2.829 x 103
3-ZNR 0.895 0.149 0.174 4.786 2.000 1.787 x 10* 1.073 x 10° 5.015 x 103

my is the mass of electron.
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6,6,12-GYs UL R B IR 0 B o, BB EHR D, DR EEGBK)
B ()M 8] 7o (tn) FIIEFEZE pe (un) 2

Table 2 2D elastic constant Czp, deformation potential constant D, carriers scattering time 7. (rn), and mobility

Me (un) at room temperature (300 K) for a-, B-, and 6,6,12-GYs, as well as graphene at PBE level 21,

acetylenic linkage/(%) axis D/eV Cip/(J-m?) /ps 7e/ps un/(cm?- Vg7l te/(cm? Vs

o-GY 100 a 2.94 94.30 2.84 2.83 3.316 x 10* 3.327 x 10*

b 2.97 95.19 2.80 2.79 2.960 x 10* 2.716 x 10*

B-GY 66.67 a 2.99 131.41 5.82 6.40 1.076 x 10* 0.892 x 10*

b 3.11 130.65 5.37 5.91 0.856 x 10* 0.798 x 10*

6,6,12-GY 41.67 a 3.07 199.37 12.31 17.75 42.92 x 10* 54.10 x 10*
b 3.56 150.52 6.93 9.99 12.29 x 10* 24.48 x 10*

graphene 0 a 5.14 328.02 13.80 13.94 32.17 x 10* 33.89 x 10*
b 5.00 328.30 13.09 13.22 35.12 x 10* 32.02 x 10*

a (b) axis is perpendicular (parallel) to C—C bond direction.

JEHLL, 6,6,12-GY 1 a J5 [ B A B/ 5 2
AN EZ AR A EL, R T 6,6,12-GY [ H
A AR LA SR IG RS, 45 6,6,12-GY W&
a J5 T F i IR A b B IE TR B
T, MR4EAR(), AR FIERL R A
T PGS [a], 5 HEE R DL R SRR T AR %,
6,6,12-GY HIAT 2145 B0 X BB AN K
pie e, FHAFREMETFHEESETS
R,

T IR RS AL AT A SRR RE S BN 4 R BRI
ZJEEAE R RGO B s A R R MK
TOHERRFAE R, e 45 T RERENE v 4R AL
LI s P TR s SR — A R R
3.3 RHHBEEIFE AR SRR

DPA J79%2 H Bl 3 4b e 5 /8 A (1048 20
5, TEZRIRT A8 28, 8k 2 ST
RIM P A KR, HEAOCERHRIER q &
TEI LA 75T, HoAth i 58 Ase =X 1) 75 -7 B0
X AERROA R IR LA B T s TRk e 2 sl
Ut DPA J7 VETEIX S A b v 55 v (0 o At 1 AR5 A 1
WHAT? SN 7[RI IX AN 1A R, f o0 20K =R i oL 75
AT (ARQG)). EiXEBD, RATEHE L
MeR3ET DFPT + EPW HIRE 0 1H A B = /& 0 1
TCHITT %, 2R 5 1R R T T A S0 A
B PR R A AR AL ot TR B TR RE RS R
B 52 DPA kit SEa Bif i, W
DPA J7 ik HEmPE RS M 30, 78 F —#4, 3
T3 — 5 LLAEF 1 buckling 45K 1805 N1 kS
Wi S AR S A s e, S T A R
WA SRRt b, 0] DPA 5 vEE FvE 5 — 4Ebt
LR [B] 28 2R 34,

DFPT 36 i@ it [ 74 >R i oA 25 B 1) — B e

RS IRIGAT B T (4, @B . ARAEM AL I B AT
R H T (n, K)BUR ARG T HAAK
(WAQ) AT ., 3T A% Z2 A5t T4 [ 1) v 35 575 0 A B
WX BB HE k(g7 5>, W4 DFPT H)itH&
BRMRKH, JCHXEREREANREMAER . i
K, Giustino %5 373860 JtF DFT (Density
Functional Theory, % %72 p8)F1 DFPT 15 1% 57
k(q)Mi& T Re & A T REE N A ARG AR R
TG, A X e P A S A A 1) SR e, i B
JeIRIE A BEARTRAT EATTHE B 4R k(q) A& T I 28UE
RE M AE ORAIE T 50K FE (%) [R) I B O 32 e vk B 80
AR E SRR TR

1) FIf DFT M DFPT itk k(q)M%
NFD x NK@ s NMoef [y e F 0 #5080 HES. 7578 /)
FHETT D U E RS HETT gh(k.g)s

2) i3 & K A B8 /K (Maximally
Localized Wannier Functions, MLWFs) /5% ¢!, 3k
15 HL - P A 0 IR 2 T 38 S A Y LR AR R
(Ui}, FEHE I S22 8] ) 1 15 25 4

Hip =2 e " U U, ()

k

Horft R AR, /2 S22 (8] NF > N < N§ o 5 A o
S 7% [B] PR 7 - 30 70 2 FE B oo B n] R A AR A R
i{eq}ﬁgiﬁz

ph _ ~i(R',~R,) ph ,t
Dy p =D e, D!"e] (8)
q

Forp R, R, JE S5 [A] N < NY < N H 5 AR FR
S 2% () 1) H 75 R A R P T T R R
g(Re,Rp)zNLz:e_i(k'R“+q'k”)U,f+qg(k,q)U,(e;1 )
p ka
HH Nupy = NFO x NE@ x NE@ 2 5723 [7] J5 [y A
o WXLy AR L A WA A /M, A
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DAAR 4 2 20 (2) F1 (1) 43 il o B3 80 1 1) 5t 35 I [
bR 2%
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Fig.5 The strength of EPC from LA phonon scatterings in graphene and GYs 3.
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Contour plots showing the square of EPC matrix elements |gh,,.(k,q)]* (in €V?) calculated by DFPT and EPW for (a) graphene, (b) a-GY and (c) y-GY, as a

function of LA phonon wave vector ¢ (near the center of the Brillouin zone). & is at the conduction band (CB) minimum (K-point for graphene anda-GY,

M-point for y-GY) and the initial » and final m electronic states are both limited to the CB; (d) The matrix element of LA phonon scattering as a function of

phonon wave vector |g| in the long-wavelength limit. The slope is the LA deformation potential constant.
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Fig. 6 The electron scattering time and mobility as functions of temperature for graphene and GYs .

(a), (b) and (c) are the scattering times of an electron at the conduction band minimum by different phonon modes as a function of temperature for

graphene, a-GY, and y-GY; (d) Electron mobility limited by LA phonon scattering as a function of temperature for these systems.

TH=MMEIEERSRENXR; =R F UM
FEFREAHUR N () s RN [R] L 1T A% DL
FOBBE R TR 3. WRIEE 6 f1k 3, ALLTFZ
W 1) iR N LA AT BUR S0 T 5 R 8]
(T %)5 DPA J7iE3 AR M4 SR BT, Wk
WA SR A RIS a-GY  HL TSl I TR 4 )
N 12.78 F1 2.33 ps, 1L FE #5000 34.12 x 104

M1 1.07 x 10* cm?V1s7! (DPA J7 V5115 (1) 5 fl 4>
W 1322 ps 20 Fl 279 ps 21, 32.02 x 10
em? V- 1s 1 29F1 2,72 x 104 cm?- V1571 2, 3% i B
FEX KRR, 6 LA B P EURHE EEsTEk A K
WK (g~0)ih 55 2) TEAR KU B P (B G = i)
XX = AR B R T RO R = R ER 2 LA
BT X — AR T LA B 75T H 8

®3 FREGKORME. o y-GYs FARE TS KRBT E ) MBI TE « MEBR u ¥

Table 3 The carriers scattering times and mobilities with different phonon scattering mechanisms for graphene,

a-, and y-GYs at room temperature (300 K) 3.

phonon mode graphene a-GY v-GY
hole electron hole electron hole electron

LA 14.28 12.78 2.17 2.33 0.56 1.25

TA 161.32 111.46 711.64 882.80 16.30 20.27

7/ps LO 27.78 26.43 68.74 70.06 17.07 22.61
TO 74.98 76.02 33.57 34.29 59.19 79.78

total 7.97 7.24 1.97 2.11 0.52 1.10

LA 41.38 34.12 0.99 1.07 0.39 2.42

TA 591.81 304.75 314.66 380.06 7.30 13.04

1/(10* cm?V-1-s71) LO 82.43 78.22 73.41 75.12 7.61 10.05
TO 218.06 222.53 59.16 59.70 27.82 37.81

total 23.49 20.05 0.96 1.03 0.35 1.62

The total scattering times and mobilities are also obtained with Matthiessen’s rule; the scattering times and mobilities are all parallel to

C—C bond direction; The scattering times and mobilities from Refs. 21 and 29 are obtained by DPA.
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Fig. 7 Geometric structure, band structure and phonon dispersion of stanene 34,

(a) Top and side view of stanene; (b) Schematic illustration of the first Brillouin zone and high symmetry points; (c) Band structures of

graphene (black-dashed), stanene without spin-orbit coupling (SOC) (red-solid) and with SOC (blue-solid, inset); (d) Phonon dispersions of

graphene (black-dashed) and stanene (red-solid).
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Table 4 Intervalley scattering and intravalley scattering for electrons in stanene and graphene at Dirac

point K and 300 K 3,
stanene graphene
Scattering rate/s ™!
intravalley intervalley total intravalley intervalley total
ZA 1.27 x 103 1.84 x 1012 1.84 x 1012 1.15x 107 2.33 x 107 2.33 x 107
TA 9.11 x 107 1.16 x 10'2 1.16 x 10'2 6.43 x 10° 1.08 x 107 6.44 x 10°
LA 1.74 x 1010 4.68 x 10° 2.21 x 10%° 2.12 x 10" 5.89 x 107 2.12 x 10"
Z0 2.01 x 108 1.29 x 1010 1.31 x 100 1.41 x 107 8.83 x 10° 8.85 % 10°
TO 6.96 x 1010 1.23 x 1010 8.19 x 10'° 7.70 x 10° 6.62 x 10° 1.43 x 1010
LO 6.62 x 1010 1.62 x 10! 2.29 x 101 5.66 x 10° 4.75 x 1010 5.32 x 1010
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£5 WRZLME buckling, TBEHHEH Dia. EE DPA FEETHEKITBER uO ZEH RS THEKITBR p PO XL 4
Table S The buckling, deformation potential constant DiLa, mobility calculated with DPA uppa compared to that by

the full evaluation of ECP ugpc for 2D materials 3.

Buckling/nm Dra/eV 1P (em?- Vs 1P/ (em?- V157! symmetry  Dominant phonon
stanene 0.085 3 0.48 3 (3-4)x 1003 2000 - 3000 3+ D3q ZA, TA*
germanene 0.069 787 1.16% 6.2 x 10380 280076 D34 ZA, TAT®
silicene 0.045 81.82 2,138 2x10%8 210077, 1200 %, 750 7° D3q ZA 067677 TA 6676
graphene 0.0 5.14%9, 42430 (2-3)% 1053 x 1052, (2-3)x 1052 x 1053, Doy LA
1 %1058 1.5x 10377
a-graphyne 0.0 7.3430 3 x 10421 1 x 10430 Doy LA
Monolayer MoS, - 456 529~ 11.36% 72 -20085 40077, 13096, 4107, D3y, LA 66:67 LO,07

15086, 230 87

The point group Dyp, possesses n-fold rotational symmetry with horizontal mirror symmetry oy, while Dyg possesses n-fold rotational

symmetry without horizontal mirror symmetry.

A EL, BT ZA 75T HOH B A S A U R
TEFEH. BT ZA FFRNEUR, BATNE
THE GG 34 DL R HAth STk 38 B REM 0076 FNEE I 70
HEARORN ZA AT TA 75T A, I f
buckling 454 B R ER T s A 5K DTk -
EG R A S T, BATATLAS H DPA U7
EAE R BB T: 1) ASEA on XFARIER — 4
R R ARG ZA BT A NEU: 2) B
SR ZA FTA AR . R, DPA J7 %)
ST A S0 A SR bR DL R 3B TH = WA ¥R 45 44 1)
HZ IR & B AP0 MoS,) (B on XTFR
PEYEE A, (EXAEFH A buckling 45 #4) If i
Wiy HIRAG G SRR on NI —RAGIER

4 Zw5REE

TEIX R SRR, FATNELG v 5 A 5 55 5 (0] ot
T SRR ) L 5 A R I E A B T s YR T
KA L B EA 50 805U Ik B v HE
FEEREFIE, B0 o-, B-F1 6,6,12-GY; FiaslR=E
BT A% %] 104-10° em> Vs, JEH BT
6,6,12-GY A ] 294 Bl X 2 A WA A EM 5k
FrviHE, MAETKRREAMEAERZ BT oM A
B TR, N B LA SRR LA T
U, TR 6,6,12-GY =IRITFE K AE b A7 SR 4510
s IR Y SR AN [F] 5 1R BY U AN [R]
FER)— 49 Kas, Reg BB AR B
JRE TR REUE, X ARG B B s v
FREERME T — KA SR, ErETEL, &
1 AR T A B R S 0TS 77 DPA
15 A1 DFPT+EPW 532, FHH EA1E FH 24 S H
FIER R . DPA ik AL s fe T Hob &2 44

() HL P R A SR RO T AR # H BOR s v 8, TR A
fai s, e HMSEMEAN T FEERLSET
REME RS 0 m ROt T A IR X BB % ¢ AT
AR FERAMEFERE, XS ERERER
(1) FEL 7 R B FEL A B e M R Ot T A I
HARTHE. N T ULHH DPA J7VE7E 4 2R LR
P A, AT 586 A TR A R, A
PSS A S A SRR ATIE T buckling 4514
Bk s o, AR TR =
B 45 K9 MoSa 1 buckling 45 ¥4 ik 45 FES 4 o e 75
TG Az T S SOk, R T DPA ETE
W RAER: 1) 5T ZA B PR N
SHE X SR B on SEFRE I — 4k 2R R 2)
BB ZA 1 TA 75745 A HUH 1 — 48 2R
Bl BN G . B IR 2%, DPA J5iExt B
on RTFRIE . BL LA B PR WEUR N ERA 8806 A
SRR MoS, 552 E 1.

T S U T e BE ARG 4 7 AR B A o 4k R
SR G AR RIBTE IR H T AR (BRI,
BAVBE B H a7 A 8B ER W FAT AL T WG B B
Ky TAEREREMB IR, 2% FUHGDY
W h &, FAERKEM. SR, maEtEm
Z i S5 R R R R A7 AR — e R APk, 72
TERT I 4« S5 AR AE DL K Th 6 P 5 L gk 4
P BB, BT E & g R R RE AT S 1 B 1)
[F] 57 AR B 75 B AE 4 5 45 A BRI RN S 56 3R AT 45
Ko BAVHE A B P REAE AR RO B N A E
FUEE T BT R AL KL, R ThRER RHRE 2 (1) & FE
A R BT PR

B R I BRI o0 AR AR R A DTk o
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