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Fig. 1. (color onmline) Lattice structure of 2H-MoSg
and first Brillouin zone: (a) The top view of 2H-MoSa,
pink and yellow balls represent for Mo and S atom re-
spectively; (b) first Brillouin zone corresponding to the

lattice structure on (a).
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Table 1. Structure parameter and primary property of three phases.
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Fig. 2. (color online) (a) Upper part is the top view
of 2H-MoS2, lower part is the side view of 2H-MoSs;
(b) FBZ for 2H-MoS2 and high symmetry points;
(c) band structure of 2H-MoS2; (d) DOS of 2H-MoSs.
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Fig. 3. (color online) (a) Upper part is the top view
of 1T-MoS2, lower part is the side view of 1T-MoSs;
(b) FBZ for 1T-MoS2 and high symmetry points;
(c) band structure of 1T-MoS2; (d) DOS of 1T-MoSs.
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Fig. 4. (color online) (a) Upper part is the top view Eﬁ —
of ZT-MoSg, lower part is the side view of ZT-MoSg; E B
(b) FBZ for ZT-MoS2 and high symmetry points; 287
(c) band structure of ZT-MoS2; (d) DOS of ZT-MoSs. —3.0
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Fig. 5. (color online)(a) Energy-strain relationship
along X and Y directions; (b) shifts of conduction
band minimum and valence band maximum under

strain along X direction.
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Table 2. Mobility of 2H-MoS2 at 300 K.

Carrier Ei/eV C/N-m~! m*(me) p/ecm?V—l.s1

ex —8.83 157.27 0.49 119.54
hz —4.06 157.27 0.60 377.10
ey —8.84 156.20 0.50 113.76
hy —4.07 156.20 0.61 360.58

£3 300 KEET ZT Mtk
Table 3. Mobility of ZT-MoSs2 at 300 K.

Carrier Ej/eV C/N-m™! m*/me p/cm2.V—1ls™1
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hy —3.69 166.44 0.159 6879
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Table 4. Adsorption energy of Li absorbed on the sur-

face of three phases.
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i 28 F R 7E SR A R 4 N — S Li JE 7 B HR 2H AH SRR AE
Fig. 6. (color online) Energy pathways of the phase
transition from 2H to 1T. Red, blue and green repre-
sent for transitions which occur directly, with addition
of one electron and with the insertion of one Li atom

in the unit cell, respectively.
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2H A N IT A I RE 22 R 1.24 eV, FHAETE N %
Sy RIS 1T AHAE 4 2H FHERE22 1 M 1.04 eV [£ 2]

0.94 V. 2H A5 1T #H 2 [8) B9 AH B 3% A AE 5] N8
JEF G N RE, X — M S R s L 1
SCHR [19] FTERL S5 SR 2H-1T A7 AR i B /N i == il
2 5 A SO LA SRR, U B AR SCAE N D Y 4
LHH DB IE R R FF T g B IER . 53¢
R [19) AR Z AL AE T, ASCH 2H-1T AR [ B 22 1
15 1.85 eV, UL EE 8 b B W /12 15, 2H-1T
AEZAZ B0 PR

S R B R AL N AR R, T
WEE/NT 1013 em ™2 B, A BH H 5 6 o Ui 2 Y
IR N, RN FRYE . 30 T A
HL PR R T 108 em 2 I, —HiALEH s S R BE TR
FERIN gD, RO AE R P BRI
SO TE TR P ORI 6 R A B AT SR A
2 {H AR S0 B AN ORI FE LR A T
B A B 2H AHAE 9 1T AH.

R Sh AR e 51 2 AR 9 4H 5 4d B0
HLF 43 il = A E (d s, dys) (day, dazoy2) (daz),
BH LTI (d2), HAREIE 2, 25y Al iy 2 [A]
FEARR, MSE R RAE. M2HM P I NI T
JG, BT RIS (day, dez_y2), ZHERIE L
5, 2HAH G5 A E Ve . 1T AH R 7 B 2 L 0E
(dpz_y2, ds2) (day, daz, dyz), BHHT HHE=AN
HHIE (duy, dus, dye) PRI, SIA—NHETE,
LS X = AN IEPOE, MR M. sie
P T S H A Y 1T HIESE T Bk & ki 38
VE [15]_

SCHR [17) 18 3 %5 2 vz ek BRI 5T R B 20% 1Y
HUR R 77 th e 5 800 2 i 8H 2H ML 8 1T
FH, H AR R 77 4% AR M LK B 1T 3% IR AL AR B
1R AT LA 5]k B2 R A6 B (MoTes) 2H #H 56 1k
SNAT A, Bt CAMLAR S 3% a] F - B2 s A0 B A
A,

4 % #

AR 3 T3 B V2 R H S 1 5 — 1 JRUE
%, IS T E B B, BHAE T R AL
BH2H, 1T, ZT = FibH (1 o 2 1 o A SR 3,
SR SIS R e T S RIAR I LA A,
RE R B = R I AR e MO RN 2HSZT>1T. B
WA IR ITHEA &EM R, 2T A
SRR, N 0.01 eV, RJG 45 AL HA T
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WiHE 7 2H M ZT AHRIE R 26, 2H A s F1 733 X
IR FAE 100400 cm?-V—1s™1 2 Ja]. Hhikd 2H AH,
ZT A HL - A O 300 & R 3 FRAIK, S EOHT
MR EERT, SIA10" cm? Vs ZT F I &
TR RN T 2H AR SR, 3P RE T B2 =
TRACEH RN B VE . R e i b 2 A e R I =
FEWR PR ER - AR e R RN 1T>ZT>2H, 5=
PR E M e A . d5efa TR 2H-1T AHAZ g il
2, fERE T 5l AL AR R ARSI AT
S8 SN B 2 R A B L I8 ) A% SR AE DL R A G
HL B R RE A T PR I L S

S Wk

[1] Novoselov K S, Geim A K, Morozov SV, Jiang D, Zhang
Y, Dubonos S V, Grigorieva I V, Firsov A A 2004 Sci-
ence 306 666

2] LiL, YuY, Ye G J, Ge Q, Ou X, Wu H, Feng D, Chen
X H, Zhang Y 2014 Nat. Nanotechnol. 9 372

[3] Wang Q H, Kalantar-Zadeh K, Kis A, Coleman J N,
Strano M S 2012 Nat. Nanotechnol. 7 699

[4] Ataca C, Sahin H, Ciraci S 2012 J. Phys. Chem. C 116
8983

[5] Yin Z Y, Li H, Li H, Jiang L, Shi Y M, Sun Y H, Lu G,
Zhang Q, Chen X D, Zhang H 2012 ACS Nano 6 74

[6] Li H, Wu J, Yin Z, Zhang H 2014 Acc. Chem. Res. 47
1067

[7] Mak K F, Lee C, Hone J, Shan J, Heinz T F 2010 Phys.
Rev. Lett. 105 136805

[8] Radisavljevic B, Radenovic A, Brivio J, Giacometti V,
Kis A 2011 Nat. Nanotechnol. 6 147

[9] Docherty C J, Parkinson P, Joyce H J, Chiu M H, Chen

C H, Lee MY, Li L J, Herz L. M, Johnston M B 2014

ACS Nano 8 11147

Miwa J A, Ulstrup S, Sorensen S G, Dendzik M, Cabo

A G, Bianchi M, Lauritsen J V, Hofmann P 2015 Phys.

Rev. Lett. 114 046802

Eda G, Yamaguchi H, Voiry D, Fujita T, Chen M,

Chhowalla M 2011 Nano Lett. 11 5111

Eda G, Fujita T, Yamaguchi H, Voiry D, Chen M W,

Chhowalla M 2012 ACS Nano 6 7311

Qian X F, Liu J W, Fu L, Li J 2014 Science 346 1344

[10]

[11]
[12]

[13]

[14]

[15]

[35]

)
=)

w
=

)
ek

127101-7

Fan X, Xu P, Zhou D, Sun Y, Li Y C, Nguyen M A,
Terrones M, Mallouk T' E 2015 Nano Lett. 15 5956
Kang Y, Najmaei S, Liu Z, Bao Y, Wang Y, Zhu X, Ha-
las N J, Nordlander P, Ajayan P M, Lou J, Fang Z 2014
Adv. Mater. 26 6467

Wang L, Xu Z, Wang W, Bai X 2014 J. Am. Chem. Soc.
136 6693

Duerloo K A, Li Y, Reed E J 2014 Nat. Commun. 5
4214

Kan M, Wang J Y, Li X W, Zhang S H, Li Y W, Kawa-
zoe Y, Sun Q, Jena P 2014 J. Phys. Chem. C 118 1515
Gao G, Jiao Y, Ma F, Jiao Y, Waclawik E, Du A 2015
J. Phys. Chem. C 119 13124

Moses P G, Mortensen J J, Lundqvist B I, Norskov J K
2009 J. Chem. Phys. 130 104709

Kresse G, Furthmiiller J 1996 Comput. Mater. Sci. 6 15
Kresse G, Furthmiiller J 1996 Phys. Rev. B 54 11169
Kresse G, Joubert D 1999 Phys. Rev. B 59 1758
Perdew J P, Burke K, Ernzerhof M 1996 Phys. Rev. Lett.
77 3865

Dion M, Rydberg H, Schréer E, Langreth D C,
Lundqvist B I 2004 Phys. Rev. Lett. 92 246401

Klimes J, Bowler D R, Michaelides A 2010 J. Phys. Con-
dens. Matter 22 022201

Monkhorst H J, Pack J D 1976 Phys. Rev. B 13 5188
Kaasbjerg K, Thygesen K S, Jacobsen K W 2012 Phys.
Rev. B 85 115317

Kaasbjerg K, Thygesen K S, Jauho A P 2013 Phys. Rev.
B 87 235312

Bardeen J, Shockley W 1950 Phys. Rev. 80 72

Fei R, Yang L 2014 Nano Lett. 14 2884

Long M Q, Tang L, Wang D, Wang L J, Shuai Z G 2009
J. Am. Chem. Soc. 131 17728

Cai Y, Zhang G, Zhang Y W 2014 J. Am. Chem. Soc.
136 6269

Liu K K, Zhang W, Lee Y H, Lin Y C, Chang M T, Su
CY, Chang C S, Li H, Shi Y, Zhang H, Lai C S, Li L. J
2012 Nano Lett. 12 1538

Wu M S, Xu B, Liu G, Ouyang C Y 2012 Acta Phys.
Sin. 61 227102

Tang Q, Jiang D E 2015 Chem. Mater. 27 3743
Radisavljevic B, Kis A 2013 Nat. Mater. 12 815
Enyashin A N, Yadgarov L, Houben L, Popov I, Wei-
denbach M, Tenne R, Bar-Sadan M, Seifert G 2011 J.
Phys. Chem. C 115 24586


http://wulixb.iphy.ac.cn
http://wulixb.iphy.ac.cn
http://dx.doi.org/10.1126/science.1102896
http://dx.doi.org/10.1126/science.1102896
http://dx.doi.org/10.1038/nnano.2014.35
http://dx.doi.org/10.1038/nnano.2012.193
http://dx.doi.org/10.1021/jp212558p
http://dx.doi.org/10.1021/jp212558p
http://dx.doi.org/10.1021/nn2024557
http://dx.doi.org/10.1021/ar4002312
http://dx.doi.org/10.1021/ar4002312
http://dx.doi.org/10.1103/PhysRevLett.105.136805
http://dx.doi.org/10.1103/PhysRevLett.105.136805
http://dx.doi.org/10.1038/nnano.2010.279
http://dx.doi.org/10.1021/nn5034746
http://dx.doi.org/10.1021/nn5034746
http://dx.doi.org/10.1103/PhysRevLett.114.046802
http://dx.doi.org/10.1103/PhysRevLett.114.046802
http://dx.doi.org/10.1021/nl201874w
http://dx.doi.org/10.1021/nn302422x
http://dx.doi.org/10.1126/science.1256815
http://dx.doi.org/10.1021/acs.nanolett.5b02091
http://dx.doi.org/10.1002/adma.201401802
http://dx.doi.org/10.1002/adma.201401802
http://dx.doi.org/10.1021/ja501686w
http://dx.doi.org/10.1021/ja501686w
http://dx.doi.org/10.1038/ncomms5214
http://dx.doi.org/10.1038/ncomms5214
http://dx.doi.org/10.1021/jp4076355
http://dx.doi.org/10.1021/acs.jpcc.5b04658
http://dx.doi.org/10.1021/acs.jpcc.5b04658
http://dx.doi.org/10.1063/1.3086040
http://dx.doi.org/10.1016/0927-0256(96)00008-0
http://dx.doi.org/10.1103/PhysRevB.54.11169
http://dx.doi.org/10.1103/PhysRevLett.77.3865
http://dx.doi.org/10.1103/PhysRevLett.77.3865
http://dx.doi.org/10.1103/PhysRevLett.92.246401
http://dx.doi.org/10.1088/0953-8984/22/2/022201
http://dx.doi.org/10.1088/0953-8984/22/2/022201
http://dx.doi.org/10.1103/PhysRevB.13.5188
http://dx.doi.org/10.1103/PhysRevB.85.115317
http://dx.doi.org/10.1103/PhysRevB.85.115317
http://dx.doi.org/10.1103/PhysRevB.87.235312
http://dx.doi.org/10.1103/PhysRevB.87.235312
http://dx.doi.org/10.1103/PhysRev.80.72
http://dx.doi.org/10.1021/nl500935z
http://dx.doi.org/10.1021/ja907528a
http://dx.doi.org/10.1021/ja907528a
http://dx.doi.org/10.1021/ja4109787
http://dx.doi.org/10.1021/ja4109787
http://dx.doi.org/10.1021/nl2043612
http://wulixb.iphy.ac.cn//CN/abstract/abstract50493.shtml
http://wulixb.iphy.ac.cn//CN/abstract/abstract50493.shtml
http://dx.doi.org/10.1021/acs.chemmater.5b00986
http://dx.doi.org/10.1038/nmat3687
http://dx.doi.org/10.1021/jp2076325
http://dx.doi.org/10.1021/jp2076325

) I8 % 48 Acta Phys. Sin. Vol. 65, No. 12 (2016) 127101

First-principles study on multiphase property and phase
transition of monolayer MoS,*

Zhang Li-Yong"? Fang Liang"?" Peng Xiang-Yang®

1) (State Key Laboratory of High Performance Computing, National University of Defense Technology, Changsha 410072, China)
2) (School of Computer, National University of Defense Technology, Changsha 410072, China)

3) (School of Physics and Optoelectronics, Xiangtan University, Xiangtan 411005, China)
( Received 13 January 2016; revised manuscript received 14 April 2016 )

Abstract

Using first principles calculations within density functional theory, we investigate multiphase property and phase
transition of monolayer MoSs. All the quantities are calculated using the Vienna ab initio simulation package. Calcula-
tions are performed within the generalized gradient approximation with van der Waals corrections (optimized Perdew-
Burke-Ernzerhof-vdW). The cutoff energy of plane-wave is set to be 400 eV. The atomic plane and its neighboring image
are separated by a 15 A vacuum layer. The k-meshes for the structure relaxation and post analysis are 11 x 11 x 1 and
19 x 19 x 1 respectively.

Firstly, we obtain the geometry configurations of 2H-MoS2, 1T-MoS2 and ZT-MoS; phases through structure re-
laxing. The lattice constants of 2H-MoS» are a = 3.190 A and b = 5.524 A, and total energy is —39.83 eV which means
that it is the most stable phase. The lattice constants of 1T-MoSz are a = 3.191 A and b = 5.528 A, and total energy is
—38.21 eV, which means that it is the most unstable phase. Both 2H-MoS; and 1T-MoS; have a three-layer structure
with two S layers sandwiching one Mo layer. The difference of 1T-MoSs from the 2H-MoS2 is the upper S layer shifting.
The ZT-MoSsy derives from 1T-MoSs through lattice distortion. The lattice constants of ZT-MoSs are a = 3.185 A
and b = 5.725 A, and total energy is —38.80 eV. The total energy determines the following stability order of three
phases: 2H-MoS2>ZT-MoS2>1T-MoS2. Our computed results agree well with the other computed and experimental
results. Band structure and density of states confirm that 1T-MoSs is metallic and ZT-MoS:2 is semiconducting. But
the bandgap of ZT-MoS2 phase is only 0.01 eV. Then we compute the intrinsic carrier mobility values of 2H-MoS2 and
ZT-MoS; at 300 K with the deformation potential theory. The carrier mobility of 2H-MoS; is between 100 cm?. V1.5~ !
and 400 cm?-V~'.s7'. Owing to ZT-MoS, carrier effective mass decreasing obviously, the carrier mobility of ZT phase
rises to 10* cm?-V~'.s™!. The great carrier mobility of ZT-MoSs covers the shortage of 2H-MoS, and expands the
applications of monolayer MoSs.

After obtaining the intrinsic properties of three phases, we investigate the phase transition of monolayer MoSa.
Adsorption energy becomes more accurate with van der Waals corrections. Through comparing the adsorption energy,
we conclude that the stabilities of Li absorbed on the surfaces of three phases are in the following order: 1T-MoS2>ZT-
MoS2>2H-MoS;, which is opposite to the stability order of the three phases. It means that 1T-MoS2 absorbs Li more
easily than 2H-MoS2. Finally we compute the energy pathways of the phase transition from 2H-MoS2 to 1T-MoSa.
Introducing an electron makes the energy barrier of 2H-1T transition change from 1.85 eV to 1.49 eV. Increasing electron
concentration reduces the difficulty in producing phase transition. Li intercalation plays the same role as an electron
and the energy barrier drops to 1.24 eV. In conclusion, the MoS; electron concentration change is the key reason for

phase transition. The study results may provide guidance for the preparation and characterization of monolayer MoSs.

Keywords: MoS,, mobility, 2H 1T phase transition, density functional theory
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