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Fig. 1. Various types of interfacial defects in GaN: (a) Interfacial amorphous layer”; (b) atoms dislocation®; (c) strainl™); (d) voidsl’.
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Fig. 2. Study methods for interface thermal transport: (a) AMM and DMM models; (b) phonon wave packet method; (c) atomic

Green’s function method; (d) molecular dynamics method.
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Fig. 6. (a) Structure of GaN/SiC interface with isotope doping, and the calculated thermal boundary conductance with different

doping concentrations!®; (b) structure of GaN/SiC interface with light atoms doping, and the calculated thermal boundary con-

ductance with different doping concentrations (f) and doping lengths (L)67.
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Fig. 7. (a) Snapshots of LA wave packet passing through the amorphous layer at GaN/AIN interfacel™); (b) energy variation in the

compositional diffusion layer as a function of timel™); (c) thermal boundary conductance of GaN/AIN with different interface mor-

phologies('!}; (d) interface morphologies of GaN/SiC with and without annealing treatment!®.
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SPECIAL TOPIC—Modification of material properties by defects and dopants

Interface engineering moderated interfacial thermal
conductance of GaN-based heterointerfaces”

Wang Quan-Jie# Deng Yu-Ge# Wang Ren-Zong  Liu Xiang-Junf
(State Key Laboratory for Modification of Chemical Fibers and Polymer Materials, Institute of Micro/Nano Electromechanical System,
College of Mechanical Engineering, Donghua University, Shanghai 201600, China)

( Received 16 May 2023; revised manuscript received 21 July 2023 )

Abstract

Gallium nitride (GaN) has great potential applications in the field of high-frequency and high-power
electronic devices because of its excellent material properties such as wide band gap, high electron mobility,
high breakdown field strength. However, the high power GaN electronic device also exhibits significant self-
heating effects in operation, such as a large amount of Joule heat localized in the thermal channel, and heat
dissipation has become a bottleneck in its applications. The interface thermal conductance (ITC) between GaN
and its substrate is the key to determining the thermal dissipation. In this work the various GaN interface
defects and their effects on ITC are first discussed, and then some methods of studying interface thermal
transport are introduced, including theoretical analysis and experimental measurements. Then, some GaN ITC
optimization strategies developed in recent years are introduced through comparing the specific cases. In
addition to the common chemical bond interface, the weak coupling interface by van der Waals bond is also
discussed. Finally, a summary for this review is presented. We hope that this review can provide valuable

reference for actually designing GaN devices.
Keywords: GaN, interface defects, interfacial thermal conductance, phonon transport

PACS: 63.20.—e, 44.20.4+b, 65.40.-b, 61.72.—y DOI: 10.7498 /aps.72.20230791
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Fig. 1. (a) The 5 x 5 supercell of MoS,; (b) after the elastic
collision with electrons, the S atom gets an initial velocity
v, whose direction is perpendicular to the lattice; (c) the
moving distance d of the S atom after sputtering from the
lattice. Yellow and purple balls represent the sulfur and
molybdenum atoms, respectively. The highlighted ball rep-

resents the sputtered S atom.
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Fig. 2. (a) For the sulfur atom with various initial kinetic
energies, the energy E, as a function of the atom distance d,
where the energy of the perfect MoS, lattice is set to zero;
(b) energy barriers for the S sputtering process as a func-

tion of the initial kinetic energy.
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Fig. 3. Energy levels of the system as a function of the
atom distance d. Red bubble on an energy level indicates
that the energy level is occupied by electrons, and the size
of the bubble indicates the number of electrons occupied.
The insets show the charge densities of the corresponding
states: (a) Without SOC; (b) with SOC and a low initial
kinetic energy of the S atom (E, = 15.2 eV); (c) with SOC
and a high initial kinetic energy of the S atom (FE, =
30.4 eV).
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Fig. 4. (a) When the initial kinetic energy of the sputtered S atom is low (E, = 15.2 eV), the electron occupations on the relevant

states as functions of the atom distance; (b) when the initial kinetic energy of the sputtered S atom is high (E, = 30.4 eV), the

electron occupations on the relevant states as functions of the atom distance; (c¢) electron occupation on the high-energy state as a

function of the initial kinetic energy Ey of the sputtered S atom, when the atom distance d = 3 A.
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Fig. 5. Charge density difference between the non-adiabatic and adiabatic results at different atom distances d (Blue and yellow

isosurfaces represent the charge depletion and accumulation respectively): (a)—(c) When the initial kinetic energy of the sputtered S
atom is low (F, = 15.2 eV), (a) d = 1.75 A, (b) d = 2.25 A, (c¢) d = 5.00 A; (d)-(f) when the initial kinetic energy of the sputtered
S atom is high (B, = 30.4 eV), (d) d = 1.75 A, (e) d = 2.25 A, (f) d = 5.00 A.
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Fig. 6. Number of charges on the sputtered S atom as a

function of d with different initial kinetic energies.

4 # #

M TDDFT B T MoS, REGEH S i

T B8 A T S 6 B B A B TP R R Bl ) 2
S BT M 5 s B HAA AR K wlbn s g, %0
ey, W AR RGN R T IRIERMAS. dF
A AN ) BRI T S D 5 B S 114 R e 4
. ML ThRIGERL, FIEIELIRE G S JET7
THFER ZRea DI Sk R 4. BEE S IR T W)
RENRENG K, B2 TR B m RE R YRR, 1
e N AT Y S JETFRIRIIREIRER T 22 eV
&, BT RER T T RN p, BBK, EC
HEFAE RS p,, REUWRE R HE—2L 1T, LTI

ARL FRERAT AR LR S 20T S J1 I B
% B BE 1S 2 BERI UG ShREH i3 i, A By, =
22 eV M A A BRI 1. BeAh, ARZE BN ik
A5 S STl A T T 2 R T, BT
A rbr s (R B R BB 250 RIS OL T, RS
AR Y S I b LA BE 22 o AR TR p, BUIE, TR
BT, R DU B 2 i A A p,, BUIE. (AT
FRHAR, RUETE S IRl I B ik i i e vh RS0 F
RFHHERER, B SOC T3 R X 2 Gt BiA A n] 2.0
ARSI, DR TS .

A HARZ LA, 2 R S8 P L TR A R Y
A, X MoSy REHY S JEF = A Ut B T
ST RABITATL A L T AP, Al 4
BRAUSE R BN B A SE R L, -t BE T A
B Wts B BAC PR B AR A S AR BR S IR TS Ak,
MoS, AR BRI AT B b i) BE K B4 44
b FE, PR T PURI AT TDDFT J5 250 58 oAt 5
B M R LT Bl . BeAh, i A
EIERILEY S MoS, AP HIERT, Al
PUPAE X SERT R REWLEE B AR LAY L T IR 2 313
JIZEATA.

Bozheyev F, Ellmer K 2022 J. Mater. Chem. A 10 9327
Khatua D P, Singh A, Gurung S, Khan S, Tanwar M, Kumar
R, Jayabalan J 2022 J. Phys. Condens. Matter. 34 155401
[3] Ganatra R, Zhang Q 2014 ACS Nano 8 4074
[4] Singh E, Singh P, Kim K S, Yeom G Y, Nalwa H S 2019 ACS
Appl. Mater. Interfaces 11 11061
Nawz T, Safdar A, Hussain M, Sung Lee D, Siyar M 2020
Crystals 10 902
[6] Sanikop R, Sudakar C 2019 ACS Appl. Nano Mater. 3 576
[7] Islam M M, Dev D, Krishnaprasad A, Tetard L, Roy T 2020
Sci. Rep. 10 21870
[8] Wu F, Tian H, Shen Y, Hou Z, Ren J, Gou G Y, Sun Y B,
Yang Y, Ren T L 2022 Nature 603 259
9] CaoY 2021 ACS Nano 15 11014
[10] Zhao G Y, Deng H, Nathaniel T, Michael G, Abdellah L,
Peng Q, Yan J A, Wang C D, Lan Y C 2019 Appl. Sci. 9 678
[11] Pandey M, Rasmussen F A, Kuhar K, Olsen T, Jacobsen K
W, Thygesen K S 2016 Nano Lett. 16 2234
[12) Wang Y Q, Deng L J, Wei Q L, Wan Y, Liu Z, Lu X, Li Y,
Bi L, Zhang L, Lu H P, Chen H Y, Zhou P H, Zhang L B,
Cheng Y C, Zhao X X, Ye Y, Huang W, Pennycook S J, Loh
K P, Peng B 2020 Nano Lett. 20 2129
[13] Taffelli A, Dire S, Quaranta A, Pancheri L 2021 Sensors 21
2758
[14] Sorkin V, Zhou H, Yu Z G, Ang K W, Zhang Y W 2022 Sci.
Rep. 12 18001
[15] Wang Y, Liu S, Li Q, Quhe R, Yang C, Guo Y, Zhang X,
Pan Y, Li J, Zhang H, Xu L, Shi B, Tang H, Li Y, Yang J,

N

=

226101-7


https://doi.org/10.1039/D2TA01108E
https://doi.org/10.1039/D2TA01108E
https://doi.org/10.1039/D2TA01108E
https://doi.org/10.1039/D2TA01108E
https://doi.org/10.1039/D2TA01108E
https://doi.org/10.1039/D2TA01108E
https://doi.org/10.1039/D2TA01108E
https://doi.org/10.1088/1361-648X/ac4dbf
https://doi.org/10.1088/1361-648X/ac4dbf
https://doi.org/10.1088/1361-648X/ac4dbf
https://doi.org/10.1088/1361-648X/ac4dbf
https://doi.org/10.1088/1361-648X/ac4dbf
https://doi.org/10.1088/1361-648X/ac4dbf
https://doi.org/10.1088/1361-648X/ac4dbf
https://doi.org/10.1021/nn405938z
https://doi.org/10.1021/nn405938z
https://doi.org/10.1021/nn405938z
https://doi.org/10.1021/nn405938z
https://doi.org/10.1021/nn405938z
https://doi.org/10.1021/nn405938z
https://doi.org/10.1021/nn405938z
https://doi.org/10.1021/acsami.8b19859
https://doi.org/10.1021/acsami.8b19859
https://doi.org/10.1021/acsami.8b19859
https://doi.org/10.1021/acsami.8b19859
https://doi.org/10.1021/acsami.8b19859
https://doi.org/10.1021/acsami.8b19859
https://doi.org/10.1021/acsami.8b19859
https://doi.org/10.1021/acsami.8b19859
https://doi.org/10.3390/cryst10100902
https://doi.org/10.3390/cryst10100902
https://doi.org/10.3390/cryst10100902
https://doi.org/10.3390/cryst10100902
https://doi.org/10.3390/cryst10100902
https://doi.org/10.3390/cryst10100902
https://doi.org/10.1021/acsanm.9b02121
https://doi.org/10.1021/acsanm.9b02121
https://doi.org/10.1021/acsanm.9b02121
https://doi.org/10.1021/acsanm.9b02121
https://doi.org/10.1021/acsanm.9b02121
https://doi.org/10.1021/acsanm.9b02121
https://doi.org/10.1021/acsanm.9b02121
https://doi.org/10.1038/s41598-020-78767-4
https://doi.org/10.1038/s41598-020-78767-4
https://doi.org/10.1038/s41598-020-78767-4
https://doi.org/10.1038/s41598-020-78767-4
https://doi.org/10.1038/s41598-020-78767-4
https://doi.org/10.1038/s41598-020-78767-4
https://doi.org/10.1038/s41586-021-04323-3
https://doi.org/10.1038/s41586-021-04323-3
https://doi.org/10.1038/s41586-021-04323-3
https://doi.org/10.1038/s41586-021-04323-3
https://doi.org/10.1038/s41586-021-04323-3
https://doi.org/10.1038/s41586-021-04323-3
https://doi.org/10.1038/s41586-021-04323-3
https://doi.org/10.1021/acsnano.1c01879
https://doi.org/10.1021/acsnano.1c01879
https://doi.org/10.1021/acsnano.1c01879
https://doi.org/10.1021/acsnano.1c01879
https://doi.org/10.1021/acsnano.1c01879
https://doi.org/10.1021/acsnano.1c01879
https://doi.org/10.1021/acsnano.1c01879
https://doi.org/10.3390/app9040678
https://doi.org/10.3390/app9040678
https://doi.org/10.3390/app9040678
https://doi.org/10.3390/app9040678
https://doi.org/10.3390/app9040678
https://doi.org/10.3390/app9040678
https://doi.org/10.3390/app9040678
https://doi.org/10.1021/acs.nanolett.5b04513
https://doi.org/10.1021/acs.nanolett.5b04513
https://doi.org/10.1021/acs.nanolett.5b04513
https://doi.org/10.1021/acs.nanolett.5b04513
https://doi.org/10.1021/acs.nanolett.5b04513
https://doi.org/10.1021/acs.nanolett.5b04513
https://doi.org/10.1021/acs.nanolett.5b04513
https://doi.org/10.1021/acs.nanolett.0c00138
https://doi.org/10.1021/acs.nanolett.0c00138
https://doi.org/10.1021/acs.nanolett.0c00138
https://doi.org/10.1021/acs.nanolett.0c00138
https://doi.org/10.1021/acs.nanolett.0c00138
https://doi.org/10.1021/acs.nanolett.0c00138
https://doi.org/10.1021/acs.nanolett.0c00138
https://doi.org/10.3390/s21082758
https://doi.org/10.3390/s21082758
https://doi.org/10.3390/s21082758
https://doi.org/10.3390/s21082758
https://doi.org/10.3390/s21082758
https://doi.org/10.3390/s21082758
https://doi.org/10.1038/s41598-022-22913-7
https://doi.org/10.1038/s41598-022-22913-7
https://doi.org/10.1038/s41598-022-22913-7
https://doi.org/10.1038/s41598-022-22913-7
https://doi.org/10.1038/s41598-022-22913-7
https://doi.org/10.1038/s41598-022-22913-7
https://doi.org/10.1038/s41598-022-22913-7
https://doi.org/10.1038/s41598-022-22913-7
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1

¥ 1B ¥ Acta Phys. Sin.

Vol. 72, No. 22 (2023)

226101

[16]
7]
18]
i
[20]

(21]
[22]

(23]
24]

[25]

Zhang 7, Xiao L, Pan F, Lu J 2021 Rep. Prog. Phys. 84
056501

Cheng Y, Wan R, Li L, Liu Z, Yan S, Li L, Wang J, Gao Y
2022 J. Opt. 24 2040

Cheng Y, Song H, Wu H, Zhang P, Tang Z, Lu S 2020 Chem.
Asian J. 15 3123

Xie Y, Liang F, Chi S, Wang D, Zhong K, Yu H, Zhang H,
Chen Y, Wang J 2020 ACS Appl. Mater. Interfaces 12 7351
Yang Z, Zhu L, Lii C, Zhang R, Wang H, Wang J, Zhang Q
2021 Mater. Chem. Front. 5 5880

Komsa H P, Kotakoski J, Kurasch S, Lehtinen O, Kaiser U,
Krasheninnikov A V 2012 Phys. Rev. Lett. 109 035503

Susi T, Meyer J C, Kotakoski J 2019 Nat. Rev. Phys. 1 397
Yoshimura A, Lamparski M, Kharche N, Meunier V 2018
Nanoscale 10 2388

Ugurlu O, Haus J, Gunawan A A, Thomas M G, Maheshwari
S, Tsapatsis M, Mkhoyan K A 2011 Phys. Rev. B 83 113408
Lehnert T, Lehtinen O, Algara-Siller G, Kaiser U 2017 Appl.
Phys. Lett. 110 033106

Tai K L, Huang C W, Cai R F, Huang G M, Tseng Y T,
Chen J, Wu W W 2020 Small 16 1905516

[26]

27]

28]
(29]

30]
(31]

(32]
33]

(34]
35]

(36]

226101-8

Meyer J C, Eder F, Kurasch S, Skakalova V, Kotakoski J,
Park H J, Roth S, Chuvilin A, Eyhusen S, Gred B,
Krasheninnikov A V, Kaiser U 2012 Phys. Rev. Lett. 108
196102

Kretschmer S, Lehnert T, Kaiser U, Krasheninnikov A V
2020 Nano Lett. 20 2865

Runge E, Gross E K 1984 Phys. Rev. Lett. 52 997

Jia W, Fu J, Cao Z, Wang L, Chi X, Gao W, Wang L. W
2013 J. Comput. Phys. 251 102

Jia W, Cao Z, Wang L, Fu J, Chi X, Gao W, Wang L W
2013 Comput. Phys. Commun. 184 9

Hamann D R, Schliiter M, Chiang C 1979 Phys. Rev. Lett. 43
1494

Hamann D R 2013 Phys. Rev. B 88 085117

Shen Y T, Xu T, Tan X D, He L B, Yin K B, Wan N, Sun L
T 2018 Adv. Mater. 30 1705954

Zener C 1932 Proc. R. Soc. London, Ser. A 137 696

Olson A J, Wang S J, Niffenegger R J, Li C H, Greene C H,
Chen Y P 2014 Phys. Rev. A 90 013616

Wang L W 2002 Phys. Rev. B 65 153410


https://doi.org/10.1088/1361-6633/abf1d4
https://doi.org/10.1088/1361-6633/abf1d4
https://doi.org/10.1088/1361-6633/abf1d4
https://doi.org/10.1088/1361-6633/abf1d4
https://doi.org/10.1088/1361-6633/abf1d4
https://doi.org/10.1088/1361-6633/abf1d4
https://doi.org/10.1088/2040-8986/ac8a5b
https://doi.org/10.1088/2040-8986/ac8a5b
https://doi.org/10.1088/2040-8986/ac8a5b
https://doi.org/10.1088/2040-8986/ac8a5b
https://doi.org/10.1088/2040-8986/ac8a5b
https://doi.org/10.1088/2040-8986/ac8a5b
https://doi.org/10.1088/2040-8986/ac8a5b
https://doi.org/10.1002/asia.202000752
https://doi.org/10.1002/asia.202000752
https://doi.org/10.1002/asia.202000752
https://doi.org/10.1002/asia.202000752
https://doi.org/10.1002/asia.202000752
https://doi.org/10.1002/asia.202000752
https://doi.org/10.1002/asia.202000752
https://doi.org/10.1002/asia.202000752
https://doi.org/10.1021/acsami.9b21671
https://doi.org/10.1021/acsami.9b21671
https://doi.org/10.1021/acsami.9b21671
https://doi.org/10.1021/acsami.9b21671
https://doi.org/10.1021/acsami.9b21671
https://doi.org/10.1021/acsami.9b21671
https://doi.org/10.1021/acsami.9b21671
https://doi.org/10.1039/D1QM00442E
https://doi.org/10.1039/D1QM00442E
https://doi.org/10.1039/D1QM00442E
https://doi.org/10.1039/D1QM00442E
https://doi.org/10.1039/D1QM00442E
https://doi.org/10.1039/D1QM00442E
https://doi.org/10.1039/D1QM00442E
https://doi.org/10.1103/PhysRevLett.109.035503
https://doi.org/10.1103/PhysRevLett.109.035503
https://doi.org/10.1103/PhysRevLett.109.035503
https://doi.org/10.1103/PhysRevLett.109.035503
https://doi.org/10.1103/PhysRevLett.109.035503
https://doi.org/10.1103/PhysRevLett.109.035503
https://doi.org/10.1103/PhysRevLett.109.035503
https://doi.org/10.1038/s42254-019-0058-y
https://doi.org/10.1038/s42254-019-0058-y
https://doi.org/10.1038/s42254-019-0058-y
https://doi.org/10.1038/s42254-019-0058-y
https://doi.org/10.1038/s42254-019-0058-y
https://doi.org/10.1038/s42254-019-0058-y
https://doi.org/10.1038/s42254-019-0058-y
https://doi.org/10.1039/C7NR07024A
https://doi.org/10.1039/C7NR07024A
https://doi.org/10.1039/C7NR07024A
https://doi.org/10.1039/C7NR07024A
https://doi.org/10.1039/C7NR07024A
https://doi.org/10.1039/C7NR07024A
https://doi.org/10.1103/PhysRevB.83.113408
https://doi.org/10.1103/PhysRevB.83.113408
https://doi.org/10.1103/PhysRevB.83.113408
https://doi.org/10.1103/PhysRevB.83.113408
https://doi.org/10.1103/PhysRevB.83.113408
https://doi.org/10.1103/PhysRevB.83.113408
https://doi.org/10.1103/PhysRevB.83.113408
https://doi.org/10.1063/1.4973809
https://doi.org/10.1063/1.4973809
https://doi.org/10.1063/1.4973809
https://doi.org/10.1063/1.4973809
https://doi.org/10.1063/1.4973809
https://doi.org/10.1063/1.4973809
https://doi.org/10.1063/1.4973809
https://doi.org/10.1063/1.4973809
https://doi.org/10.1002/smll.201905516
https://doi.org/10.1002/smll.201905516
https://doi.org/10.1002/smll.201905516
https://doi.org/10.1002/smll.201905516
https://doi.org/10.1002/smll.201905516
https://doi.org/10.1002/smll.201905516
https://doi.org/10.1002/smll.201905516
https://doi.org/10.1103/PhysRevLett.108.196102
https://doi.org/10.1103/PhysRevLett.108.196102
https://doi.org/10.1103/PhysRevLett.108.196102
https://doi.org/10.1103/PhysRevLett.108.196102
https://doi.org/10.1103/PhysRevLett.108.196102
https://doi.org/10.1103/PhysRevLett.108.196102
https://doi.org/10.1021/acs.nanolett.0c00670
https://doi.org/10.1021/acs.nanolett.0c00670
https://doi.org/10.1021/acs.nanolett.0c00670
https://doi.org/10.1021/acs.nanolett.0c00670
https://doi.org/10.1021/acs.nanolett.0c00670
https://doi.org/10.1021/acs.nanolett.0c00670
https://doi.org/10.1021/acs.nanolett.0c00670
https://doi.org/10.1103/PhysRevLett.52.997
https://doi.org/10.1103/PhysRevLett.52.997
https://doi.org/10.1103/PhysRevLett.52.997
https://doi.org/10.1103/PhysRevLett.52.997
https://doi.org/10.1103/PhysRevLett.52.997
https://doi.org/10.1103/PhysRevLett.52.997
https://doi.org/10.1103/PhysRevLett.52.997
https://doi.org/10.1016/j.jcp.2013.05.005
https://doi.org/10.1016/j.jcp.2013.05.005
https://doi.org/10.1016/j.jcp.2013.05.005
https://doi.org/10.1016/j.jcp.2013.05.005
https://doi.org/10.1016/j.jcp.2013.05.005
https://doi.org/10.1016/j.jcp.2013.05.005
https://doi.org/10.1016/j.jcp.2013.05.005
https://doi.org/10.1016/j.cpc.2012.08.002
https://doi.org/10.1016/j.cpc.2012.08.002
https://doi.org/10.1016/j.cpc.2012.08.002
https://doi.org/10.1016/j.cpc.2012.08.002
https://doi.org/10.1016/j.cpc.2012.08.002
https://doi.org/10.1016/j.cpc.2012.08.002
https://doi.org/10.1016/j.cpc.2012.08.002
https://doi.org/10.1103/PhysRevLett.43.1494
https://doi.org/10.1103/PhysRevLett.43.1494
https://doi.org/10.1103/PhysRevLett.43.1494
https://doi.org/10.1103/PhysRevLett.43.1494
https://doi.org/10.1103/PhysRevLett.43.1494
https://doi.org/10.1103/PhysRevLett.43.1494
https://doi.org/10.1103/PhysRevB.88.085117
https://doi.org/10.1103/PhysRevB.88.085117
https://doi.org/10.1103/PhysRevB.88.085117
https://doi.org/10.1103/PhysRevB.88.085117
https://doi.org/10.1103/PhysRevB.88.085117
https://doi.org/10.1103/PhysRevB.88.085117
https://doi.org/10.1103/PhysRevB.88.085117
https://doi.org/10.1002/adma.201705954
https://doi.org/10.1002/adma.201705954
https://doi.org/10.1002/adma.201705954
https://doi.org/10.1002/adma.201705954
https://doi.org/10.1002/adma.201705954
https://doi.org/10.1002/adma.201705954
https://doi.org/10.1002/adma.201705954
https://doi.org/10.1098/rspa.1932.0165
https://doi.org/10.1098/rspa.1932.0165
https://doi.org/10.1098/rspa.1932.0165
https://doi.org/10.1098/rspa.1932.0165
https://doi.org/10.1098/rspa.1932.0165
https://doi.org/10.1098/rspa.1932.0165
https://doi.org/10.1098/rspa.1932.0165
https://doi.org/10.1103/PhysRevA.90.013616
https://doi.org/10.1103/PhysRevA.90.013616
https://doi.org/10.1103/PhysRevA.90.013616
https://doi.org/10.1103/PhysRevA.90.013616
https://doi.org/10.1103/PhysRevA.90.013616
https://doi.org/10.1103/PhysRevA.90.013616
https://doi.org/10.1103/PhysRevA.90.013616
https://doi.org/10.1103/PhysRevB.65.153410
https://doi.org/10.1103/PhysRevB.65.153410
https://doi.org/10.1103/PhysRevB.65.153410
https://doi.org/10.1103/PhysRevB.65.153410
https://doi.org/10.1103/PhysRevB.65.153410
https://doi.org/10.1103/PhysRevB.65.153410
https://doi.org/10.1103/PhysRevB.65.153410
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1

#) 32 % 3R Acta Phys. Sin. Vol. 72, No. 22 (2023) 226101

SPECIAL TOPIC —Modification of material properties by defects and dopants
COVER ARTICLE

Non-adiabatic dynamic study of S vacancy formation in MoS,"
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Abstract

Defect is one of the central issues in semiconductors. MoS, is sensitive to irradiation and can be damaged
by electron beams, accompanied with the generation of sulfur vacancies. However, the dynamics for the defect
generation process is still unclear. In this work, we employ the time-dependent density functional theory to
simulate the process of a sulfur atom sputtering from the MoS,, producing a sulfur vacancy defect in the lattice.
We find that there exists a strong non-adiabatic effect in the process.

During the formation of the sulfur vacancy, there exist electron transitions which can be described by the
Landau-Zener model. As the sulfur atom leaves away from the lattice, two energy levels from the valence bands
rise up and one energy level from the conduction band falls down. When the spin-orbit coupling (SOC) is not
considered, those levels do not couple with each other. However, when the SOC is taken into account, electrons
can transit between those levels. The transition probability is related to the kinetic energy of the sputtered
sulfur atom. As the kinetic energy of the sulfur atom increases, the non-adiabatic electron transitions are
enhanced. The evolution of the energy levels is also strongly dependent on the kinetic energy of the sputtered
sulfur atom, which is induced by the non-adiabatic electron transition. It is worth noting that the SOC plays a
key role in sputtering sulfur atoms, although the system produces no magnetic moments in the whole process.

The non-adiabatic effect enhances the energy barrier of the sulfur sputtering. As the initial kinetic energy
of the sputtered sulfur atom increases, the energy barrier increases, and exhibits a jump around the initial
kinetic energy of ~22 eV, which can be explained by the non-adiabatic electron occupation and the Coulomb
repulsion. Beside the energy barrier, the non-adiabatic effect also modifies the charge distribution. When the
kinetic energy of the sputtered sulfur atom is relatively low, more electrons occupy the p, level; when the kinetic
energy is relatively high, more electrons occupy the p,, level instead. The sputtered sulfur atom always carries a
bit more electrons, leaving holes around the vacancy defect.

Our work reveals the dynamics of the sulfur sputtering and vacancy formation in MoS,, particularly the

non-adiabatic effect in the process. It builds the theoretical foundation for defect engineering.

Keywords: non-adiabatic dynamics, vacancy defect, MoS,, time-dependent density functional theory

PACS: 61.72.jd, 61.80.Az, 68.55.Ln DOI: 10.7498 /aps.72.20230787
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Fig. 1. (a) Schematic diagram of WS, device for ion intercalation; (b) optical image of WS, device before spin coating lithium ion
gel, the size of sample is about 15 umx25 pm, the width of the source and drain electrode is about 2 um, and the size of the gate
electrode is about 80 umx100 pm; (c) optical image of device after spin coating lithium ion gel; (d), (¢) Raman spectra characteriza-
tion of the bulk WS,, all the peaks showed in Raman spectra are consistent with the characteristic peaks of WS,. The scale bars are

50 pm.
103 9.0
(a) (b) 0-1.0V (c) —~— 20V 30V
= 30-20y —~— 25V — 32V
—~ 25-3.0V =
G 102 3.0-32V S
N 3.2-0V 3
Al Al
5 s
2 10 e
“;:;\m_ ™ e e
100 , , , 7.0 , , ,
0 1 2 3 0 200 400 600 800
WHE /v i) /s

2 WS, g U (8] fp BELAY A MBI 3 (a) 8 746 )2 ol 7R ol BEL Ay s B T, T A el AR n S TRI AT Vi, 98 s AR it o v
JE V=05V, e HARRIBCRF Ve TR GE; (b) WS, HUBHLEEHHE Ve 22 b2, MR AR 1 mV /s, B k&R
MM (4 )2, Lit JEA WSy) BB/ (F46 )2, LitEIT WS,y) BYILFE; (c) WS, H BE B I [A] #4742 4k it 28, JH ob oA 1) 2506 A i
2 AR DK 7E A (7] A Al IR 45 B

Fig. 2. Gate voltage dependence of source-drain resistance of WS, devices: (a) Schematic diagram of resistance measurement during
ion intercalation, gate voltage Vi was applied from the gate electrode with a bias voltage of Vg = 0.5 V at the source electrode, the
currents under different Vi were measured at the drain electrode; (b) gate voltage dependence of WS, device resistance, gate
voltage changes at a rate of 1 mV/s, the arrows in the figure represent the process of increasing gate voltage (intercalation, Li*
moving towards WS,) and decreasing gate voltage (de-intercalation, Li* leaving WS,); (c) time dependence of WS, resistance at

given gate voltages during intercalation, waiting at different gate voltages is represented by curves in different colors.
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Fig. 3. Scanning photocurrent images of WS, device under 633 nm excitation light with a power of 80 uW at 0 V bias, the excita-

tion light is focused using a 40x objective lens and the focused spot size is about 4 pum: (a) Scanning reflection image under 0 V

gate voltage; (b)—(h) scanning photocurrent images at different gate voltages, the marked value is the magnitude of gate voltage,

and the black arrows represent the intercalation (increasing gate voltage, Lit moving towards WS,) and de-intercalation (decreas-

ing gate voltage, Li* leaving WS,) processes. The scale bars are 10 um.
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Fig. 4. Gate voltage dependence of photocurrent of WS,
device at 0 V bias, the wavelength of excitation light is
633 nm and the power is 80 W, the white circle in Fig. 3(e)
indicates the focus position of laser, gate voltage changes at
a rate of 0.1 mV/s, the black arrow and curve show the
process of increasing gate voltage (intercalation), and the
red arrow and curve show the process of decreasing gate

voltage (de-intercalation).

226801-4


http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1

) 32 2 3R Acta Phys. Sin. Vol. 72, No. 22 (2023) 226801

£ Vg = 3V, {58 15 min 2/ GERR 2,
X B R Lit TS EdE ARE AR, it B0 7 4 L Tt
FIT R 25 I 2 RO C R AE S . S5 4h, e 35 Al
Fef ETHS T Rad R, St r R N —E
1T BEAR . X —J5 1 ] BB F T L R AT
T, B EAL S S S Bras A T i T 2 e iR —2E )
Jr2 5 HAE R A BHAS, (A TAR R TP
32 25 53 —TJ7 I, AT R e 4 3 R v T g
TARERRE AR, S e R A R b T e
FA 2 WS AR 5 4 ik B BRI W T AR R 1
e HH LR I B4R

B ORI TR R R KT WS,
M 17 7 B - IR i R A AR ARG 0. T2 WS, g ]
Pl BRA R, BRI/ R 1.4 e VR SHIFFEANIR]
WAROR T AR e [0, Bk 2 i S v (e A KT
MR B TRER E,, = 1.96 eV (A = 633 nm)
MBI CHATIHUR S, FAT R FH DG RE R TR B
BHIE By, = 1.4 eV (A = 880 nm) LI EOGFARERAK
TAHBRIY By, = 1.24 eV (A = 1000 nm) YKL
AT, 7€ By, = 1.4 eV Hl By, = 1.24 eVIE
JEHIBOR T, WSy S 1E 3 2 - 233 )2 A rh
JERLTR AN ZE SN & 5 BR.

4
3.0
2
L 25 <
= 0 =
2.0
-2
15 —4
4
2
0 g
-2
—4
35
2
30 1
T 25 0 <
20 -1
-2
15
2
1
0 3
-1
-2

Bl 5 RARET WS, tefFR R i R ZE L (a)

(h) #R WK 880 nm ., RNy 80 pW, Hirfr (a) BZME T WS,

A B ST S (b)—(h) WS, @ FTEA RIMHE T i3 e WA (1) —(p) BAOLHH D 1000 nm, P)%5 80 pW, H
() BEMET WS, B ER, (g)—(p) WSy TR RIMHE T B30 i 5. 7 A LB R#A 5 pm

Fig. 5. Scanning photocurrent images of WS, device under different gate voltages at 0 V bias voltage: (a)—(h) Excitation light
wavelength is 880 nm, power is 80 uW, (a) the scanning reflection image of the WS, device at 0 V gate voltage; (b)—(h) the scan-
ning photocurrent images of the WS, device at different gate voltages; (i)—(p) excitation light wavelength is 1000 nm, power is
80 pW, (i) the scanning reflection image of WS, at 0 V gate voltage; (g)—(p) the scanning photocurrent images of the WS, device at

different gate voltages. The scale bars are 5 pm.

226801-5


http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1

Y] 32 % 3R Acta Phys. Sin. Vol. 72, No. 22 (2023)

226801

TEI %G K 880 nm 1 1000 nm F4 2
gE L AR AR LA ER S FEXT WS, G AL i 10 8 3 8
RHOR, HARIPACTT WS, #5418 516 Fi e 157 B 45 Al
JE R (AR Ak 35— 5, B BEMIE G A, Sl e i 1
WE (A — 0 R R B 1 5, s — O RS BRF T k)
T Bt MO D I, TR L R B 3 ' L i 7 2% 8 [ 0
EWKE, I RGBS G, AR E 2P0
TR WU AN AN AT LA 42 #1417 1 B, I EL
R R T B Z R ROGI R . 5 6 JB/R T
TE 4 DAFEME SRR, X 3 MK R T Bes
P gL IS Ab DGR TERN . MIEL 5 FTE 6 45
A PAE L, 1R A 880 nm M 1000 nm & F%
FL, W 7 ) S 34 328 /N F % 4 633 nm K& T Y
Wi 1, He eI K 633 nm AYIEOE IEET R WS,
FIYGHF AT LISAEIRZ 100 nA, TTERA:H 880 nm
51000 nm AT, JEHEHR AN 4 nA 5 2 nA.
Tk, 3 AW A L R A A T2 5 TR

(a) —=— 633 nm
80 —e— 880 nm
—4— 1000 nm
40
<
=]
~
S 0
=
R X 20
_40 L
_80t Ve=0V X 20
0 5 10 15 20 25
PRSI /pm
c —=— 633 nm
80 | (©)

—e— 880 nm
—4— 1000 nm

JEHLE /nA

0 5 10 15 20 25
B /um

6 WS, i v e Y12 b 1 D' v U0 0 2 T 188 147 )2 5 A X TR D 9 B8 R AR it £

il K 633 nm AR SERT, M R X8 0 Sy
Y58 s PR AR Y — R BRFI R DX T 24 e FH g
K24 880 nm H1 1000 nm AR GRT, =0 1 X
WA BRI 5 AMEAS R, R R
TP BRI K R 1000 nm B9 & SEIE, MR AT LA
FEDCHRFR A, I EL R 0 A A S K
A 880 nm ARG T ZE AR

T WFFEAS [R) K AT s FEL i 7 54 B 2
o7 DX e R 2 SR IR, X WS, B TEAS TR K
WO, A F R BRI A — A 86 7 Ak g i
o7 iR i IR R R A A A A T I, 45 SR
B 7 7R, JGH TR & KA 520 nm (B, =
2.38 eV) 1620 nm (E,;, = 2.0 eV) AA7F7EF 1~
N AR KAE, 12 KA S WS, 19 38T I Wi 06 o7 e
1.95 eV } 2.38 eV FeAR—F, H A 7l
TE 1.95 eV, B BT IR IRIETE 2.38 eVE20, X P4
7B R SR I IR T WS, Hh A K s kb i %

(b) —=— 633 nm
—o— 880 nm
—4— 1000 nm

80

40

JEHLE /nA

0 5 10 15 20 25
PRI /pm

(d) —=— 633 nm
—e— 880 nm
—4— 1000 nm

80

X 20

JEHLE /nA

_sol Ve=3V
0 5 10 15 20 25
FEAOLE /pm

(a)—(d) FER LR 0 4 FE T, Vg =

OV, Vg=1V, Vg=2V, Vg =3V, #HENXETFENK 80 uW, W44 633 nm (). 880 nm (£1.{%), 1000 nm (# {), VI
B 1 3(b) R 5(b), () AL R Sk X R A 7 B, BT (B B A0 2R H AR DX

Fig. 6. Wavelength dependence of photocurrent at the center line of WS, device in the ion intercalation process: (a) Vg = 0V,
(b) Vg =1V, (¢), Vg =2V, (d) Vg =3V are the conditions of different gate voltages. The excitation light power is 80 pW, and
the wavelengths are 633 nm (black), 880 nm (red), and 1000 nm (blue), respectively. The sample positions corresponding to the red

arrows in Figs. 3(b), 5(b), (j) represent the linecut positions. The yellow filled parts are the electrode area.
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Fig. 7. Normalized photocurrent spectrum of WS, device.
The red circle in Fig. 10(c) indicates the focus position of
laser, the laser wavelength range of the measurement is
500—1020 nm, and the wavelength step is 10 nm. The two
peaks at 520 nm and 620 nm correspond to the absorption
peaks of two excitons of WS,. The inset shows the normal-
ized photocurrent spectrum of the range 700-1020 nm.
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Fig. 8. (a)—(c) Photocurrent at the center line of WS, device during ion intercalation (increasing gate voltage); (d)—(f) comparison of

linecut photocurrent at Vg = 0 V before intercalation and after intercalation, excitation light power is 80 uW, wavelengths are (a),

(d) 633 nm, (b), (¢) 880 nm, (c), (f) 1000 nm, respectively. The a-coordinate represents the sample position corresponding to the red

arrows in Fig. 3(b), 5(b), (j), and the y-coordinate represents the photocurrent at the corresponding position.
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Fig. 9. Optical images and Raman spectra of WS, device during intercalation: (a) V; = 0 V, the optical image before ion intercala-

tion; (b) Vi = 3V, the optical image after ion intercalation. The scale bars are 50 pm; (c) Raman spectra of WS, at different gate,

the excitation light wavelength is 532 nm, the power is 1 mW. The white circle in Fig. 3(e) is the focus position of laser and the

sampling integration time is 5s. When increasing gate voltage for ion intercalation, WS, Raman signals are taken at Vg = 0V
(black), Vg = 1V (red), Vg = 2V (blue), Vg = 3V (green). The peak marked in the figure is consistent with the characteristic

peak of 2H-WS,.
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Fig. 10. Scanning photocurrent images of WS, device before and after spinning coating lithium ion gel. (a), (d) Optical images of
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Abstract

Transition metal dichalcogenides have emerged as a prominent class of two-dimensional layered material,

capturing sustained attention from researchers due to their unique structures and properties. These distinctive

characteristics

render transition metal dichalcogenides

226801-10

highly versatile

in numerous fields, including
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optoelectronics, nanoelectronics, energy storage devices, and electrocatalysis. In particular, the ability to
modulate the doping characteristics of these materials plays a crucial role in improving the photoelectric
response performance of devices, making it imperative to investigate and understand such effects.

In recent years, the electrochemical ion intercalation technique has emerged as a novel approach for precise
doping control of two-dimensional materials. Building upon this advancement, this paper aims to demonstrate
the effective doping control of transition metal dichalcogenides devices by utilizing the electrochemical ion
intercalation method specifically on thick WS, layers. The results show that the conductivity is significantly
improved, which is about 200 times higher than the original value, alongside the achievement of efficient and
reversible control over the photoelectric response performance is effectively and reversibly controlled by
manipulating the gate voltage. One of the key findings in this work is the successful demonstration of the
reversible cyclic control of the photoelectric response in WS, devices through ion intercalation, regulated by the
gate voltage. This dynamic control mechanism showcases the potential for finely tuning and tailoring the
performance of photoelectric devices made from two-dimensional materials. The ability to achieve reversible
control is especially significant as it allows for a versatile range of applications, enabling devices to be adjusted
according to specific requirements and operating conditions.

The implications of this work extend beyond the immediate findings and present a foundation for future
investigation into response control of photoelectric devices constructed by using two-dimensional materials
through the utilization of the ion intercalation method. By establishing the feasibility and efficacy of this
technique in achieving controlled doping and precise modulation of photoelectric response, researchers can
explore its potential applications in various technological domains. Furthermore, this research serves as a
stepping stone for developing the advanced doping strategies, enabling the design and fabrication of high-
performance devices with enhanced functionalities.

In summary, this work showcases the significance of doping control in transition metal dichalcogenide
devices and demonstrates the potential of the electrochemical ion intercalation method for achieving precise
modulation of their photoelectric response performance. The observed enhancements in electrical conductivity
and the ability to reversibly control the photoelectric response highlight the promising prospects of this
technique. Ultimately, this work paves the way for future advancements in the field of two-dimensional
materials and opens up new way for designing and optimizing photoelectric devices with improved functionality

and performance.

Keywords: WS,, ion intercalation, photoelectric response, doping control
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