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Abstract

Abstract

Interplay among different degrees of freedom (e.g., electrons, phonons and spins,
plasmons) is of paramount importance in understanding and optimizing the properties
of quantum materials. The isolation or synthesis of two-dimensional (2D) materials
such as graphene and transition metal dichalcogenides has opened up new venues for
designing novel optoelectrical and photovoltaic devices. Photoexcitation induced
dynamics in two-dimensional materials(e.g., interfacial charger transfer and
photoinduced phase transition) has been a hot topic in condensed physics and material
science.

In this thesis, we focus on the photoexcitation induced processes in low-dimensional
materials. The systematic studies on two-dimensional heterostructures, borophene and
charge density waves (CDW) materials aim at clarifying the interesting issues of the
structural and electronic properties and dynamics upon excitation using density
functional theory and time-dependent density functional theory. The main contents of

this thesis are listed as below.

1. We demonstrated photoexcitation induced carrier dynamics in low-dimensional
materials. Systematical study on the interlayer charge transfer, carrier relaxation and
energy transfer in MoS2/WS>, MoS2/WeS: and Auss/MoS; heterostructures with time-
dependent density functional theory methods. Our results established the interlayer
stacking as an effective freedom to control ultrafast charge transfer dynamics in 2D
heterostructures. In addition, we discovered an interfacial pathway at the MoS>/WSe»
interface for the relaxation of photoexcited hot electrons through interlayer hopping,
which is significantly faster than intralayer relaxation. This established a microscopic
picture between interlayer interactions and charge dynamics. We also studied hot-
carrier dynamics at interfaces of semiconductors and plasmonic nanoclusters. It is
demonstrated that two different mechanisms can coexist in a nanoparticle-

semiconductor hybrid nanomaterial, both leading to faster transfer than carrier
1
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relaxation. These findings are of importance for understanding many experimentally
observed photoinduced processes.

2. We studied photoexcitation induced quantum dynamics of charge density wave
and the emergence of a collective mode in 1T-TaS;. As a well-known CDW material,
1T-TaS> has been widely studied experimentally thanks to its intriguing photoexcited
responses. The photoexcitation induced ultrafast dynamics in 1T-TaS; was investigated
using time-dependent density functional theory molecular dynamics. We discovered the
crucial role of electron-electron correlation and electron-phonon coupling and revealed
a novel collective mode induced by photodoping. In addition, our finding validates
conventional hot electron model is inadequate to explain photoinduced dynamics. Our
results provide a deep insight on coherent electron and lattice quantum dynamics during
the formation and excitation of CDW in 1T-TaSo.

3. Borophenes have emerged as the new platform to explore the properties of 2D
metallic materials. Recent experiments show two-dimensional boron sheets grown on
Ag(111) substrates. Furthermore, we explored the intrinsic resistivity of borophenes,
which is highly dependent on the polymorphs, temperatures and the carrier densities.
The temperature-dependent resistivity in borophene is well-described by Bloch—
Griineisen model, and it exhibits a universal scaling behavior. The work opened a new
avenue for the electric devices based on borophene.

We explored the excited-state dynamics in the low-dimensional materials. These
studies would make a contribution to the future application of low-dimensional
materials and van der Waals heterostructures in new optoelectrical, photovoltaic and

photocatalysis etc.

Key Words: Two-dimensional materials, interfacial charge transfer, excited-state

dynamics, borophene, time dependent density functional theory
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B 1.1 86 5 HARBRAPRA RIS R [20].

Figure 1.1 Graphene and other carbon based materials[20].

W 1.1 fos, sl 5 FARBROSK M R B BRI R Rl 3 BT (A e
S, AT LUR SR 8. WA E 4 55l A SE459°KH (Nanoribbon)
A LTRSS [ — ZET5 449K 8 (Cabon nanotube ) [20]. A7 S5 J i FL 7~ 45 ¥4 1R 54,
FER M SRIE L — M SR EEW IR SR EROKRERL, R SEhE R
MR R (PORHEERIB~10° m/s), XM T (B0 FRERNE.
Rk, A aEid & AR E R R T ooaetr, EUIREIR, H AL RO B B R b A
FHEAAP[2, 21-25],

G;Zmﬁlne Graphene ‘whireBg‘raphene‘ BCN Fluorographene | Graphene oxide
) X Metallic dichalcogenides:
. Semiconducting NbSe,, NbS,, Tas,, TiS,, NiSe, and so on
dichalcogenides:
chalcogenldes MosS,, WS,, MoSe,, WSe, MoTe, WTe,,
ZrS.. ZrSe. and so on Layered semiconductors:
S GaSe, GaTe, InSe, BjSe, and so on
Micas, Hydroxides:
BSCCO o), Wy Perovskite-type: Ni(OH),, Eu(OH),and so on
. LaNb,0;, (Ca,Sr),Nb,0,,
2D oxides . Bi,Ti,O,,, Ca,Ta,TiO,, and so on
Layered TiO, MnQ, V,O,, Oth
Cu oxides | TaO,, RuO, and so on ers

& 1.2 AR — 4 RHE 2 [26]-

Figure 1.2 Schematics illustration of different two-dimensional materials[26].
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Figure 1.4 Two-dimensional boron sheets predicted in thermotical simulations, see

main text for more details[60].
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Figure 1.5 Growth and atomic-scale characterization of borophene sheets[75] .
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F 731 AANE ) 7 2 26 ORI RN AS R AR 254 (B A4S xa A, T 1.6
) [76]. IXPIRNEE RS = ALIRIIE B DXOAAE T eI N AR O B
AF A AL, F BORFEE 50 SR I e PR E . BAI AR
T ¥4 HL3e T LRI 76 45 5 b By I 7.
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Buckled triangular (v)

B 16 ERHZH=FIHEL. (a-d) A=FEREMEEE TEMER. (o A
=HIE KR TSR E[74]

Figure 1.6 Three phases of borophene realized in experiments. (a-d) STM images of the

experimental observed borophene phases. (¢) The atomic structures of the three phases[74].

A S AL R T HIE R UM b f T S5, IR AR A TRAT T R G I A i 2

A HRUWL MR . K 1.7 Fros, Feng %4566 T R8I L 50

(Photoemission spectroscopy) SERR 7V, WFF T Bro M H Ak HL 78 oK+

(Dirac Fermions) 1EJ5i[71]. AATANGIEN] Bro BRI ALE S JBIERT, &R T
FEARIN F B B IR B AR G54 i B T BE A AL KB 7e e (Dirac cone) HLF-45H4.
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B 17 KA ESH SN MR T REREE. (2) ANAEERA BIFHEN PR
BHETEWREE. (b-c) 2 pr WSS TR T B AR KR T HEE[71].
Figure 1.7 Schematic drawing of the Dirac cones and lattices. (a) Dirac cone structure in

honeycomb lattice structure and in (b-¢) p12 borophene with sublattices[71].
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A RefEfl A Kah 75, 32|20 F i mlaEAH .
ARG EIR R T s SIS YRR, At SRR, R R A
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SEVER BN 7

1.13. BETEEERRELEY

T & BRI R A 22 TR B A MX,, HAF M=Mo, W %%, X=S, Se,
Te 55, #lW itk (MoS2). —mfbEs (WS). flitksH (MoSex). —filift

5 (WSe) &[77]-

o

B’ 18 —#&BENESBERENEY (2) . HAMTERE FTHEESER BB,
FHGAL (b) I AbAHEEBRK HWEYE (¢) BEILADC EBK T HE[77].

Figure 1.8 T Two-dimensional transition metal dichalcogenides (TMDs) with H (b) and T (c)

TR R S R AL S A A PR R e A A A A
[26, 46,48, 55,77-83]. A[FIPIIt i & BRI & 06 & B 1 A% S EUR kg xS
R (B 1.8 i), BlinE )2 H AH MoSa A1 WS, Sh#% 5 % (Lattice constant) #E

Paxa

L

He
e

L Be X = Chalcogen B (o] N o F N
Na Mg 3 4 5 6 7 8 9 10 1" 12 Al Si P s Cl Ar
Ca Sc i v Cr Mn Fe Co Ni Cu 2Zn Ga Ge As Se Br Kr
Rb  Sr Y. 2Zr Nb Mo T¢ Ru Rh Pd Ag Cd In Sn  Sb Te I X
Cs Ba La-lul Hf 'Ta W 'Re Os Ir Pt Au Hg T Pb B Po At Ri
Ra Ac-Lr Rf Db Sg Bh Hs Mt Ds Rg Ci Uut FI. Uup Lv Uus Uuo
< < ¢
2020202020 HSHLHSHHD
¢ >4 >4 >4 >4 > H-d b3t p3d btd b3td b3t
4 >4 >4 pdq4 >4 3t >34 Pt b3t b3t
d >4 >4 P4 >4 »d Yd P P P34 P P
4 >4 >d >4 >d 3t 3t b3 b3t Pt
4 >4 >4 >4 pd pd < pt-d ptd p4td p3td b3t
4 pd4 pq pq P4 $-d p3td p3td p3td b3t
4 >4 pd pd >4 >4 st p3td bt P4t b4 b3t
4 pd4 pd pdqd pd Fd P34 Pt p3td b3t
d >4 pd4 pd >d >4 st pt-d p4td p4td p4td b4t
< >4 rd pd p<d 34 P34 p3-d P34 Pt
o B B G PP HIPHL AL
] 0 < < -0 2 Y-d b-J-d b-8-d b-J-d b-B-J oY
OOt SO
%\ :‘ o Octahedral (O,) or trigonal
Trigonal prismatic (Ds,) antiprismatic point group
) f O, (Dag)

(@]

configurations, respectively[77] .
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299 318 Ao AHRANIR 1 — 4 BV S BB AL A ITERE Y . SRRSO E e
TEAH FAE SR BB RAFE. LI 20 MoS: Nl (ankEl 1.8),
JE AbA HEZ K H 7 MoS, fg i 54 LR BN SRR, TE W AbC HES 1)
T 2 MoS, EMH & B [77].

_a 5 |Conduction Band 353 357 cem  d.*p.p)
" -3. """""""" -’7"
o vem
| RN
< H'H, e ey
o ) — % PP,
- Md Y
5 orbitals ", N
L?Cj . Xp
o/ ', orbitals
H,0/0, N (px.pv)+ 3
d 'v:‘dxv), A1 A
| 627 . Valence Band v ST 2
MoS, MoSe, MoTe, WS, WSe, WTe, (px-P,) +d,

(a) (b)
19 ANRSREBRL YRR EEHA T RE[47].

Figure 1.9 Calculated band alignments for MX; monolayers[47].

1.9 45 T BT B2 ek B AR B AN [R] 6 J8 I A0 & P B 2 Re 4 HF AT
PA MoS Al MoSez Afil, H1JZ MoS, i) Ji§ (Conduction band minimum, CBM)
B2 N-4.28 eV[47], #r71i (Valence band maximum, VBM) HJREZ N-5.87 eV,
FLE MoSer T AN 5 TRAE R 737l 42-3.91 eV Fl-5.24 eV, [FHL, HJE MoSe2
R THURT 7 IG5 T MoSa FAH L BEZR -

FRANT 87 B 5 AN R U 4 7S R A 0 J2 AV e 0 5 7 R R HEAT P R
[47]. #—, BEERECERIR THE (Atomic number) I (M S, Se F] Te),
S AN T TR e e B A 1 v . UMD RER s TRURE R 22 B K T iy TS Y
REZ 22, EL MoSer HIMN i THAE S E MoS, HIAN HE THAE S 5 0.63 eV, T ST i
FIREAH I I RE 228 0.37 eV B, XTR—MPIEEIGERE (X=S, Se, Te) ,
WX A5 THAT 5 JEG R i 2 T MooXa K RLREZ o

R, 1RZ e RmmRASEI R4 (B MoS2/WS,, MoS2/MoSe:,
MoS2/WeSy 58) REWS I BUEE 11 28 SRR HEA . 728 11 Xk SRR 4,
—ANZH R T R TN 520 J B 5 — N2 e R B A v IX R R A A
F TGO T B -5 7O 28 A1 2000 25, TESG R 4RI, etk s A
AL 55 N FH A G B R AT (26, 55, 78-83].
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ANHTI AR —— Vi fE A S5 i 45 A4 &L (Van der Waals heterostructure )

110 Z#RRSRA, EZEBEREERARNARET, FRKESRTUR
B R 5 IS [26] «
Figure 1.10 Two-dimensional heterostructures based on different two-dimensional

layers[26].

g e A v, FEIHAL (P P 2H B TG 2 DA 2 S 1) S AR ELAE R 9 e 12—,
PR bk 7 T PO AROUR 445 ) A2 e s JHC P i ) B 2 TR 3R A 90 N D R AR P AR A [T 1
CHEMRIEBAE L, MR B A A FEHESR S AR AR (B 1,100 1A
EARBAUT R, BEIRBURI SR A R, (H 42 BN R B O 5 A R Y
BB RS TT AT Z 0, TBAR & R X RSBk, B2 bkl
N2 BRI SR SEE , 1)2 5 JR IR A FLAE R AR R G5 a8 46 77 (Van der
Waals forces) AHELW 5], B EANTHEFCATEEAE RS . 4 57 45 AW SR
HLF 1 R SR AR AR AR B 1T B [26] o

i 111 s, IR AR R 43R AR PR 2H 3 — a4
SRR R G M B MoSo/WS, 53 B 45 UK #1257 FT LA MoSa £ 3] WSy 2,
L4 TR K 222 50 fs [82].
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Energy (eV)
]
(6]
|

Bl 111 SR H RIS R R4 B IR e g 72 [82]

Figure 1.11 Experimentally observed ultrafast charge transfer in two-dimensional

heterostructures|[82].

T T2 TR A AAFAE A S, WOR I RETE G st R PR e 1) RUBE Y
REZFER, RIEFEHANMERR . BRENER TR EH SRR N
R, XEPHRZ MBI BFEEE. —J7E, MoS: HZE NG 17X
BN AARSERZNEMEBRTERELE S B0, MEASHNERTSS
FE R AT RGN, BEITR e AR b 25 RS RSN, TEWUR 17 /X S AR i
P FIRENEEE T A FERIE R o LR 1) R TR EE A8 & o b6 LA [F) 3 ) 20
RO R) RUBE, BT ROV 52 B S 5 PR P 2 TR

BT, Jin ZE[831HE T 4k WSeo/WSo X2 45 #4 H HE LV B /R EE i A B 16
(Moiré excitons). U1E 1.12 fiR, MATRIAE WSer 5 MoSy AN ML F
B OL T, RUZE 5 4 RO S 2 2 A I A8 4k . MoSes (1 R 4RI 1 LR
AL BE IR A% BOAE R R BS R 2 AN SR . T X S RS R I 5
AL W Sen FRHE f1 57 03 45 56 4 A [ RO AT B AR A (83

ST, FRATTEEARE 2 B MK L8 3 2 M BRI S I MO OATLA], AT R 75 22 B
R, RIS E -7 OMER, A FREIEH, Bdd
TP AL S T R BN A EAE . 4k, BE IR & o R RS Bl P9 R
TR0 TR, 7 AR N G 25 6 A A A FH AR T R AE I i S A B S 1
T R AL AN T ZARIAE
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Figure 1.12 Moiré superlattice in a WSe2/WS; heterostructure with a twist angle close to
zero[83].
13 EfTEERME
HLfaf % JE ¢ (Charge density wave, CDW), AU di A HH 301 FiL ey 285 152 J S
YEWR), JFHEREE Sk L R P EAR AR AN R - A AR AR o FE AR L, Fe

T 5 [84-90]

W EPFE) I TSR

-q-—,- . '..‘ -

SRR
KRR ©
.

—
o

30K

B 113 1T-TaS MHAEMRE T EAERES () REBTEH (b) [88].

Figure 1.13 The structure (a) and electronic properties (b) of 1T-TaS; at low
temperatures|88].

W& R AY), W 1T-TaS,, 1T-TiSex f1 2H-NbSex %, ZEEFEEM

11



RGEM RO S B 0 A RN 26— P R B T

e 4E AT EEURAS (Charge density wave state, CDW state) [84-91]. ‘41T HLfi
2 BEP Y U R ZAAH F[91] . BR2 AT 1T-TaSy H i) H far 25 BE U R st
T2 KM% E (Fermi surface nesting) F1HLF & A B AEH (Electron-phonon
coupling), T 1T-TiSe> H H fif % B I AH — M A N VR T3 7 %85 (Exciton
condensation) [91-93].

PAZOIR 1T-TaS2 MRF 1, FRATITET 5 A 28 i A 25 FE MRS [RIIRLRE T 1 AR
ARV T [86, 88-90, 94-109]. 2R 1 T-TaS; ZEEIR T (350K L F) BIHE 1T-
MoS: FAUR S AR LGN G SR LI, & 0 SR ML A% W B0 3.36 Ao XF AR
N B B A 2 A (ICCDW,  Incommensurate charge density wave state). 243
JE M 350 K BRI, 1T-TaSy MRS RAEARAS, AR B Lt 25 B AR A 4 oA
YHE A\ HA 7 35 B YA (NCCDW, Nearly commensurate charge density wave state ) .

A 2 JBE P AT 250 P8 V0 A A — 2 Al 2 R LT 2 B8 3 A R B £ 25 I8 SR AR IR RS [90]
MR FEACT 180 K B, 1T-TaSy & &4 e & JAYELE /M AS], AR TAEA

3£ FLAT 5 PR YRR S IR B I R R M CFE 4P T B ARV 13 x V3T A,

A% S HON 12.1 A, R T BRI A% R R R AR 13.9° L) o XA HTAH 0L
SEHAIW BN AESEW (B 1.13), #o KT 27[88]. HAN“KTEZ
BEraimas B3 AEET, “KREZESEMNTEE A MRS, Ao
B A —ANEIE T o SR T ) A2 A B S A R g e A, T
T RS HL AT 25 P ) S AR o) o XM TR R D9 2 B8 H s 25 RE A, TR H et 25 FEE A
(CDW #H8{ CCDW #, Commensurate charge density wave state) .

K 1.14 iR, FERFERIESR T 1T-TaS: 2 BB SAH[99], H-S MG 7
IRELR 5 Ko R TRIR LA 25 FEAR LUSGE AR E U, BHE R Ca 4T
JU14E[88, 90,99, 101]. — M IA Ny HELA7 & FE ARSI T 2 oK T IR E 5 R A A & 1Y
SEEMEF o 1T-TaSy fHET 25 BE AR B Mott Z8 AR 1 FFPER, IXRIAHT 5
FEL - [ 9 O DGR FH 7E Far 25 FEE A 1 TR B P bR 8 EE 2 FH 90, 99-104, 111]. AT
RSB LM B T IS, BATRZEASIEARRR TR (MR-
FAELAE FH £ FESRAR TT 2 I 515 Ji W A

12



B 1.14 ARERBEMERT 1T-TaS; KA E[99].

Figure 1.14 The temperature—pressure phase diagram of 1T-TaS; [99].

14  ARRIEBKRIL XL

THEMRBIA FE BT SN AT, CERBONIKE Y SREREY)
BB O AR 2 (1) iR DA AE SEI0 = il 46 ok, (B BT
H, WHAHEFUCFAEE T L2 IR . MUk, 4k EfE SRR
T AR, WA T 2 EARR AR R R . B, 4ERR A
SRR AR 2 B0 SR A FE R R B 4D RE S LA A 7 BT 4
RAVERT, Rl & UK 7 3] ) S 1 5 R R SRR NI SIS T AR 2 RF 2L AT
5577, FAIR BT A F BRI TB, R SRR S, R 4R
R S ot 45 AU ) 1) R R AT R GER A HBAR T

AR RN B EAE LU JLANEE
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BREZ MBS RN (BLE T, BIRE, FAIAEAEMESE) B,
%, 1%, P, WEVESHERRANTE, XS RATE R EN AR R
PR vz bR B AR S YR T Hohenberg A1 Kohn 7E 1964 Fi—Fe & 4 &
mﬂoi%%ﬁ%%%%%%%%K%H%FWMW%WE~A%¢%%@§
o T, RFRFTE IV TR LA B 2 R R A . TR ) A B R
fii b Hohenberg #1 Kohn IERH [ %5 53 o& B K P> 8 B
T —: ST —ANETES S V) R AR R R, HPTE RS
IR B A (1 FLAT T M — VR . R 2 R RN R, R RPTA
A T S F AT 2 E (RIUZ bR
T RRMESREL U BEAEENTE, SMERAREER RN
/M
Hitt, W3Rk RS R ] DUS Al
Etotar(n) = T(n) + U(n) + Ex(n) (2.1
ERF, T) M AR LA, Um)ZFECHE, Exc(m)E & ZAME
B FH A8 300G IR BE, ik 2R 1) P AT 2 P8
23— RAIMHES:, AT USR] — AN ARIE T H2

¢

{572+ Vis O} i) = Eipi (1) (22)
LA TNSRET, 5 Vs  Kohn-Sham #75, Rk N:
V@Dﬂﬂ]:v&)+fdﬂ;$a+5%ﬂgm (2.3)

Xt 3 44 1) Kohn-Sham J5 F2[113].

ForpAZ O B A - AH ELA FIAR S B DR 38 3 l e T LA b AH () F A % FE 1R oA
HARHA R EAS] . FEACH BAE LTI EAEH RS EBAER, A #it
SRIRREAE R AT KB o A3 I BRI R A T 2 SIS A E I, DRI
I, shaeml, oA BMHEAER. J5HZRAI S 2T §E .

BT IIZ IR & T 2, AR R oY RS B R e . A8
M7, AR 2244 5 o afl DLE e B 32 SR AR i bR BOR AT 2R SR PR o 3 02 R IR 3L
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L& LA, AR IE BT R, (A SRR KR L o £ AR R S B ]
L, AT B D AR ORI RE (RS A R IA 2o BUAE R 5 2 (1 S e Rk
RERILTE 02 Ja I % FE L L (Local density approximation, LDA) F1)™ SUbAEE ALk
(Generalised gradient approximation, GGA) [169].

BT R T2 E TR E K 34 MER, KRR TS E T
BHA DA T AR ER o SRR IR - A BRI AU A8 L Bl (Born-Oppenheimer
approximation) [{J5EA4% A . JEF Kohn—Sham J7 72 (1% B 17 B BRI 7EHE IR 4 KK
B EBUS T EORB RS, REMB ARG T RO, BERE, ARARA R
ks S8 . £ BHAIRBURS b, BEZ RIS A KHER . — AT
Bl7 52T LDA Bl GGA 2RIk bR BT 15 2 (1 2 3R 58717 58 > 0™ AR AY
A N5 L SEIR B AR A ) 50% . X T2 H R il 1% B oR B I A HERA A B
BT EAR N, DU AT 1 B RENE SR T A EAE

22 BEEBEZEIEL

2.2.1. Ehrenfest Zh %
Runge 1 Gross 1% FE 72 R IS HE ™ 21 5 I8 25 FEVZ R BRI [ 114] FE- B 14
G AR RIS N IEE ST B E 15 772 (Schrodinger’s equation).
in R = (), Ry} W (), (R, ) 4
Horr, g ARy 700258 § MHETHE T A TR ERR . Heo & o I 1S 25
&, BEEAN:
Hyoe = _Zj om Z]

Z1Z
Ri-Rj|

Uexe({3}, Ry} 1) 25
JEF Rung-Gross #ig, BFZEIMSMG (v MBTFZEMI V) 551

ST A AR 2 B
vs[n] (1, ) = Vexe(r, ) = X

n(r,t)

eZ]

V] + Zli]l + ZI¢]| R]l

-

2m

Zin(Rt)

I de+fdmﬁﬂ+wJ]@0 (2.6)

ZIDI(R t)
IR-R’|

dR’ + V) [ ](R,©) (2.7)

Vin](R,t) = V., (R,t) — Af Sdr + 7,3

Hob,n(r,0) = 3¢y 0] R 0 = 3| R, 0]
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%2 5 BRIk

POV E 7 BB EE T I BTR K 3-4 &R, T AR T IS s L LE i 518
B2, Bk, JErxmisshn] BLL Bl FI AR5 — R R I -

2
_ ] Zyn(r,t)
M =5z = ~Vr; [Vexe(R1 O — [ IR—1]|

XH, WATRME 7738 A B .
117 HL T~ B3z 33858 5 1 ) Kohn-Sham J5 PR A4 -
i 20 = g2yt + fTr(irtl) dr’ — Zilr—z—:hl + Vye[n](r, t)] b;(r, 1)
2.9)
ERP AR TR B TREN SN ZEs . BT RIS sEE S Kohn-
Sham 5%, [R5 HIE S8 0E 4 ) A W07 AR .
Hrr, Ehrenfest EHZ: B TRRT, FAHHEMEX TR E G SH, TR
N

717
dr + zlilm‘fl’m (2.8)

d 1 0A
S<A> = <[AH]>+< > (2.10)

Hrb, A RETHA, <A> RETEMMHEME, H 206 RN % R,
RN AR, o RS BT A B ERATAT DTSR R — N AT B SR A )
TS A4, MR 2R TR RIS 3T A

FESEBR ] A S BEAR AR O 2 5 B — R TVESE AR 59 UK T R P i o P
W, FEFRIMFTEOERIE S, Gl 2R CE AR IR 7 5B o 72 ki
(ISR N, 25 I B P2 bR R V0 R 65 5 I A TR 2 5 P, RS 0ég Py 7 B R A 5t
JEARZ HAB RO S IE D, AREERSHHBRIEE L, FAREERE, 17
T THIIRS), IR TR RAE[115, 116].

55 IR TT IR R AR N TR A - SR AR B A AL, XA ARSI
Weil, JEREALFIAR £ 537 T B 7B ) M SIS S R o IX AR 7 R RERS D
OB R AR BOR FIEAN, - SNEEER, Baiiid SRy X
J¥ o
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A 21 ZFEMEERZREBNE —ERERMGE(TDAP)[117].

Figure 2.1 Real-time density functional theory package (TDAP)[117].

BTVt 5 Ehrenfest €3, JATHITK 7 —E SN B EZ R,
TDAP (Time Dependent Ab initio Package) [117-119]. #1/& 2.1, TDAP %41 %
F RS F B FE 20 120-122] . IXE T3 R Z IS [123-126]:

1. AERE TP T GG R 2, R dol 5 U i 2 A A ) — AR R
PR XA KR PR T, T AR R R MR R, K
) U RSO T RE

2. AT T7 v IR ) RUBE b - AR RS S @ AL, X BE RS IR
RZ WK 753 B PR AR S AT B T8 3 i 72

3. WA T AR PUE S I AL R AT AL, R ERATT AT LU BUE 4
BRI THE b, TIAE SEBRISAT I T LAIE BI85 i [ AT 203

FRITEES TR 2 WOR S BN ) FI R, B AT RE RS B 35
BR VR (A R, IR REAL BRI AA B o FRATTRLF MG 5V R ST 7T T 4
SSRGS R R A (LS 3 &) 5 AR R OGS S0 3 1

(W26 4 &),

2.2.2. ETFHEEERBKITIThHZEERL

TEF I RN , Ehrenfest 20 /) S EAL L &H 2 BEA% (1 R N3 7 Hh A7 7E AR
ZEkIfG. B0, Ehrenfest 3/ 7)% %A IEFAL A BCT4 (Detailed balance)
[127-132]. FHIFRATEEE Z KA BEUR BN 1= A 8057, RIS RETH ERIT 1)
BN )AL ITIE[127-134].
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adiabatic 7\

/L NA | initial

\/ direct |excitation
by
Acceptor \photon/

Donor

2.2 ETHBEEEERIB) /1 BHI[135]

Figure 2.2 Schematics illustration of fewest-switches surface hopping method[135].
A F 1) LT 5 B2 T DU I 5K T Kohn-Sham HUE Fir A7 (5 #8285 ¢, (r, O IR AR
ST SR AT 2
p(r, ) = YN |, (r, 0)| @.11)
Hr, Ne & RFHETHE. T Kohn-Sham ¥ i, A7 LIS 3— K751
L HLE

ih 2250 = H(r, R, 0@, (1, 1) (2.12)

H, p=12,....,Neo BEHEH,R, )R A2 R R, XL
S HARETE— . - A AR R BLE RS B i AN A T . b
AT BB HE & I Kohn-Sham  HUIE 1% 26 24 /) Kohn-Sham HUE e R .
@pe(r; ) = Xk Ck §p (r; R(D) (2.13)
3R IT R A

aci(t)
— = Yk C () (exSjk + i) (2.14)

ih =
at

Hr, e /2 3 kK DHTENLERAME. dye 2 5 k A j PUER AR

BAT, B T 5 T oS A0 7 A T R S0 B T AR . B R i A
in

dj = —ih(@)|Valdi) x G = =ik (@ [5| @1 ~ — 5 (@]t + 20) -

(@;(t+ A0 (D)) (2.15)

N T e EHORAAR 2 b B30 (0 F Ay 20 AT, 3RATTR] DUE I SR LR 7 FE 45
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FIPIE 4 S BE I 18] R34 -

2
[ =] lopmofar
cluster cluster

= Yj CeO GO [ ser P RM) * 3 (r, RO dr
(2.16)
S R vl DS R A S HE T (PE) E3 %87 (U cluster) )& it
.

¢; ¢, dr + c;c;
dt K] dt cluster t ak dt

d J-cluster pPE(r’ t) — 2 {d(cf C]) % * fcluster (Pr(p] dr}

(2.17)
b B — AR R A B 1) 7 B 40 AT DR AR AN AR T FEL A 1 S AR O AR
o J5—BURR TN G HEORIFAA, 1 48 HITE ) J5) 38 5 AR AR
AT f5 5 FH R Lok J7 R K 202 fe /D 34 RETHTRIE 777%: (Fewest switches
surface hopping, FSSH) [131-135]. I 2.2, X7 VEREME BT H SEIAN [F] J7
IR CRRTER A G ) BROEIECTHT. 76 StIFIAIY, MES k DNE ARSI § A
R R

dP = 2 dt (2.18)

akj

7N I:':l’
ag; = G (DG
by; = 2hIm(ay(Px|HIP;)) — 2Re(ay;dy;) (2.19)

RS B dPg N TE, AEABRIEILARONE . R 245 k DT LR S

Bl b e § A BRSSO, A k DRETEARE § BT ASRERE
AR

T AR B B /D B BE TR IE Y U5 R IR 5 BB A T RO RN, BT 1
RS R S 7E — AR o 2B RIS T L BRI R I T R I, & mT AR 2
P T IR B M - 75 A B A P AT DA 2 N A3 2 . seBRE
AEFLRAH AR BT VE R IEIE ag BIAEXT AR RE TG R I E v S BT
i A I PR LT A RE L ZE 1 ORIK 2R #5 (Autocorrelation function, ACF) 15 3/,
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A5 1) H ORER R R IA A
<AE(D)AE(0)> _ Cyn(®)

C® = <AE2(0)>  <AE2(0)>
H, Cun(®) RIB—ALM ERERRREL . H BRI T e E AL
ER. Cun(O)BR, BH = FECERIBHT.

Deumu (t) = eXp(_g(t)) (2.21)

(2.20)

g(®) = fydu, [ dr,C(x) (2.22)
WA AT 222, FATAT LT IR 5 AR T 8] o X B 55K o8 B B -2
] A3 235 4 (Spectral density)

I(0) = J(z_ f dte™ ‘wtC(t) (2.23)

Hiitk, AR B 175 TR & A F AR i A AR R I R B A . S
o, SR P R ) T DS S R R - O BRI AR 1R E . BRI, FRATAT M
) SRR AR b A0 AT - P TR A R F R A A

T A BE T ERAL 130 /1 5 AU T VETE 43 At S TIROR AS HAar A %, #4774,
B - T R i T BV I[131, 135-149]. #HXHT Ehrenfest ) /1%, %
T A RETRRIL 1930 7 2% 1 77V RE S BB TR (1 AL B 22 2R A% 5 44 2 (1 4 3501 i
)8 o R T ARG W R A SR R IR 2 B T 4 G BA K 431 30 ) 2
B4 (Molecular dynamics), T LA 7 TG HE LUK 25 6 LT 0T i A4 R IR 56
Wi o PRIE, JE T3 BRI ERIT I3 ) 2 T A G AL, OGS A i i A i
PR — s I PRHI[131, 135-149]. FRATRFH LT VERIEFE 1 4 57 foa 4 vh P it 15t
TR A AN < JR A K UKL JR) SR A5 B T 5 T 4EADRL B A B T AR S B 2 1
WA (E3 ).
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38 _HRREGA EABREERN

31 MfinE=

THERPRE RS R A OGO T A e e (B 3.1 2T
FURIN BRI RE , I BT a5, SO ARP R AN (R A 5% B Aok 2 i 22 (4 I 26,
43,44,48,50,55,81-83, 1501531, —FiAJy Fi i ¥ v 1o 1% i 3 2L HGRT P= [H]
(IR & o B2 A AR SRR IR . 0 L FTi&, Hong S5 R I PLEL RS (77 okl 4
MoSo/WSa ¢ R 454 KL, I B RO B0 A 2 X A PR AL R 1 R [82] - IX Rl
77 AR MR 42 ) 9 J2 2 8] B HE B 77 3CR0 2 TS RS 4071 o —EADRH J2 18] 2540
SEASTE P 5 0K A58 71 2 VE SV S R A B AN SRR 2 XA ittt — 2B 0t 7

B 3.1 Z#RRETRERERH AT ERRE.

Figure 3.1 Ultrafast charge transfer in two-dimensional heterostructures.

B, PAT R B — e S I AN FS PR T AR B AR I U & SR AL A P
SRR AU RS H A AR O AR ST LEE [ 149,154] . Long 1 Prezhdo S FH 5
/DI BRHIBRIT 7 V4678 T MoSo/MoSes 575 45 1 & T AH it IR ST 575
JCI 2] 73 B[ 149] . Wang 5545415 I 85 B2 R J5 VR ARG B AL 77k, 4 H
MoS2/W Sy 575 & 1 't 5 B W R I A6 [ T 1) R /)N 58 TR Rl far 4% i i 82 585 ) AH 5K
[154]. B3R TAEWFFRES L T FAH 2H HESA R0 4245 i) . B4R 2H 2
() e S M B B AR E , B SERR R Y, RSV ARAE S A R A S BOE AR A HE
BN CF =0 TEN A . LA E 1 S S E PR AR B oA

23



RGEM RO S B 0 A RN 26— P R B T

BB BABATEEA KIHI I TAERES IR AR TUZ AR ELAF A 5 s A%
b fm Z B FE ER AR

32 ZHRRETHEBRE AR

WA 3.2 Fiws, SERHIE ) MoSy/WS, 7 i 45 L H SR 58 11 28R4
1, FREE I PR TS EERIET MoS2 J2, M T i TS ZRIET WS
J2[82]. BRIA MoS: B2 A BREELL WSy JZ IR/, S8 sp BAT AT LI b
PR MoS [ HL -3 7 (EEROE T IR B K T 52 MoS, IIZE T 56, 1 /NF
WSy 2R FERE) . MoSy ZHIM i AL R EUR T WS, E M ias &, ek
PRS2 KRR FUIE T, I ATREM MoS: ZHEAE] WSy JZ.

AT, FAVEA R TDAP 55— S B S, A8 3-SR E F
TR FH Perdew-Burke-Ernzerhof | SUHS EITAUFEIR[117-119]. PIJE Z4ERF K} 2 [H]
B FBATAE, BT DFRATE G5 RALI 1 opt88 T MEE B IE, K
B R b o S T AR P 95 AR ELAE FI[171]

a b PDOS ,
WS2 1
m
= |
@
_hpe . {08
} ©
hole transfer 1 <
) i
-2

Bl 3.2 MoS/WS, RESMELEMMBETFHER. () MoS/WS, RRLEEFEM.
(b) MoSa/WS, BREHIARE

Figure 3.2 MoS2/WS; heterostructure. (a) Side view of Mo0S,/WS; bilayers. (b) Projected
density of states (PDOS) on MoS; and WS; layer, respectively.

T YE MoSy/WSy R EHEIRZAENEMME (K 3.3), #5 AB1-2H,
AB-2H, AA1-3R, AA»-3R 25[49, 150, 155].
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a AB:-2H b aa:i-3r C AB:-2H d AA:3R

AE=0.22eV
4

Energy (eV)
[N - SO R )

=

3 K MM T K MW T K M
3.3 M0S2/WS; 57 51 454~ [F] ) J2= () HE B 07 AT B2 A BB HY 454

Figure 3.3 Schematic atomic structures and energy bands of MoS,/WS; bilayers with

different stacking modes.

nE 3.3 fin, AB R8RS (AB1-2H 1 AB>-2H %5), FHALFHIZ ) M-
X WA B . HZ AT, AA RIS TT0 (AAI-3R I AAL-3R 46D FIAHAR
P2 BB AR F] o AB A1 AA PIEHES 7 S XOITE T % A AR 180° 7K
F A

[l — &) AB1-2H Al ABo-2H #EE 5 Xl — KPR AR, K
N1 As XA ABI-2H Al AAL-3R BRI R RS MR, 35
Z R EARZEEEZN 6.3 A. AA-3R HEE TR INHALZ LN 6.8
A, R 2 Sz AR A S5 R R 3.3 BT, JLR R Y R e S5 R ZE AR K,
AT I 7 T SR TR A T KA. 1T K s AR i T 1 A5 5 58 R
PHEFERIREHRE (AE) #2020 eV.

FRATSE FH 55 i 25 B 32 bR PR 7 v R G S [F) 3 B 5 2\ MoSo/W'S, 57 Ji 45
bR L AL I R o 15 S0 R AB-2H A4 B SR VI b A 28 ST PR A4 4 (R A
ot iE. B 3.4 (a) ARthBEWEA M ARKB TS, Hd 1>, 1> M 2>
G RAT BN IX KR el Ml Ml dem sUS AT IR L. MoS2/WS,
FIRAM BT AR SR R X R K S 2> f 1> PSR 2 A
£ MoSy 2 b, T |-1> B FTE WSy 2 o 312508 K S |-2> F |-1> 3
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AT AR ATEA R Z4ERMRL =, DI E AR R R S5 A 2 i T
e, FRATERS K fEPABTE (2> A 1> 02 A AR BAE SR IR A
FEUR. RIMESE I AR R, NIRRT T s fir i T
TR G 5 B 2 ENE S AT TAT R 2w, B0 )= ZOae 8 52 i iy T 125 1 RE
Po HJR MoS: 5 WS #Z FAA IR Tk HNE G IS R4,
B RN AT R A

PATEFERC R MoSy BRI _E R H 7220, BT |-2> & ERTHT
KB 1> BUE L, fE |-2> PUE L8 NG, B e ORI RO B R T
AN X I 8] F) 22 8] A T R

©
y w ¢ % oo«
2 1 © o
S A N ™ S0 o004
% 1 ) o {}Qw - o
~ Il) hole o iﬁ1¢€’ 2
3 hv & oF : 02 3
o Yo a
& ° 1|0 oy & 50 g
- {;w o)
i m‘, lect o
! -2) W e ————— )
4 . . ‘ . . ‘
M r K M o 50 100 150 O 50 100 150
Time (fs) Time (fs)
t=150fs
")

3.4 fE MoS/WS R 45 AB1-2H BT BRI AEH. (a) MoS/WS, R4 AB1-
2H HEBRIRETH S . (0)CHWOR /G A FIH) BT BERRE R [ KL . F R AR 3T (A 10
£ AR EBUR KRB TR (C)EBURKIZ AR T M MoS, 2512 WS, K LL4]
(d-f) ZEIRAEA RN 2 22 6] 537

Figure 3.4 Photoexcited charge trans in AB;-2H stacked MoS,/WS$; bilayers. (a) Energy
bands of Mo0S,/WS:; heterostructure. (b) Evolution of electronic energies upon

photoexcitation. (¢) The integration of photoexcited carriers that diffused to WS; layer. (d-f)

Snapshots of the spatial distribution of charge densities at different times.

IS R R T RSN S BT Kohn-Sham 4 FEFIES Tz 2Rt /8, &
AITAT LLAS BPE se R BE I R B3tk . ] 3.4 (b) 43 7 ABi-2H HE& 7 (K
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MoS2/WSz 5 S5 WSO T, R B HL /25 7O T RE Rn 23 1] 3 4 Ak B 7
=0 fs BZ (RUOCEFRIBRED, S/GSMRRESMHHT -1> JUEMRREZE N
0.48 eV, BEE N HEAL, ZREHRZEIZHTZ /N, £ 150 fs B2, REgZER/NE
0.13eV. XEH MoS: FIR = /RES WSy A1 & o ok oK. (o) %4
H T BRI BT GSIIE WSy B2 ERRRS. BEOFIER B3 S0 AR
BRI TAE WSy R

Kl 3.4 (d-D R TERT TGSTEARFRIR ZI 15223 W 55 Ai . 75 0 fs B2, K
W BN ATE MoS,, RAEDT 10% MIELBIATE WS, b XFZ RS
TR H W Z GO EA EAE R . 7E 60 fs B Z, K2 25%M 78 7S TENE
WSy, #3150 fs W, Hiid 50% MBS CEEHR] T WSy 2. REWRE G
K MoSy BLEMZSGENET WSy JZo BATHIASIZ I 1 5 T £ i ok R 2 B i
(f1, AUFEE 100 fs L7670

N T RENS B BT AT AR R BN ) AR, FRATIER R WS, BuE B
A SRR/ A FE . 7E 150 fs FIRS IR I 50% 178 7OR A T A F
MR T (BREiZ) TS8R E MoS L=, A LI & 1) L%
Mg, BANEERR], BT E A IEE IR AIRY, FPRZAZ 30
fso XTSI AR M EAEE (Dipole moment) fiffil B84, AT ILFIRLE N A
PR (400 cm™) EBEA M gar 4 4 e s SR (156, 157].

FAT i — AT AR A W B A P S R ME B A . H g ST A S 2 )
HL AR A RN UIAR DS, JRATHEI 5 o &5 2 ) BRI, 5 T P A A% i 2Bl bR
, WM Tap: ~ Tapz ® Taar K Tanze XH, © R LRI, BT LR
R AR 75t B R

Widy = a+ b exp(—t/1) A XX LT /A0 AL T ZR AT G, FRATATEA
15 BIAN R B S S 5 1) 2 AR S A . W] 3.5 7R, A4S Blltapy ltan, K4
5= 100 fso MTapa MTan B KAIRZE, Z14 1000 fso HML, HRIFHESF]: thp =

Taaz K Tap2 ® Taalo
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5 02 WS
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B 3.5 AFRBMERE MoS /WS, RBREFDGHR TG L. ERAAFHiRH THE=
BARETE, ZREEEARRNZ WS, 82 P¥E B S e mE e R md i
HERE BESEL.

Figure 3.5 Hole transfer evolution for MoS,/WS; in different stacking configurations. We
have labeled the atomic structures, interlayer distances and charge distribution of the

excited state on WS;. The lifetimes are obtained from exponential fitting (orange solid lines).

AT 2[5 HE 2E 1A) 57 o 5 S2  HE ABPR AN 7] ) PR A o o, XAl i B AT T B 8
25 2 [ P 5 5 P58 A 5 T R A S IR AP P o P2 22 M) AR i P — A FH L
RN & 9 BERAIE , A SR A T iy S S IR IR S o, /NG T
P2 T B o BA TR LR (A SRR 5 BRI JR R B A BB O B SC & o Jlid
BE— BT SR 2, RATARBLAT T A 4 B0 A LK X K i s |-2> A
1> ETE B 5 1A b R 5 95 5 5 A I HL G A e DDA SR [154]. 2B R E SO
PIAS |-2> AT 1> A AR R B TR R SAREAERE T (MD:

M=<-2]|Z|-1> 3.1

Hr, 7 REE T EVERT. ABI-2H #3877 0 S BT 4 [ T R4
& 0.5e-A. 1M ABx-2H S 7 :UH 2 RS e B /MR 2, (UAE 1073 e-A B &
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o BATERIL Mpgy > Mppy, » Mpgy > Mpago

£ 3.1 MoS/WS: R & FHAFREER AR S .

Table 3.1 Summary of MoS2/WS: heterostructures with different stacking orders.

Calculated parameters for MoS2/WS: bilayers

Stacking d(A)  E (meV/atom) M (e-A) T (fs)
AB-2H 6.3 —30.6 0.42 150
AB-2H  artificial 6.0 —27.5 0.62 120
ABi-2H  artificial 7.0 —20.0 0.16 320
ABi-2H  artificial 7.3 -16.2 0.005 1600
AB»-2H 6.3 —28.3 0.06 1100
AA;-3R 6.3 —28.7 0.02 1500
AAz-3R 6.8 —19.7 0.18 180

d: JZIE)FE, B: JERGEE, M OGERIERERE T, © UrUER A

3.1 BE T ARSI T MoSyWS, R4 ZEEE, FERAE, 2k
AR TOR S AR i T o AR LA H MoSo/ WSy 5753 45 Hh it T R A AR S 5
53 E 5 DG BRGE AR e VA O . BTG, BRAAS B e AR R
1/t 5 M 2HHEHKBICR: 1/t oM.

BET, AT AR B A FRRITHE M 70 5 7% 7 T A% ik 2 11 ] B4 2 ]
B (B 3.6). LL ABi-2H H1 AA-3R PMAE R0, e AT T S g v Bl D i) £ 1)
TSRS, ZIREEEET 2N 6.3 A B 3.6 HiR T HL T A 1043 A B 25
AB-2H HEB AN BT |-2> A |-1> aEE T A A ES R HE . AA-3R
B Rrh, 3 IR B A A ME 2 o RN B AR T R4S 2

) Mapy > Manq e
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3.6 ANF MoS2/WS, 57 R 25 SE A [RIRR A 5 BE TR E ) R A S LR

Figure 3.6 Interlayer-state-coupling dependent charge transfer rate in MoS,/WS; bilayers.

BATH B TR R T AR/ T 22 R e 3 SO AN R 1 B A AR S A i, A
JUE KRR LT AP AN o FRATIEIE 92 — 4 55 45 S b i 23 7B s R B e T
FrE M F ARG OREE, A ERAlif R RN

Al , FRATIEHETE T 2 I 5 ST A R g I8 AR S R OO 7S HL A 5
TR LR IR [158]. ] 3.7 45 H T St rh FH 21 PR X068 I 245 RSO R R0 1
O B B ROR A 2 SR N T P B R OR B2 MoS: T (A
exciton), FINEALMIR| FACREL I WS, Bl |25, TR i T4 4k B A
MoSy Bz o FATIERES WS, 7 BURH T R A AR I, HETTT 7T LA MoS2/WS)
S0 45 R AS I UAC 0 15 3] e (AR T R ) e S R

SO0 B (R A = PR [FIHE B AR 301 MoSo/W Sy Sl 4 (3 J2 Z A1 e 14y
Al 0=0° 60°H138°). & 3.7 Prox, FATE X =F0 A [ HE S 1
MoSo/WS; J: i Z5 (E BRI F I35 B R i D, WOR S 2 7 TR i 77
THRLE 100 fs 745 o X LESEE W5 2 1 (B TN AA E AR 22 7

FRATT 45 & 41 3 BE A T GBI A B RAE SR8 b H B RE o 23 BT R
MoSo/WSy 5 Jit 45 S HIAFAE A — 58 AL A RIS g AR 3k 4 ST P 23 ZE A4 Rk o
T A FIHES 7 A AR k. Wk 3.8 TR, MoS: Fl WSy )2 22 18] A ZE
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AA HEB BT AE RO R AL, #1238 O A A A B B A U HER B 2. X
LR e O F AT AR A PR AL T AR N SR ETE . DL, DL BURIA R 4 26 A F R
FENM) MoSo/WS, i £l v, R 2= XA fay (R A2 — EAFAE Y

a ’ Sample

'l::::;"'
PMT

b c
— MoS,
__ 0.8} —6=60°
o0 = —_ §=38°
&) <
probe x
¥ 04}
pumpT c < \
..--I-"> 550
00 \
/\ 0.0 .-
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B 3.7 LIMARIAFEHESERN MoS/WS, 55 45 B IRE AL .

Figure 3.7 Ultrafast charge transfer dynamics in MoS2/WS; bilayers with different stacking

orders in experiments.

H—, AT RS T MoSy/WSy 7 it 4 HH I R e A L i 5 JZ (R MES T
FORITHT A M B 1 8 B G R o WU S5 0 45 1) T 2 - A8 % 9 THT LA A B 1 5
B . Wl 3.9 Fvs, EAFZKFEBIER T, AA HESBR R 45 i )
PR AN R @IS, A7 N 180 fs (AA3) 3] 1500 fs (AAD, TMiSEIE M
IR PR AT RE (~100 fs) 1R T BEH T fe DR ) A% il i

FERESEFE T, BARAFMES  FEONFE R AL sh 1 73 ar, (B2
MoSo/W'Sy 5 Jii £ Hp S T I 7 N A8 55457 At S8 R A e A GRE 4 1Y) o I R AR RE i 6 o
AN FIRE b AR AE I R R FELAE AR RS R (200 100 ). FRATT AT F00) 2
O 2 5 T Y0 A 5 U 485 11— 4 o 8 A 1 ' L) 7 3ok B8 R SO 7 I R
FHEEN TR
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{} Interlayer tensile shift Q

B 3.8 T MoS/WS2 JZH STEM B 53 B i) R F A WA R R A
Figure 3.8 Atomic-resolved characterized of MoS2/WS; bilayers by STEM and
corresponding atomic configurations.
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AB #BBA P EXBIETEM, 23N Al ap.  (¢) BEA 38HAMKNE
BEEK. d-H INHZEEASIRESER. (9 ZMEBRANRRETZ G
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Figure 3.9 Theoretical understanding of robust ultrafast charge transfer in MoS,/WS;
bilayers. (a, b) Schematic atomic structures of the transition region in AA-/AB-stacking
MoS2/WS; bilayers. Schematics of MoS2/WS; bilayers with twist angle of 38° is shown in (c).
(d-f) Evolutions of the hole transfer in the three stacking configurations corresponding to a-c.

(9) Schematic of charge transfer process across the AA-stacking MoS,/ WS, bilayers.
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3.3 HFREPRETHHRIEREZ

FEWE T MoSo/W'Sy 7 Jit £ v Ha A AR A LR (R [RIIN, FRAT T3 2 2 8 2 2R DUy e
PRSI 5 Y ILAE MoS2/MoSer A1 MoS2/W Sen 28 — 4 5 i 45 [ 152, 159, 160, 165-
166]. Kozawa S5 WL ] MoSeo/W S XUz 7 it 45 h - E PR BE AL Ml . IR
HL- 28 TR BE S L2 MoSer f&Hm B B2 WSer Y, B IS /N T 1 ps [165].
Ceballos ZE7ETE HLMHE B (1 [ R Z5 4 (MoSea/MoSe, fll WSex/WSez) 1, tHAR
00 33 AL 0 T L T i AR S I FE[166] 0 X Sty 58 S (L5 i 1 B A 21 1 F
T O A ) 4 B R B R OP TG . O T B AR IX LRI SR I, ATk
— ST .

MoS: Fll WS P FlZARADRL dfd& 2 804530L, 2975 3.17 A i MoSez F1 WSe;
HIARHE S BRI 3.25 Ao IXEEZEJ) 22 T3 MoS2/MoSex Ml MoS»/WSe, 57 £
1 AA F1AB XA ) J2 [ HE ST S BT EE IR . BlE, MoSa/MoSes Al
MoS2/WSe; 5 HE B 77 55 MoS2/WS, 5t 25 [ HE B U7 IR 2% o X ARMEFRATHH
FAEBA U S A% R FCBOR B BB DL, AR BRI S 8 ) 53 72
[161-164].

5 PDOS (a.u.)
S 1k
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Dot
o MoS, WSe,
T
-1
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B 3.10 MERBLERETEM (2) METFERTANKIESEE (b) .

Figure 3.10 Top and side views of Mo0S2/WSe; bilayer (a) and projected density of states (b).

N T 5 SEE6 45 AT e B L, FRATTEFR SLI6 h EL2 I 1 45 ) MoS2/W Se:
SR REAI55]. TR V13 x V13 % MoS, I i il (Supercell) Al
V12 x V12 500 WS2 B4 . X FE R 52 A8 I AA 5k AB S
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R, AR R BGEE, X Ja 7T 1 S5 i A B AR ) LA R .
3.10 iR, MoSa/WSe Sl 45t R H 25 11 282 T A Hefich (1 e S HE AT 4544

XL, AT AR F 5 T 55 B2 BR B9 (Vienna ab initio simulation
package), - RBAEAIIZH Perdew-Burke-Ernzerhof (PBE) |~ A EE i L)
[167-170]. PRI JZ Z4Ep kL [RG5S I AAAE, BT AFRATTIE VG AR 4R )
(Van der waals interactions ) & 1E >R 58 4 Hufifi id FH1HI A S5 AH HAEF , BARSE opt88
TEA[171]. BAHEM R L MBTITE 0K 5 1F Nl T =k E I iathiat, ek
FIHEEN 300 Ko Hed, WATHAT—KEE (3 ps) WIFaIJ1#HA, M
BEALIZEEL 300 A 21 il 2 T 34 BE T ROE 1 IR 1 3 ) = AL AL

a hyv

© Mo
O's
&7 . O W
AASARR S SOPRRGRNPERN ™ ¢ s,

B 311 FEAERBTHZIELRE, @QNEZEAREE, (OD)AREERAREE.
Figure 3.11 Schematic of the photoinduced carrier dynamics at the MoS,/WSe; interface in

real space (a) and energy space (b).

K 311 7R T MoSo/WSe, i J5i 45 6 ¥R Ja » Rl REAFAE B B T 5t 3
(Relaxation) B#4%. F# 45 OL T RIRER Chv) 27 AR RO S I T A2,
PR AT RE R R TR AR ST TE R, P AR R T A R e T R
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Rei, MMTERCHE T, B RL BEARE MoS, B2 N AT 1R kL.

R2 B4R R SR & 7= AL B AL T ot R A%, T DA N 0 i #E: EL Ak

T2 MoS2 1 EANEI WS, 2, E2 i f2 2 74Tk 2] MoS, HL)2 . F4h,

AR T A S o S AR R o SR8 UL 2 R DR R B A R N

E1 A1 H1 SRR FD AR, XA R I A B -2 X A 1) 70 & . |81 3.11(h)
ARV T A SR AR FE - B S AR TE 51278 R 1 AT 4 A

T35, FRATHE SOGE MoSo/WSea 5 45 S 1H (¥ 6 AR BOR T3 11 % id 2. 4

K 3.12 (a) iz, XFF R1EFE, MoS: HLZ HtiR A s T e B B b S

JRIRER R 1.0eVe THERIL, UK IR T RERETE 690 fs frI 1] 4 3t 74 1) 5

7 JES R RE AT B o 3 ] RS 5 S0 PR 28] 1 FhL 7 0 45 i B 1 0 ol 7t T4 0
IR (500 fs) ARHHZL[130], WERH 1B 787 VR H0A Rtk

i |

a b 1.00
e -
E1 oll o
2 § 0.75 Tl |
3 g |
g 2 It =
g a
I & 0.50 | MoS,  WSe,
T=10fs
T=690 fs —_—
0.0 : | . 0.25 . I .
0 250 500 0 50 100
Time (fs) Time (fs)
c 1.0 d 1.0
i =
H1 *
c g F ||
% s hvy | ~
F] E 0.5 e ./I
o
< & MoS,  WSe,
- ht ™
T=76fs _
0.0 MoS,  WSe, 0.0 T=61fs | ‘
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B 3.12 MoS,/WSe, 7 /i 45 5T B A B F3h 120 .

Figure 3.12 Photoexcitation induced separate processes at MoS:/WSe; interface.

5T R2 #8482, FA1rA% E1fI E2 AN FERETHE 7T, WK 3.12 (b) Fl
c)o HAARTTER R Z RS INAH 7S E R W PUE T B8 BRI . 3
KA HIVILEE TR 1.20eV, BElET 7 Rasskaedi4) 2.80ev. M
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Tl AT EE, I TERY) 90%70 A 7E MoS: L.

B I ) R AL, LT 22 BN MoSy fE 5 3 WSeao IHITHREIU S, AIEE
LA i &~10 fso XA MoSy BUK I T23 LA 10 fs IR RS
WSex (E1 /8. El IR LA R R f A 75l B (R, 690 fs) RIRZ .
T E2 12, EAS] WSer B T A HLATiR 8] MoS2, IR [HIIF[R]Z) 4 76 fs.
X 5 S0 BB AR (40 f5) WA Hh b Er[166]. Wil 3.12 (d), KT
2SR HERS N MoSy FIM 5 THALH B WSe, (UM 25, X RIF AT ZE 61 fs.
[l B REAT BB A L RIS U MoS, 245 2 WSer J2 BB 45 R AR T R
& (~100 fs). IR HTRe 1 S0 13 2Rt Ere it A2 [165].

FRATTVE B B 4R S AR R R R A7 AE B T RS 8 AN ( Carrier
multiplication), EJ#H-Filid BF- L7, B -5 7 A0 AR FLARU = AR B 2 A4k
IR A LA X BRI AR B2, (HR B T35 BRI RO (13 7 2 U7
VAR B TGV AL B b R A T P, R S R E T A R TR RIE 77 V= — ik
010 B RHEALE R ) A58 R ER[131,134].
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Bl 3.13 MoSy/WSe; RS FHKBAR T H¥EIRE (a-b) ERT-FTRERN (e-do
Figure 3.13 Hot-electron relaxation process at MoS,/WSe; interface(a-b) and electron-

phonon coupling (c-d).
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AT R BRI, FAM T BB B B 313 BOR
FE T REE 7 )72 2.80 eV M 2.25 eV HYPI/FA L T35 1E 43 ] L R A v Ak 55 0 R
o XN TReEAN 2.80eV AT, FATFHILE 10 fs N A FE MoSy UK A B
AR 75% FBE2 35%. 2 J5 150 fs, #HTE MoSs J2 H 40 A 2 1 i
F 93%. SICFEIBERSAERM 2.80 eV 25183 1.80 eV. MAE BB
MR B 153 fs. W MAERN 225 oV TS I RAEE R, B
B TE A7 dr A 103 fso FRILIRATHEN b 5 HRS& A0 B S 800 7ot ol
AN AEE IR o XA AR O T R 2 S R A A A
JE ATl R (690 f5).

FRA T I — AR b BB A X R BOR I B F- 28 R E A (Electron-hole
recombination) IFEH IR IIEHIEM . FATHE— D0 SR IAE MoS, BLJZEH,
& ERFEIRE (2.8% MBI E 72500 REWS MRS PR A AU, T
BB MoSy HUZ L T N E A RIZ1N 600 fs, A 2.8%[MIHJE 1457 i
[ MoSs B2 HEL =55 A A I IR 29 200 fs o 33N 18] RURE 5 FRATTHR R 037 1O ot
B FEHR R (<150 fs) L. Rk, itk s somEmrSm 1
BN, ATRESBAATR M AT R B G A R R

AT SRS R, AV AT T R T R R AR AR A
RESE 175 TR BN RENS S35 AR SR AS HURT 1 B0 0 %, KRR LS RS TEF R
5 25 F L 5t R AR R RN SR I o WHUR A T (R AR 2 1 B ORI R BORn
WRE T, BATRIL MoSy/WSer SR 45 THAMIRNFER (A FRENER,
~400 co™') FEIX AN FE RS B B ARHEIE R o 3X T DA B R Al BEEURE
5 34 P2 B T A ELR A, 1IN B i ger A SR PR 2156, 157]

AL, R 22 10 AL I FE 2o AN 22 [RIRE R A e HoAth 24 2 SR T A Rl o Oy
i, FRATTIAR 1 1% 00-#1 5% (Core-shell) BY ¥ &1 fifc & (Ll CdSe/PbSe 544D
BRI CdSe HOGHUR A HLFEIFE 2 7E 10 fs 4L 2] PbSe 1. 1 CdSe A5 (1)
Pl T T R B %, KAE 80 fs. BRI, FRATTHENT F AR &1 F 51 A& 1k
Lt 50— AN AR, ERER Y EE .

ZRL AT AR SR, AT TR B O A TR AR T A8 e e A e ot A
[172-174]. Tisdale % N &K I PbSe/TiOx F A R A — NIRRT HriR T2,
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X AAE T 38 T R =2 A 2 i i AR e A A BLAR FH[172]. Chu S5 BRI 1 HE
TiO2 W B CH3OH 73144 22 Hh 7 AL I BB 1 A TRk I A2 [173], JFAE
JE R SRS S 2] TIESE[174]. 55 FR TAEAH, FATHE— KRG 7 T =4k
S O 4 S THD PR B 1A ST 7S RSN R B T B st RORT AR

PR R AT T E AR B B8R et h b (& 3.14), AN & Bk & 44
F AT AR RGO AR ) A L R TE SRR G4 B R R AR T LT ) VA
i CLAERBOCA R 7GR EBHF) )57 d ). MRS
(i FEL 7 3 BT 1) B A E R SR BRI, S AR B e e R vh R AN T

BALEIER .
5 hy
w LN\
uff{; %;}fw(w'
)

77
LR S S SRR S SR L i
L\ RA KR KRAPOR N AP KRAPCRR N

{

SO SSSTSS 4}{'4'»"4'» T SCh I
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Figure 3.14 Device concept based on the intriguing relaxation pathway.

3.4 REEFEHITSSFRAE TR

EJEIRRL T RIS B T AL A& P R AR 9N R ORL - R T (A R R 1 B AR
WO, ERRSYHL, 25U — BN U A A[175, 176]. —4Eid i<
JEBRAE WAL T ARG DL T BARE R 2 LS ANTE 77 o (HZAE S Fr B A
FAEAE AR MRHEE R IUN R TR, SERCRA IR, XS RG] i
BRCR . TGK RS @ R RL ARG BRemoies, W R e iy 214 T4k — 4k
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W e ER RSV, ARENS A ROt IR M R G AR

hv
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T
Fermi level
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MoS,

Bl 3.15 MoS, S&AORMBA AL, FRRRIA TR FHIE[L80].
Figure 3.15 Photoexcited charge dynamics at MoS;-Au nanorod[180].

FRATVE R B — e SIS AN FL R AL, TAE #7052 A RN 42 8 9K KL T
SR S AR B P AR R . W S54R0H T 2B SRR T R AL, 6
KR BT IR U5 T I ST H A AR R R [177] 0 AR AT 1 ZR Y AR N S 5

(Pump-probe experiments ) M I 31| <6 442K 45 1) 1 R DGR BV T-RELE 200 fs 1)
B ) ] Y 55 % 1) MoS. B2 F1[178].

(b)

Q

! v i‘,\’;' S22
" f:’v}:o’(’ -‘o’»"“\o" 40‘
O ot oy gy 2

k:' ;-""e

B 3.16 “HMK-EFRBRLFEAL, SBRBR T HKIAREE[146]
Figure 3.16 Photoexcited charge dynamics at TiO2-Au cluster [146].
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Ak, ALK TT E FBE R AT T T BN T OGR4 I A

BEBE 5| R HZE MoSy M-SR 1 H MIFEAS NGB MR T AH[179]. X
S S50 I A FRAT T — 25 0t F0 o B 5 4 R AN R SR ST AL 1 AT A 40, e
fetiy, AT RSO R .

Prezhdo F1 Long S5 70 T - S 44 5 & JE 4R K BIORL T T Ak (4 0% A= 33 7 (13
JIAR SRR, FR PR R ) B R [146,180]. 4] 3.15 EIR 1 & 84N
KBE (Auioo) TR IS BT HE F/E L2 MoS, B R R AL I 72 .
S5 BO J s M N I - O, B T 2T ENE MoS (R
219 301s) [180]. HZXFtl, EAABUBRL (Au) ERWOET, B BT

SRR EEA BRI A RT3 Al £ 2 SR Tio, BT HiE  an &l 3.16,
LR PO T HEAmM B RN, TEAREIZ)Y 40 fs [146].

‘72 hy d th b
4'7
IV
?59%-‘"= e > &)
/ / 1 /
i 1 ‘/
,- d AV
E; (| E;
I'l.‘ .’,-', :,'.- ,
Cluster Semiconductor Cluster Semiconductor

317 ¥ RE-SRBRYKRTHRELL, FBRBRTHARLE.
Figure 3.17 Schematic illustrations of photoinduced carrier transfer at nanocluster-

semiconductor interfaces

XE, FRAIRE S AP BIR T RS L . B 3.17 () B
T%*ﬁmﬂ:%%%ﬁ$%ﬁﬁ%g%ﬁﬁﬁﬁﬁ%ﬁﬁ%%¥éﬁwﬂﬁﬁ
1), A HEIT 2 ARKORLAL 4 21 AR BIE T G FE 1D BT 70
GFES, ARRFE SR T R E A T RER E B G R BR h RAEE S GIRE
D W FEMEFR N PHET Hl#I (Conventional plasmonic hot-electron transfer
mechanism ).

Bl 3.17 (b) IR T 58 M5 RHoc A AR R . SRR 1R ],
R B WOCHR G 2 A B 1 i 725 48 B AR 8GE b, 285 s o
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7T 0 T TR N B S, I R T B - TR S B
Tl . ERISEFEYFRA PICTT Ml (Plasmon-induced interfacial charge-
transfer transition mechanism ) .

— AN, BRI AN [F) K T 4B 9K URL S 2 Sk 1) 53 T AH EL R F )
5155[146,180]. 7E MoS2 5 Auioo HUKIEMI T Ak b, =35 FLHAH AR FH 58 %
55, TEZEEET) . B A L PHET ALHIA . £ 8BS Au
AR Bk b, AR T AR IR 2 KR B i 7, BTDA 3 &
TR AR . G B A FT DL PICTT HLRIA 3.

HARGNE, — SO RIS A Ay SEIE AR, EL X A e A L )
SN B HAh St R R AN SE BT A B R RS o FATEE— BRI T OO
SEBWOT S B TR O R o X B RS0 & ORI VEANRAE 99K 5 R RE
T Auss 1 Agss[181-187]. Jy ORI BRI FENE,  FRATTR FH ORI it i 45 4

(6x3V/3 fif MoS JG i, fiisZE iR 19.02 A 1 16.47 A, IRATE K
g 7 2 8 R

a b Metallic cluster

~

(2]

PDOS (a.u.)

Energy (eV) Energy (eV)

Bl 3.18 FJE-SRPURRLT AR T KR TS WA R T 551

Figure 3.18 Atomic and electronic structures of nanocluster-semiconductor interfaces

EBAUKRLF Auss F1 Agss EARZIN 1.4nm, SCERHFT TAE C 475 R AL
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T HIRTEEHI[56-57]0 IXGUKERAL T R = EIR T 77 R ML i ek,
PRI FE 4R oK AR A A DG B B R R A 5. ] 3.18, RATIZE T S5/ A4k Ja i i
HERR (Auss/MoSy Hl Agss/MoS2) 1145 K 71 7% B AT B (1 B 454 o T
Auss/MoSz R &, MoS: HJ2 i Ji 15 4 R 40K KL 1 & i 7 (M SR M FE 250 2.4
Ao XERL Agss/MoSx PR A1, MR /INIE B A 2.6 A IX UL & JBARGK KL T 5
Mo'S: [ AH ELAE FH 5 B B2 55 T - oK B 5 MoSs 112 [RIAH ELAE FH « FRATT B P Fh
GIBIVKAL T MoS: ZIRIFBAAFIEA 48, AR K I 2 55t AF B P AN 2R (1]
B BAFLE R 55 YO A ELAE A
Wl 318, WATEAH THAEEGER R E T . B Bt %
(Projected density of states, PDOS) HaJLAFH, R ARMFKAESL (PDOS 10
eV A E) /T MoS. B ad AN T2 [8] . POKRER LM TS F 2R
KL T TTHRTIT K . Auss/MoSz Fll Agss/MoS, BIANGIK A A1k R 7E B T 454 | i
R AETE MoS: B2 55 JI AL B 4 9N oK BI0RL (1 HEL 7 A8 B 0 T ARG R B

d  Transverse state C Longitudinal state

B8
2

e

_3/ - ' _, , ‘:S.

Bl 3.19 Auss/MoS, 44 2 Fr <5 BT BiUR P 85 B2 20 A
Figure 3.19 Charge distributions of plasmon-like excitations in Auss/MoS; hybrid.

FAIHT T Auss/MoS, 4 52 A5 B e B 4 B -0 i 1R 42 8] FE Ay 0 AT
CE 3190 o B rp i W 20 A 2 30 H B8 1 s 1A 3R R d v B s
(Delocalization), 5 3.20 7 fras BIVRARBCR 220 W8 o AR 7Bk
PRS2 8 B ARAE R 1 BRI 3.20 ()] MUK RIAARAH A FL - B4 40 AT 1)
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BIPEARAG, BI A 1) 2 (8] 43 A AR TR E & B AR R I AR B . 52 %k, 3R
AT A IR T R A H A F) LAy 2 ) B S P B i [ 3.20 (b)]e S HOT L v
TR LA 23 AT B B A B e [ 3.20(c)], WORAS B HI A 43 AT LA i HE 4
AR PR I AR E

a Band-edge state b Surface state c Plasmon-like state
& e S
QOE o Frox O
X O O-V0
Q0 ﬁ% DRO000000
GO0 TO OUU0U0000000

Bl 3.20 Auss/MoS, 14 2 HAN [ UK 1 R gef 25 FE 2 AT IR EE

Figure 3.20 Charge distributions of different excitations in Auss/MoS; hybrid.
AT 5E SCHLTAT IR (123 [AVERL ). (Spatial polarization) A% B8 0 2 LTI
K AT 3R B B IA 5 MoSy 4 P TH (¥R X U7 1] o A I 45 B G OR 18 =X
(Transverse mode) fUEE ARG ELH 5 MoS, 4 F I AT IS AOIRAS, T
LB WO R M (Longitudinal mode) 403 AT IRIFEN ] 5 MoS, —4EF1fi
e EHRIBOORE (B 3.19 Fs ). £E AussMoS EER AR, BRI 55 B

BotHUKE AR (BT PBE SC#RERZ KD 702 2.3 eV M1 2.0 Ve
e, PATHEIT T A R OO R 20 1 2 . i 3.21, 18
t=0"fs I, JEREIIEIR T 12 BT Auss JORBRH (K4 65%). 50fs I, It
BORAS AT TE Auss HUE H 1 7040 AR PR T B 21 35% . 1X AN #E 7] BLA PHET
PUHRARRE, BRI EBUTRERA R0 GIRE D J&, Ao EiHE
MoS: FHUE PR GEFE 1D B8, FATRIENT] MoS, bR it

SAEE R & BRI, XX RE PHET HLEIREFRE 11 (B 3.17 Fims).

Auss/MoS, 1A Z IR PSRRI, I8 11 AE RS T Z EAE — N el Az
THBRIG 55 fs0 HZ ML, ZAR RGN O AT A AN I 2 1 e 4 s %)
LT 47 fso XK PICTT HLHIAIERE IV T5E 47 fs. BRI A0 45 R

(AT AR R, R RIE TR M S MoS, - A& T K.
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3.21 Auss/MoS, I Agss/MoS, FHEi 14 R HOGHUR ER BT R H i T 13 /14 7R
Figure 3.21 Photoexcited dynamics of plasmonic states at the Auss/MoS; and Agss/MoS;

interfaces.

1E Agss/MoS FHTH A b, FRATIINE] T AHALR &S . PR  #
TAERE R TR A, —FH RN RE 22 244 fs (BRI A1 150
fs (AR . 5 Auss/MoS: AIFl, Agss/MoS, FIHIA 2 1) FL faf A 4 H 48— 1k,
FRATTHEN 5 R 2 S KR T MoSa (2 IFAH BLAE FH 2R TARYKKL 5 MoS,
FERAEAER . 2k, BATRITESBAKRRLT 5 MoS, IE &1k &, PHET
A1 PICTT P Ak #8441 e 6 ) Bof A2/ FH

N TSR EIRE) ) ERE, RATHE 0 T T IR A I Y T
PGB (B 3.22). BF-AFREGRESAHFIRIA I HRE, 51
(19 3% RE % N DR ey 1) FLIRIAR S sl iR FE . B 3.22 44 HE T /MR R IV ORTk
PR BE IS (] B 2R o KT Auss/MoSa &R, H SRR ERELAE 200 fs [ H] Y Hi
1 B3 0. SHeE AL ACF=0 [T AR, FRIR BE ik BIWILR1E 1) 40%.
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Figure 3.22 Phonon effect in charge dynamics at Auss/MoS: and Agss/MoS; interfaces.

X AN UR S R B L A4, FRATIAR B R R R 2, 2 1T 40 A
St FL T A S 2 B A TR i R FTR, BRATE H Auss/MoS: 1A &
[ B 250 B = PRI T 100 em' o IX 3 &2 SR 4N KRL - Hh IR AT 7S 1 5 3R 1T 55
BHOLE BRI SER . 78 Agss/MoS: R &R, BR T AL T 100 em™ HIRSBNIE,
MoS: ) Arg A TIREIEER (~400 cm™) WEIRE ML HEEH[156, 157].
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Figure 3.23 Carrier dynamics with a different supercell.
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FATE AASFIFAR RS R de el _Eid sl said i . i 3.23 pows,
MK A2 6x6 15 MoS» ZE M i, HAS A S Avi — 2. FATRIL
VB 5 BT R A PR HL Ay 2 [ 3 A1 3 s L AT A i ) IS 1) ROBE TS T L — 250 A 1)
ANZ 17 S5 B e R I L1 (R S T A B e 3T s 2 I T 55 fs A 44 fs. IXUEEIR TS
Uk A S S Al FE .

Zi b, BAVRIUE & RPN S — gk AR R F AL, ek 55 Bot
PR PRI 5 5 T A S [R] A7 A3 ORPLA] (PHET A PICTT AL . PIAPALE] 3=
B DX <5 AR L RO S A AE G AN R 22 TR ) » P ) s AR 2 — 4
MRLZ R RS 550, AT s A PR . AE P RR AL, MoS: 54
J& KR HR i1 (VI B AR I 35 S 5 T FL Ay e ke o5 (e VR

35 &

B B R S MR R ST, AT RGBT U A R A
FREHER I, T A OGS 2 AR R RO . 4R RS 1 PRz A%
b5 2 1) HE B 5 B DI ¢ o BRATT A B I 227X A% i 1) T o4 5 AR 2 T e 5 5 P
BHEERZR, MSMEZ 2SR E T BOSHT-2Ra
oy B AR G REIERE T e FREURIE IR

BEAL, BATTERTIT 1 SR B 106 AR 2 R R ST A% e A R fE
TENRE, I bt b 1A R RIS T RUBE o FATTAHL 1 — AN A e it
BERAR, W S A T B R S RS IR AR B, DA A T e
P R = A, BRI IR [ ORI e R

FATIE K BUAE B B GR TR 5 4 SRR AL, & RANRRL T IO S
FAAEFE AN IR 0 22 TR I, o i 55 B o B FR it 1 RE [R] N S8 AN 1R R A LA
B G R A A o Ay I BN AROREE T AEM R T S R
RN B o
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54 TR E R R RO TE S INB

F4E BEBRERMN DA BSHENE

41 WHREB=

RIVEE R, SRR SHER T (BB B IR T SR
TUAE) [ FRAH EL AR FE ) B e AR OB 4 L o R A B SR (188 WO AR
ff 2 o HA A — R T S U F AR A P R — AN R AR TR . £ 1T
TaS, ¥ FELAar 25 BE AR T, WOGAM RENS 5 B FRA SRR RS S IUR SRR,
ZEREWS T K BT IS5 HIAH[87, 90, 93, 189-192].

1T-TaS, (1) HIA % FE R AHAEAE S A LAY R 75 ORI S SRR A SCRTAR 37
e PRI AR T 25 MRS CORAET 1T-TaSy Z4E TN, XN
FLAT 5 B SRR A AR AL, ZRAL TR G 5 3 1 o IX RO N AR IR iz 1 o
AN A ER RO REME o T AR AL AR IO AR LA 5 R I ) BRI 7S, X0 2
i ERE[90]. —MRAEW A BRIEIPIRE T, XF-PRIE 3 A2 B R o

FEWOGCITIRSS R, 1T-TaSy (1 Ha A 2 U A 5 AT RF IO R 3 7] 2 5 F2 (8 7-
93, 101-104, 190-200]. WOEHES T, 1T-TaSy Hifur 25 5 VR AH A AR R AR =X 2 i
K He AR R T R AR SRR AR o R A RO TR R AN R 08 G PA) FL AT
2 EP AT CDW B GRIE T SRS MW ) Al Mott HiF GESJE T HL - H
FORRIAE Do S50 IR W B 2L G IR A7 25 BE VARV A BRI L R, Mot
R AT M. 45 LTI, BWORFAE T 1T-TaSy Hi A %5 2 5 (1 6 27 00 1 5 47 22
BL 5B DI A5 FeA 13— 2B 5288, 90, 101-04].

NT R LRILG, KELHEHAB TR (Hotelectron model) SRAHIA H
TR AT RS HIM EAEFI88, 90, 104, 2017, #H RN, BOGEK 1)
HLF S TEAR BT TB] Y TR R AR HLF/307[202, 203]0 TS T A3 L U 2
(Te) BEIXENJULTIF/RIC, WA & T S RG AL ol i - U, 4
HLF 2R R AR B 45 R BRI S AR 2R, R SRS IR AR IR LA b B
I, FLAT 2 FBE Y0 AF T G5 A 2 B AR R B AL o AER X PR — i M R RS
[ FL 01 it 2 ] PR BT I B~ 25 T KA 1 ps HIRT IR, T FE 5258 H Mot e
BRAESGHE S 30 fs MREHRLIT ] N R A DG 53 Ah— P R R OGRS Re 8
DA B RE T IR, I S SR ARAS o P2 A B 50— A e A 4 i
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1T #H. SR, OGO &S 2h 705 SRR, R PR B 241
JLIR[88, 90, 104, 2017

4.2  1T-TaS, BB 1725 IR RO S B AR ES

FRATTEE S B R BT I BV R 1 2 T Bl A1 OERT AL T ORI 31 1T
TaSy HOLff %5 FEWAH 1 A AL 73 1 d 1 o 28— PR BT AR 2, B 1T
TaSo AR V13 x V13 KT FE BT 61K A FE s 25 A (LA R {58 C 4
5i CDW #H). 1T-TaS; H11¥) CDW HH 1A 2 L BA d A& I T K 73
meV/atom. X152 {if SEEAIFIS 45 R —([86-91].

® © L=
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B 4.1 {48 1T-TaS, A3 BB KR T HEMRBERTE.

Figure 4.1 Charge density wave state of bulk 1T-TaS; and its thermal melting.

Bl 4.1 45T R B2 s B AL SS9 210 1 T-TaS2 4. N T R E
e ) e A G ), AR T IRIREE A AR v 2 T I EE /N T 3.4 AL B3 TRARRIKIR
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P2 B SRR A T S5HEAR . XN I IRAIE Y 0.2 A #E 2, B
JIRAIAIES] 0.2 A I, 1T-TaS, HGH EEA ) <R B2 2 it~ 20
e
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s 4 IR A [E(OPRFRAE . BRI 330k 0N
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202
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F FL ey R B PR VR R AR R AR — B B 4.2 () JE R T HRSHE AT RE B RO,
W xy FHIFRKHEIGEE (0.061V/IA) . BAHBIPEOLSEWT: BigiH
W 4 fs, WOGRERDN 1.8 eV. X555 HH MO GRS I
Lo SIS E e B e Rk B — MR E U EUE, 29705 3%. tINAE 1T-
TaS, MIECERESCH I UK R S, B 4.2 (b) F8id 1 ORI FL g &
5581 e a7 BE I TR) AR B S 5 28 o 40 PR320 R 9 2 AR K, IO HL ey SR L A
PRI NI S o AR BATTACAT B 1 0 PR H 3 50 5 A R AT R 2 T ) B
Ko B 42 (o) M (d) pilfEos 1 JEHOR LTRSS SOL 3 5 RN Eq (1042
M AN IR 5 R LA 8 2 T A
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Bl 4.2 1T-TaS FEBOLIRS T HIBRR T EK BT .

Figure 4.2 Laser induced carrier redistribution in bulk 1T-Ta$S,.

NFAREE, FRATET MAE Kohn-Sham HUiE & 45 5010 5 3R T35 BRI
SRJE, BHART VR T SO A B R R AT B AN [R] Al 5 4 A A o
BE, AR RIANE S Al Mok e . B 4.3 (a-b) il 130 |
&P S I TR AL RS P A5 248 B IO S BT I RE R A o B AN
P DX AR S AR R TG PR ) HL 1 A A R s O Ao BTV B A7 215 21
WORB R NBEE AL P e e —H, XEWE 1T-TaS, R rIIRLE
RS AN B o DRI, PRI ATD A v 6 T A o 90 28 ) R 1) T A2 A AR R

K 4.3 (c-e) or TARIRDCHCGRIE, WA Z D2 . B A
REEE L T HUE AR, RN RIS B 1 a5, SRR R AR
Mgy, JATE XA RER: —DRERNESERER (By), B MEBOLTR
W FHIRRERERE (Blaser)o HEIM, 13E21°FEI RIS JR 1 BIBOK RE & -

Eex = (Egs — Eiaser)/Natom (4.2)

XL, Naom ZARPRAMEFHE. ST n=064%, KA Ea= 405

meV/atom, X} 0.25 mdiem? FROESRE (BUE OE 10%H) 8 = RE B H 1K R
BB .
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Figure 4.3 In-plane density of states of 1T-TaS; in the CDW state and the preparation of

initial excitation.

N8, JATEEND 1T-TaSo FEA F FEOG R B IS T B TRB) ) 57 Wi K
(E 4.4). RAMYIHIEEEEN 10 K. BABOLHRE (n=0.64%, XTNE
WOLEREE Y 0.25 ml/em®) T, FEWOGHURIG 1 ps BIREER, A 45 FE O Y
“RIDZ B 40, JLTFRARER. BRI RA%, mTLE M ek
EAE 200 fs WA O SERF] 0.06 A, ZJ5ERMEFARIFRE. HABRHKZ,
BT R AR A A 400 fs (19 F8HH, 30T I HL AT 2 P88 U0k PRI I ASE X
MR R IE KR n = 1.28% (£124 0.5 ml/em?) |, BATRIM K B2 A~
FEIGHOR G ) 250 fs RAZRIIR, BURAE TAHAZ . 1 440 fs (IS %], RMSD ik 5
KAE 0.25A. I RMSD B4 KT RIS IR A (Re=0.2 A). FRATRIN 447
T OGRS AR IELRE o H T O M BT 2R T T RS AR R, R T
-FE T RO R, AR R AR AE 100 fs WA OK THE ] 103 Ko XM
(] JRBERE R A YO 1 F -5 28 TR B AR i 4 M RN (1] o A4 AR i IR IRLPE
(<100 KD B AR T e far 26 AR HO AR BUB AR B2 (~400 KD
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HEARNZINRT M. (b)) AT RN FREL. (o) iR REm a2
Figure 4.4 Time evolution of atomic structures of bulk 1T-TaS; under different
photoexcitation. (a) Snapshots of time-dependent atomic structures. (b) The evolution of

RMSD. (c) Corresponding evolution of the ionic temperatures.
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(M ELER). XA M BB 250 fs, X N EHE T RAFEHIME N 032 A, X
I, “REZE?E T OEN K. BEITRABIERA RFRE, 1MW
RITE 480 fs FEARE] 0.1 A, RIS 5 S5 MWK B T g 25 BEA o [R] IR XE R 9 4
R EAE 110 fs 3K F] 270 K, #EMITE 200 K FUTHRY - 40 i 5 46 223 hn 2
nN=3.2%(Z18 1.25 mJ/em® B, @ EI3) 712525 n=1.92% K155 AHBICE 4.5,
SULE dt M U P 7 TR BT DXl = 3. 2% 380K 9 B2 3 350 i T FEE 100 £s, 300 fs 45
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I 239 R BT 500 K, AR RMSD S KA 1 0.35 Ao A SR A& T B2 A5 m #
F| 500K, mTASUSLIIERE 400K, {EE2RAMTHEAMMBIELLIT n=1.28%
B Apes 51N
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Bl 4.5 BOCIREER n=3.20%F, 1T-TaS;H CDW HKIZHE) 122
Figure 4.5 Time evolution of atomic structure in 1T-TaS; under larger excitation for n =

3.20%.

BHAEABRBHZ, LA NENSEEE (T=Mv:,./3Ks, Vions
T HEEE, MERTIE, ks £PURZEZHHD ZHOCHE SRRV
ARE, 5PEESSTERE (T) 2ARM.

291 B I LW P AR I 21 ) R A, FRATTAAL 1 S vh i n A & X 5
ABEI AN AR (B 4.6). BARIIBALIE R : AR #u? ()5 X 9
R HIAT ST AR 10955 A T LB T Debye-Waller 2 R 1(t) = exp [m]

KFom. Hrp, QEBEIZEBMEMAE. HINGRR) X S LATH 98 552
FORTSS 2 LA — B, XU B 5 I R 2 o B BE G AU AR SCBEAH ELAF T

AT FAIUIEF B R BELN 141.2 meV/atom, XFREOEHREZ 0.75
mJ/em?. 17 SE5G B PGSR A2 0.56 mI/em?, W HLEGEIR . HhAh, Mg IRED
T AT R B IOR 7 A 1Y J U i R R 9 AN (7] T 28 2 ol A (1 I B A 2
(2.3 THz, XTRHIREIRZ 435 fs)o FATRIERMEZ O B R R 2 2522 I AL R
HReim, HEmA RS RS IR ZE W] R AR AR
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Bl 4.6 BR X FHEATHEE S5 ZRBIENR, (a) n = 1.92%BOLIERE TEIE) X HHERAT
SEREERER ] AR, (b) SEH LI H 2 RIATI TR EE[197].

Figure 4.6 Simulated and experimental X-ray diffraction intensities. (a) Simulated X-ray
diffraction as a function of time intensity for = 1.92%. (b) Relative change of diffracted

intensity from experiments [197].
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ANIK AT e L S5 A R 38 0 O R R SR D i S5 R AR A B A - T
TS I ARAS T AR

AT — B0 1T-TaS, LA RIFIZ G, Rl 2O E S M BES
MR PR (B 4.7, 458 1, T AR BA SR, S48 5
TIaFESGE—N 3.36 Ao ki CDW AH P 4EJE T i QBRI R AT =Fh W R 0, 7
AALT 320A,3.60 A F13.90 A. HIXMAMAHAA XA, M BEaH R 7R EE 2
U AN S SLRE, 23 BIFE 3.36 A F13.75 Ao Jh, 7 3.75 A Ak 5 T
o 8] PR 7S T IVER 5 S BE R P 1 7S T IR IR e 4 (A B
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Figure 4.7 Atomic structures and electronic properties of the three states in bulk 1T-TaS;. (a)
Schematic for transformation among the three states. (b) Simulated electron diffraction
patterns. (c) Radial distribution of Ta-Ta distances. (d) In-plane density of states for the

three states.

B T AE R T 2R IO, BATIE T T eI A (B 4.7 (KR
FELTRT 25 BEARIAE BT N R GER (GEE A NS B, 5T PBE R
BRIz AR BB BN 0.5 eVe T AHF M AHEREILH &8, H2 =&KX
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FRANR. AR T A M AHES R & B, B2 T MEMRAEX (<1eV) [RS8 fE 2
M AR Z o FATHHEI S8 AT L@ i 7] 20 9 ) XS R4 0 77 SR BAIE T
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Figure 4.8 Calculated absorption spectra of three states (T, C, and M state).
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B 4.9 RNEBOLEET, 1T-TaS, 1 COW AR BT HUTE B W I AR AL .
Figure 4.9 Evolution of orbital energies of the C state in 1T-TaS; for different laser

intensities.
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AR TIEEET, CDW AR T 45/ H B R AR R AL . 31X 5 5256 A
GER B, WORLSKR BT R (<1 ps) BINTERERN, ERFERERE
A B B AR B S L 345 CDW 5B & A P4 [104, 196].
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Bl 4.10 BEHEN 1T-TaS; BRIFFHIGEHEE . F—TRTEE 1T-
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Figure 4.10 Spin-resolved band structures for the monolayer and bulk 1T-TaS,. The fiest line
is for monolayer 1T-TaS; and the second line is for bulk 1T-TaS;. The Hubbard U terms are

set to 0, 1 and 2.27 eV, respectively.
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ATHRIRIIZ R 2 LB HER A IR T 451 . fEH)Z 1 T-TaS: B2 1T-TaSs
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RANR (B 4.1 AKIE T~ CDW AHAE 400 K FFH IR E T R AR ORI AL,
TR Z R TIEEhHE B 21N 1.4x107 A/fs. O RS 5 LR, 38 A =1.28%
(¥ L 7 WOR B % ] R M OB AR RIFA AR, 51 R I R T8 3 B 4
1.2x107 A/fse Ui, J5-7- 2546 A28 Bk s T4 Be I AR LA R R I PR « 0GR
FERIRF] 1.2x107 A/fs, FRATRIKR T2 B AME 7S ToH B8R (17 3 B
N 4.4x107 A/fs, WA ETFAGHUR I 1.4x107° A/fs. 1X e, AP
ST E BRI sl R I R X 521 RO IRAE 1T
TaS, J5 2 U B REHHIIR, BEIT AR A R AL E 15 752 71 KB . SME 7S TT
A EREIE T2 208 1.4eV/A, TN IR 7% 71/ T 0.6 eV/A. XL
KA TR T2 15 SRR BRI EAFE. B, Mn=128%%] n=1.92%
BWOGIREE N, CDW AHGIEUR 3 775 1 X A RVR T 0615 T (1 f i IR 3 5 #Bok
PRSI TEPER .
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B 411 &4 1T-TaS; ARNEE (a) MEOLRE (b) THIRAMEE.

Figure 4.11 Schematic phase diagrams of bulk 1T-TaS; under thermal excitation (a) and

optical excitation (b).

N T BRI R TR R R TS AR RE LR S i R, AT B A
O 1) L FIRLBE B 7 ST R RO A (B 4,120 WIIRSIREE 2 10K, H
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BUOR REE: o IX 87 it I 7 17 B 1 A A 2R AN BR AR I ) g e a0 R 3l a2
R, 3R AR T AR B IR A B AR B R - P A O AR
[202].
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Figure 4.12 Time evolution of atomic structure (a-b) and orbital energies (c-d) in 1T-TaS;

under different electronic temperatures.
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F55 BHAEBRERMRTR

/.

51 MinE®=

BT AEMEBRTIRZ R, G0 5 7458, SRSl LR R sk
fa%E. o, AMEHFHZ (Intrinsic resistivity, pepn) IR T 48 H A [F1HR B H
T FHURAEA (Electron-phonon scattering) TTRARIHEFHZ . TEARRIEE T, &
RSN BN B P I HL T, BET= AR AR AP o 7 B SRS B R R 7
AE LB A — > EL L ) B [204]

Typical metal Graphene
(large Fermi surface) (small Fermi surface)

B 5.1 HE=4&R 56 SBEANFRRE T fisthmr3ei[204].
Figure 5.1 Illustration of high-temperature and low-temperature electron-phonon

scattering behavior in metals[204].

k5.1, EEGH=4Ee)Et, JOKME—BEOR. mmF T, AR
RGEERENERR (pepn~T)o IREART A MG FAERT, AL PH A2 2R
T, BB TIRTTRIELE R R (peph~ T Do 3K Sl B 1 R g i
(Debye temperature) o I b, FEFRIR B2 5 8 T B 10 75 1 #O
TR L A AR I AR . E iR, TR, R T
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[PIARAIE HEL P 2R IE L TR VYIRS (pepn~T*) [18,204-206]

FE TR EEBUIR B @ AR & b, 9K — oz /) T A BLH X R/
AAEFPRR SRR REME AR . —RAE A2 AT LU Bloch-Griineisen 15
RUORFR . il 5.1, 4IRS TR RIVEEFRRER, Pra s FEsk, =
YERRMA R I AAE PHR IR RUIE R R (pepn~T)o MIRBEFEAK, ASMEHLRH
FHIRERRRIFRA L, KIBRSEEBRIELRR (pepn~T)o iR EIT
Bloch-Griineisen #7Fi FEI, AME R A 2 2B 5 VU IR T 26t 0 R
(Pe-ph~T*) o IX B, Bloch-Griineisen %75l 5 = A 2K I 5 75 1 HIUH AR 5K
IS Z2 (R SRR E o B IR/ 5 BRoK T 1 KN LR AH K, O = 2Rvskp/kp o FiHT,
ke PRI, A RLMW TR I, vo RFEHE, kg NBRZE2 W E. RIKEH
TR (WA 1 Bloch-Griineisen % 7%l B izt /N T HAEFF IR fE Op. X HiE
Bloch-Griineisen #7418, 204-206].

CAAT SR 0 B TEAT ST SR 21 o 1 SR T 20 RO - R IR . 5
6 AN ER R T} 2 SN A SR IR AL L PR R EAT VEZH BB FE[18, 19, 207]. IR
T Bloch-Griineisen #AZIRFERT, A7 S AE BB 2 IR L TR DY k07 H
B2 = TIRE = T Bloch-Griineisen #8TRE, AAEA LR SR ERIEH KR,
BT S % SUIR B 28K, e Bloch-Griineisen #5748 i [ 75 5 32 B S L BT 45 2%
(RIZI o A 280 TR T /N AT DU I A 8 4 ok G 0. BRIk, A S8 0 1
Bloch-Griineisen % 2% L [ B8 e i &b 5 He >R A 24 815

Efetov A1 Kim ZF[18] L6 FEBA | M4 45 2% BR 8 A 200 U 15 40 22 445 1Y
Bloch-Griineisen #4205, AHXS T ARIBAKI A 860, =ik i 7 B0 25 B Ak e
%4 Bloch-Griineisen 7%l 5 M 100 K 275 1000 Ko SAT, 1 8855 AE HLFH
[ 2B A T H AT 5 28 R AN BURK 1K — AU RT B 2 BR A SR 7E = R 9K
FEAE TR R A

5.2 TGEHISCIEEKE SR

HT T DNt , Z280NEAHRAMER 488, BI/EAR R GOK T4
b, BINEA AT RE O A SR OL R B AR, AT S 4R seie  Ag(111)
#)E BRI AE A AN [ ) — e 25 [ 74, 76], BRIIIA IS & . R
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e A0 B 5 B 2 1) B IR S S B & SFO9 A (f sl i fr ) Al SF10 2 (fi 5%
BARTHE AR 3D G R IRE 1 PRI 4544 (A7 AE , JFPRARIRTT 1 i T E5 Pt

B 5.2 Ag(111) AR LS RIEK S5RAE[76]

Figure 5.2 Formation of 2D boron sheets on Ag(111) substrates[76].
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Figure 5.3 Structure models of S1 and S2 phases of 2D boron sheets based on DFT

calculations[76].
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Figure 5.4 (a-c) Atomic structures of selected two-dimensional borophenes and electrical

resistivity. (a-c) atomic structure. (d-f) in linear scale and (g-i) in logarithmic scale.
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Figure 5.5 The partial resistivity arising from each phonon branch for the three borophenes

in logarithmic scale.
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