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C: 2s%2p% N: 2s°2p°, Ti: 3d°4s®; HL-7~A) bl EL 1 FH A2 46k
KBLRE R H T BB JE I AL (generalized gradient
approximation, GGA) , & it PBE(Perdew-Burke-
Ernzerhof) &£ 347 AZHAH RRAE IE. Sadillil, ¢
THEEWTRERT 330 eV, K B KT 6>6>6 If, TiN Al
diamond = BE LU EL, NIRIETHERE R, HEEGCH
SCHR[15, 16], AHIT 78V T kW7 B2 X 500 eV, A4t 5T
THAEET K S 101111, KA G H A K s
11111, SCF Wi ¥ B A 1.0>10° eV/atom. R
FJ BFGS (Broyden-Fletcher-Goldfarb-Shanno) 515 i 17
ZERRALIT, BE R AU IF 1.010° eV/atom,
PN INDVAE S NGOl es & U eIV
0.02 GPa #1 0.001 nm.

2 HR511

2.1 KRR

TiNJ& T Fm-3m #=[E#F, (000207 fifE, HEHR
b A% 40 0.4238 nm, BEAEMFE 44 Ti 5 A
44 N JE+ . eNIAa 2 REEA Fd-3m# 227), ik
m A% 20N 0.3567 nm, BRS84S C E T
RS E AT 5T T i U SR TV A BV, FIA CASTEP
BT AL B 5 TIN AT diamond F & 4% 3 % (a) 1A
B (B) IS IE B H (Cy), T TSR 4E R 5 SE R AE S At
NHHH B bR, 458 nE 1 R, it 1
PR G E s mT LB B, A 9T B T SE S A A
S50 2 R R WG, U0 B BT T T R R
2.2 REFRFERHNEZHEEE

FERE ST A AR 22 T, 1 5 B DR IR 43 19 R T AR
R E, W DAL YRR P T . O TR E AR
B EE, EERALLT 2 Borik: (1) IR Ag
AR 2Bk 22 (2) Talas K et Jim 2% i A
MR FRAERE R, [EERFERKE N, *
T 66 B 1 2 18] BE 5t 7548 b 3 B T8k, A 1 Ji
JEBCRRI ) BN EHL

Gall 2 \PI@rsr 0], TiIN(111) 2 TiN &1
FEAEKEHR, WH Zhang 2 A MEF K K W
AUTIN(LLL) 5K B B e ATIN(LOO) 5t 55K, Bt
LT ch o £ TIN(LLL) T o 6 T TiN(L11) 3 i R A,
HEFEHONEBER, T ERE SN Ti JEFA N
JEF, TR A R A AR PO, PR, 2 AR
JZ Ti &0t AN 23 TiN(LLL) 3 T A% 7 1) J5E -1 )2 ) Bt 7%
B E(4y), HirFE AN

4y =08 ®

dy

2, dy A 23 50 A o TR 6 S 2 TR R At 7

JRFERR . % 2 AAHE %S TIN(LLL)ZE | 5T 2 8
PRARL ., WTLAE S|, Ti&Kim TiN R R 7 b 3
BORAESIERER 3 )2, N &y TiN R i 57 1 195t
BEBRAEIESEIT RN 2 )2 A0 T Ti & TiN(111)
LI, N % TIN(LLIL) R 5 2 5 A pE ARG K,
%2 B 7 EEAR b T Ti 20 TIN(LLL) R TH . B8
FHIRTF IR, J5ET ) ARk, X
T Ti g TIN(LIL)RMm, BETEHRKT 7

1 TiN #0 diamond B @& E$(a). KFR4EE (B)FR3E M £ (Cy)

Table 1 Calculated lattice constant (a), bulk modulus (B) and elastic constant (C;;) of bulk TiN and diamond, and other theoretical

and experimental results in references

Phase Data resource a/nm B/GPa C1u/GPa C12/GPa Ca/GPa
Present work 0.42463 273.19 629.73 94.92 189.15
Ref.[17] 0.4245 249.29 607.21 115.13 166.76
TiN Ref.[18] 0.4246 249 579 129 180
Ref.[19] 0.4237 278 598 118 159
Exp.?% 0.4238 318 625 165 163
Present work 0.3566 430.73 1053.38 119.41 564.47
Ref.[21] 0.357 429.7 1058.6 129.2 561.1
Diamond Ref.[22] 0.357 442.8 1097.5 115.5 598.2
Ref.[23] 487 1116 172 608
Exp.?4 0.3567 442 1079 124 578
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Table 2 Variation of atomic layer spacing in TiN(111) slab with different terminals (%0)

Slab atom layer, N

Terminals Interlayer 3 Z 5 T

A1z -7.10 -17.64 -8.32 -13.46 -9.54
A3 - 3.83 -0.73 2.69 0.49

Ti Asa 3.18 1.71 2.52
Aas -1.31 2.61
Asg 0.24
A1z -25.04 -33.52 -39.80 -38.91 -38.83
A3 9.54 25.37 25.69 3.59

N Aza -8.48 -8.56 -8.64
Aas 1.55 -0.33
Ase 0.16

JEEE, R R BE AR TR AN, TN 23 TiN(111)
X, FETEHKT 9 EN, FETERERE D2
fig /N, XA Wang 2 N7 45 A — B At —
R E I HER I, R 11 2R T TINQLLL) R
BAY

X T diamond Y, mT LA S5 ¥ )2 HOR 2% 1 R
Z s st sy, DA GG R IR 7R R
Bt 5 A AP

Esian(N) = NEpui

Vs = oA (2
X, Egap(N)NER AR SRR, N ARMBEHA
BB RE T A3 Epu A diamond A58 o AN B R
RER, A AR R diamond(111)% T fg
HEERIME 3 pin, BETEHKRT 8 ER, Kl
REULSL T 5.82 Iim%. Qi 25 NPt kg, 725
KF 5B, REAEWST 5.66 Im?, 5ABF AT
FAEM —8 A TS E &SRR, &8 10 ZE
F 1 diamond(112) 1 Tt 5 .

#* 3 AT REIEFEHH diamond(111)FT &
Table 3  Surface energies of diamond(111l) surface with

different atom layers

Number of layers, N Surface energy/J m™

2 5.66
4 5.77
6 5.80
8 5.82
10 5.82
12 5.82

PR R 11 )2 TIN(QULL) R E A, 3k
HifE AR
TiN

yTiy - Ssur = NT‘Z’:‘ —Nuusty 3)

sef, BTN A TINCLLL) T B R, e D o 22508

Ti RN A3, Ny R Ny 58300 B T Ji

TAUN RN A I RIBI R SR

THT Ak TN 5 P9 3 AR £ TN E75 P 7, 0 1 2 i =K

bulk slab slab

UTiN = HMTi +UN (4)
gis o (3) Al
7in_ Equrt — Nysepin + (N = Ny ) g™ 5
Vsurf = IA (5)

TER T, TiN TR A (AH) I R«

AFT = b= = ®)

BT TiIN L& Ti SR N SRR AR e, ]
AR 00 < P 8 <%, a5 AR (6) 7]
BARER:

AH™ < 8% — % <0 (7)

A 2R 6)THHE S 2 1) AH«(TIN) ~—4.045 eV/unit,
X M N B F 45 R (-3.47 eV/unit!?®l —3.94
eViunit )i . mAR (5). (8) Ml (7) Wit5
2] TIN(L1) R m R, W& 1 Py TiN(LLL) K [ #8

5 Ti BT 2 (5 — ™) Z A R A 1

ALLEF, TINQI)EREEAZ —DNEE, N &
FOTi £ TIN(LL11) 2 TH A2 1 B 36 4 5 oA
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Fig.1  Relationship between TiN(111) surface energy and

lab_ bulk
(i — i)

0.891~5.035 J/m? #1 1.859~6.004 J/m?. 7£ & N [X i (B
kb _ bulk=—4 045), N % TiIN(111) R AEEME T Ti

Zufy TIN(LLL)RHAE: 7E% Ti X3, Ti & TiN(L11L)
BRI AL, MUEE Ti & TIN(L1L) 58 F nfa
Eo AT EAHL T TIN/DLC S ik i, 20 5wt
Ti & fl N 2 TIN(111) 3 k17 g A it 5.
2.3 A@EitE

231 F@ms#

DLC AR MMM, B T2 M FE el sp®
ZAL A sp® ZefbBas A, &R A H AL SO0 45
H, BT & KA, %A 1.5~3.3 glem® T
WARAG . — MR, MEE K, spPiEs R,
Vo IR B G, 5 P R R AL DLC 39 I AMOML &5 0 A ik A
f—ANEESHE., OFR2H RN 30 R
diamond(111) {0 DLC M 4544, BF 70 3 F i 14

02 L oo °©
Io,_,o @0 o0
° °
© b Od °°
© o® 0 ¢
© (¥ ©
® @ ® ©
© © ©
© © (]
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Ji o AT 3RS R R 2T DLC RS R B AL, A
FKF diamond (111) [ ) &% 4% 5 208~ KN 0.30 nm, FEik
T, KR E R E A A bR id oy DLC. 3hig
B MR A I 2 frow, ATRLE S, shig)s 5+
(R RE X Aor B K AR KA, ¢ Bl 0.8725 nm
JH/INE0.8365 nm, 25 [ 2.766 g/em® 4 i1 £ 3.059 g/em?,
Pi{r DLC M3 B . 25 o S8 AR D £ 05
P RS TIC(111)/DLC 51 ) JUART 45 #) At el 1 &%
M, R T RIS R

MR R T SO IR 45 R, ¥ 10 271 DLC
BT 11 2 7R TIN(LLL) 2 b, FELEW B B 2R T 1) 6
A 15 nm EZZE, #7 S E SRR % E F
TiIN(L11) i A 5] () 2 1h0 2 i A0 S 10 i TR A7 2R AL, 4
@7 6 FhABERY TiIN(111)/DLC A LA (K 3
FIaR), 43318 N 23tz (N-center). N 283 £L X
£ (N-hollow) . N £& 3 T A7 (N-top) « Ti £ iy H o0 i
(Ti-center). Ti £ LA (Ti-hollow) Al Ti £ bt TH A7

(Ti-top) »
&b b

2 IS DLC Rk A
Fig.2 Unrelaxed (a) and relaxed (b) models of DLC surface

. 9
° eod 0"’(9.9 I'o f
o0 o0 0
° ° '
[P ©, ¢g ©
0‘ © ( )
P p () o.
© © Py © c

PR AP O S 3

K 3 6 #F TiN(111)/DLC FiH
Fig.3 Six possible stacking sequences of TiN(111)/DLC interface: (a) Ti-top, (b) Ti-center, (c) Ti-hollow, (d) N-top, (e) N-center, and

(f) N-hollow
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KB T A& 23 25 A FI B BESE ARSI, 2R 2 A H
R0 I 75 1) SAAL AR B R R T, o R S
FesE VM E B S M. FEIRG Y Dok, il B 5 T A
R H AN

Wad — (E_?_:'a\lb_'_ EDLC_ E'TiN/DLC)/A (8)

slab interface

Ko, ESROR ESLC4r B4R TIN A DLC 2 1 78 g
g, EMNVDLCTy TiN(111)/DLC ST I EAE, A
NS R AR

Pl 4 Shy B8 57 T RS B T RN ST 2R 9 (0.08~0.3 nm)
ZIAHSC . AT, 2 5 r (A B 3G s, kG S T 2 3
IS0 5 2R B KA XoF I e A 7 T P 2 A0 e RORE
o 2 TIN(L11) R LA Ti s R A&y, ARHEBTT
20F S TR B D B2 A K, Ti-center R [k B ) £
K BLN JGER LGS, N-top AR 3 K.

F 4 4 TiN(111)/DLC F1i A 5th B A0t 5 )5 () 2
TH] 18] BB (do) « A PR DI (Wag), 5B TR F1 18I 18] BE & AR B/
BAE, KNP ThAT BB N . TIN(L11) £ s J 1 6 L T
KB Th 2 R, 24 TIN(LLL) BA Ti JR 7 o &, M

o —=—Ti-center g
€ 6t —e— Ti-top
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Fig.4 Relationship between work of adhesion and interface
spacing for TiN(111)/DLC interfaces: (a) Ti terminal and
(b) N terminal

F 4 TiN(111)/DLC Rk 5th HRFA5th 7% 5 B9 5 BB & (do) FASE
M T (Waq)

Table 4 Calculated interfacial distance (dg) and work of

adhesion (W,4) of the unrelaxed and relaxed

TiN(111)/DLC interfaces

Relaxed
do/nm W,g/ld M2

0.1623 6.842

Unrelaxed
do/nm  Wag/J M’

Ti-center 0.17 5.912

Interface

Ti-hollow  0.17 5.036 0.1708 5.599

Ti-top 0.20 4.024 0.2090 4.640

N-center 0.17 0.926 0.1884 3.167

N-hollow 0.23 0.481 0.2498 2.781

N-top 0.14 6.587 0.1418 8.281

B 75 O G R B D RZ IS, HRA i B ST RG B 3
N 4.640~6.842 J/im?, b Ti-center F5 7Y fr) R Bt T %
Ko M TiIN(LLL) LA N JF 7R 2, HE PR = B
ThE AR REIFEW, st n . FL 7RI TR AL kG Y 30
4391 3.167. 2.781 Fl1 8.281 J/m?, T A A5 7 1) ki
Tt K o X LG 6 Fift St 10 A B B T, W LA 21 Ti-center
A N-top FL IS B Dhie K, FRUAIX 2 Fh 5 p A o
A 5E
233 WwF4H

FTHD AR B 5 B R R 1k 5 S T T 4 A S D)
FHOG, MBI 45 R KB, Ti-center A1 N-top &
T e ST, DRI 2 Al ST 1) LT 65 R HEAT T
FL 25 8 AT 22 AT DASE 7 ST A R B e, TH AR
AHXN:

Ap = prina1y/pLe— PTiNa1y ~ PDLC )

A, PTiIN(111)/DLC A TiN(111)/DLC 5 TH [ jeh L faf 25 B
princny M pore 73528 TIN(L11) AT DLC B & H far %5 i o

B 5 4 Ti-center A1 N-top F 1 ¥+ (110)F T /) HL 7
WEASMESE . AN L, EORREE
M, ERRBEEHET, 2 PR R o /5B
BAEPRERM R 74 XFT Ti-center SR, i
Ak C AT JE A B A7 AE F gy MEAR, BT DUHE DI AE 57 1 Ak
TERL Ti-C LA mdE. te4h, JH C B 778 Ti-C
TrEAF BB, Ti R R EHR T, Rl Ti-C#IEA
T XT N-top FIIELAL, WA C-N J7 [a)F= A4 H faf
e, B A B R L SRR AE o LUEL Ti-center 1 N-top
FETH H A A R FE E, N-top FIHI A R fur AR R L
Ti-center FH H A AL R, W] C-N ## H A7 H
X} 58 22 i AL SRR
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Fig.5 Charge density differences for relaxed interface: (a) Ti-center

and (b) N-top (the dotted line indicates the interface)

T H A 22 43 % B T T DU B A i B T AR A
AR 2 BT, AT #5080 A mE T T
g5y, & 6a 45t T Ti-center At EEiL AHAL 4 2
JRF A% . \TLUE R, Fm C JE-F A Ti 511
BEEHNMETHHREAR. f£-5~4eV UK,
Gl C T p HUEMAREMEWAE KT NI C R
T, XRIFHE TiOJE TR 3d FUE A /N T W T
JiF, RMHE T F—PWERM, il CET
ATi 5 F1E-3~-2.5 eV Y [l 4 H BT 106, 15 B3 ST
CHp#iEs Tin)d PUBEAAEHRINMEEH, BE
LM ARAE . AHLL TN EE T, Fi C JET p HuE M
Ti JEF d U 7E oK AR G Ak 1) 2 B A A A B
Wi B FLTE AR R Ti-C s — e & B .

6b 2y N-top F [ 5E 1T FL1H 4 2 i (10 A %
FE, TiNHFE N R 75 HE N JEF M, p Hud
I 7E-8~-0.5 eV YU [l N-F3EAL, Ui B AT I a8 BT
JABACKHE, FERAEIERMMMIT., H s PLbig(Em
KReE A ) 1.5eV, [FR, DLC 5t C 5N
W C IR, s PUBEEN N, FHWNESEEE
S EBIREAR, £ C/IN R4 C i s HUEA N
() s BB A EAE TR SO 8 . thAh. XFEE TIN B
N JEFAZRE, S N JET7E-10 eV 4t H BLH
s HUBEF p PUBIEME, HIXSMIEESRME C HTW s
B B X R R, #E—BESE N & TiN/DLC Fit
HIE T C-N JEA .

N Tk R TG () FL A A A OB A, SR
H Mulliken = 28 A7 J& B 55 7 A4 Y oh A B2 1 51 3R
5 A Ti-center S TH A1 N-top S 1H B i1 4 J5 -7 1) Mulliken
i JEE . BT LLE B A i B8 B ILAE SR S 2
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AN

e oo
O NO N ORNORND U1 O

B 3 ' h
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PN ~x
0.0 ,/-/\l\ ! s AN /
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Fig.6 Partial density of states (PDOS) for Ti-center (a) and
N-top (b) (the dotted line denotes the Fermi level)

FRT, REEMESEMEEEZRNSE R X
T Ti-center Fffil, F1H C FFARIET, AW Ti R
T EHRT, #E—F 40 Ti-C I E S0 EHCH 057,
Ky 0.237 nm, A LT FRAR TiC 2 A 14 Ti-C (&
S EHCN 0.83, #K N 0.2176 nm), FLTH A TE K
Ti-C #ERSEK A FTI N, =M. X N-top &
i, S0 C JRFREET, XEHTRE C HTE
C-N J5 33| s 7 C-Ti J7lal k2 i 7 &4 45 3
(Wl 5b frzR), S N RFAHE T A # N RT3 2]
HLF, R B S AL A C-N A 8 . it — 25 R B, N-top
FLHARTE A C-N BB K 0.1418 nm, HEAGEL
4 0.77, FH] C-N fELL A AL Ti-C #3LAh H:H o,
X I FL AT 22 43 B 0 AT 1D 5 R AR — B
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5 Ti-center REFA N-top FE B FMHEFEF LA Mulliken
nEH
Table 5 Mulliken charge on representative atoms of Ti-center

and N-top interface

Interface  Atom S p d Total Charge/e
C4 126 274 0 4 0
C3 127 275 0 401 -0.01
C2 13 284 0 414 -0.14

S Cl 14 296 0 436 -0.36
Til 219 63 267 1116 084
N2 168 406 0 574  -0.74
Ti3 217 647 256 1121  0.79
N4 168 406 0 574  -0.74
C4 125 275 O 4 0
C3 125 276 0 401 -0.01
C2 129 277 0 406 -0.06
Cl 127 269 0 39 0.04

N-top

NI 16 403 0 563 -0.63
Ti2 226 626 245 1097  1.03
N3 168 407 0 575  -0.75

Ti4 219 65 257 11.26 0.74

MR TiN(111)/DLC ST (R B Th A H 7 45 4
WA A, TIN 5 DLC 2 I8 ff f5 KR B Th mT DLk 3]
8.281 J/m?, FLTHI AL C-N JLAfdA 5 s S 4y
P, 7 SE B TIN/DLC Ft 1 A 52 A m BB T i N-top 1«
Guo Z:B4gF 9t % B, Al/diamond . Cu/diamond «
Ti/diamond . &) (1R B T 43 51 A 4.08 1 3.36.5.77 JIm?,
A LLE | TIN/DLC Z [l RG 2h K T & 8 5K 5
DLC # i 2 [ (kG BE ohe tbsh, TIN 54 )8R EEa
IR 454 77, AUTINGS . TiTiNeE 2 a) kG B o 43
WM 4.28 F1 7.46 JIm?, 74 )@ IEAR AN DLC 2 [a] 5
R, At sh metal(Al, Ti)-C AN
metal(Al, Ti)-N fl C-N ##. n] JL7E 4 )& ALK DLC
VR 2 ) 3G 0 TN 3oV 2 o0 T S T 1) ) fb
metal-TiN-DLC F[fi i) & /MG Bt D oK T+ metal-DLC #*
. UEB TIN 2 ReMs4em T &R 5K DLC
W 2 (B S A 1, 5 SCHR9, 36, 37]H SR ER I
gﬁo

3 & it

1) Ti 3 TiN(111) 1 % [H fiEH 1.859~6.004 J/m?,
N £3 TIN(111)F 10 4 0.891~5.035 I/m?2, & # K
Fi kS H 801 diamond (111) TR AL AR 2 DLC B, 743
345 diamond(L11)KE i ¢ %K ¥ i 0.8725 nm i
/NJ 0.8365 nm, FTH R (192 5 th 2.766 g/cm® 4

% 3.059 g/cm®, FF&H WL DLC 5 fr) 25 i T el o

2) Ti &3 TiN(111)/DLC i+, Ti-center St A
i KRS I, N 256 TiN(111)/DLC F1i A7, N-top
G B KBRS D). SRS Ti-center A1 N-top )
R B h 4> 0 6.842 A1 8.281 J/m?.,

3) Ti-center F1ii 4k Ti-3d F1 C-2p #LiEAH EAEH,
TR Ti-C 8, HSMEHN 057, BN EF
P£; N-top FLifi kb & C-N 4, #K 0.1418 nm, HS
MIEHCH 0.77, NHE BRI B, ££35F8 TIN/DLC 5t
T B AT RE H .
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A First-principles Study of Adhesion and Electronic Structure at
TiN(111)/DLC Interface

Wang Keliang, Zhou Hui, Zhang Kaifeng, Zhang Yanshuai, Feng Xingguo, Gui Binhua

(Science and Technology on Vacuum Technology and Physical Laboratory, Lanzhou Institute of Physics, Lanzhou 730000, China)

Abstract: Using the first-principles based on density functional theory, the adhesion and electronic structure of TiN(111)/DLC interface
was studied by plane wave pseudopotential method. And the inherent properties of the TiN transition layer improving the adhesion
performance of the metal substrate and DLC film were clarified. According to different surface terminations (Ti terminations and N
terminations) of TiN(111) and the atomic coordination types of the interface (top, center and hollow), six possible interfaces models of
TiN(111)/DLC were constructed and calculated. The results show that Ti-center interface has the maximum adhesion energy when TiN is
terminated by Ti atom; When TiN is terminated by N atom, the N-top interface is the most stable interface model, and the relaxed adhesion
energy is 8.281 J/m® The calculation results of the electron density, the partial density of states and Mulliken overlap population all
suggest that Ti-C bond which forms at Ti-center interface contains covalent and ionic properties, while N atom and C atom at N-top
interface are mainly C-N covalent bond. In contrast, the N-top model is more likely to appear in the TiN/DLC interface.

Key words: first principles; TiN(111)/DLC interface; work of adhesion; electronic structure
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