ES3E 1MW
2024 ¢ 11AH

mEERMISIRE

RARE METAL MATERIALS AND ENGINEERING

Vol.53, No.11
November 2024

DOI: 10.12442/.issn.1002-185X.20230575

FEE RN TiN, B FEH N SR RERIDAY
E— M IRIEB

AR,

RE, fTiEA, R,

EA R

CENZRMEAR BT ST AR S E SR E, il M 7300000

B E: TiNGZE B R 3R AE S SRR e Ut 2 R - TN IR R v 5) 32 11 46 2 AR S i T

A e m =i, TR R R .

BT a8, JRIT 7 A& J8 2 Aoxh & TiN, A 2 i 45 4

Ek, AR - RETERE T S AN R E AR TINAKRK
REAF A5 MY W B F TN R B B R A A e S AT 9

SEEREYN, HEESB MR, & TIN A RREEZE T %, E&BTERERHT&E. £1F5, & TiN,
A Z K R T AR K NHEFE 0 R - TiNgas> TiN>TiNg s> TiNgs. TiN /& £ EAE L E i Ti R T 3d PR
M4 R N BT 2p B SRR DL N5 T Bk 5 3000 A AR BUR AN & 3 AN L R s

XH1E: TN &R H—MERME, BT840, ok

FESESHE: TQ174.75°8 HERARIRRS: A

XEHS: 1002-185X(2024)11-3205-06

AR, JRFACH R R (PEMFC) R mife
B AR TAERE .. THORER S W 5%
NS RVE, ENUENUR. [ e . 388 TR
BA+5 T M s SURARE N PEMFC H
B RGT5r, EoRER B AR miE. S Bk
PESEVE T Ti EA 0 R U TV RE AN R 47 (1 H 3 26,
72 IE 455 JE XU (¥ 55 P A ), (EUIRARk v vl Py 50 P v i
FRPE IR SEEAT 2248 Ti AR T A A, S B0R b RR
PEE GRS B AURAR IR A R R, FHIF A T
URIEE PVD. CVD S5 HARN 4 J8 XU AR A7 2 1 o 1
Horh TIN BRZFEHEA R, 5 avEaemg)
ZRHYT, WEREN, TINRZEVREREY, wH et
JE4 @ A T ARk S = LU TiN, 3REPY. £
SEU ORI 8 — MR IR 0, R T 3RS B A AR
TiN, fHE . ABESEESHIE M. Thi 2R H
BT T AR 48 A A0x IVB BRI I U5 2
A RERW . Xu SR O 2 s A e s AR i %
TARAEEBEALEER TING R, IR TSRS
BLXF TiN AR B S R RS 5 . ERART
F TN, R HEE B S CEE TADHEF, HEF
FZAmlA TiN, FIHUBRIEGE, eS8 =600 TiN,
S PERE RORT FT BN AT PR . 5 THIRL R 4 R U AR

It HEA: 2023-11-27

R SERIE YRR, A L EX TIN, 3R 2 4 R T Bk
JETT AR G HLERBIE 9T, MOABIF 5l ik 26 — 1k R 3 0 07
2 R T AR R A AR TiN, BT R A Bk g
IS, O TIN, 32 Bl 2 32 AR LR

1T £ W

1.1 REE

TiN J& T NaCl 24 [ffj.Co 3777 254 (2 (A1 B4 Fm-3m).
N TP EEAERTE, M T 2x2x2 1Y TIN # &
B, BT TIN (ERIR IR o AR 8 8 2 0 (1T i R4
K, PRIURARZS 5 T i p AE 4 8 5 - i 2 1 5 307 2 o
By, FLBEAE R T8 ARG A R R e Al A e ) i@ it TiN
e BRI AT LIS, TiN, A& R 44T NaCl 45
I N S EIEEN 0.26~1.16M", K, BEHLEE 2x2x2
[ TiN S AR R BIN 25%. 50%- 75%MIE4 8=
A7 5 #4J%E TiNg 75+ TiNg s~ TiNg o5 52 . F| ] Materials Studio
BAEXT AR TIN, B AE %, 8384 MARY, i I Xof Bk 4 i
JE, A TIN, B B AN 20 A, & )aiEidRe
BRI UG % TN A (1) 20 MBI T 0 i%, IR
AR REEAT N — i
1.2 W&EFE

BT E P RIS — MR 757, KA Material

EE&TH: HilaEERHE RS (22JR5RAT86) 5 Hilig BRRI¥EE4 (23JRRA1353)
fEEEA: & F, 5, 1993 F4, HE4E, ZNERFRYEFRATEESFRGWIEE SLR=, R 2 730000, E-mail:

zhaomeng930507@163.com



* 3206 °

Wity EmA RS TR

553 %

Studio FAFHI) Castep FEHITRE., THERA) UBAREITALL

(generalized gradient approximation, GGA) AR
B B IEZ oA [ 1 577 (Perdew-Burke-Ernzerhof,
PBE) . #HAL T JRIai# LT AL (local-density approximation,
LDA) , GGA JIELETHHEMBHMA RIS, SIFHEE 7 H
oA R FIRAHEAER . B, RS S i it Ak &R
(1) L o0 AT S, (613 GGA J7iEAE T 38—
JEERTH S A5 2 S AR IR AR S A L LT A AT S
FEHRFIE . PBE V2 BR 7 VA 4E 3K fif Kohn-Sham 7R, oK
AR RIBORAS, 2 B0 RS Y n) . A
THE R, GBI AN TIN, B R B E A e R =
A% TIN, T HPEREIFZMR, T H RUE SR Ry
BRZE(E, BT ESEORBEMFE GO, SR EAS
P RIF 5T 45 SR BRI o

AR FCSER I 5 R &AM AL T T U5 A Ak, JUAAT

gttt i, WEIE RN 0.1 eVinm, &R TN
2x10” GPa. JE O 1x10™ nm, AEEA 1x10° eV/atom.
SERUUAIACIG, 2 a8 B B e e RS, 7RG
BLfli B0 SR S M AT R A A . W E A
B HL AT ST A o AT SRR A K A
S, THEDEEEIETRE A 500 eV, A HIHIX K A%
N 3x3%3, HLFRERISARER 1x10° eV/atom.

2 ZFER5R

2.1 BAGEHSREMSH

ZUHE, AME TIN RERAES BT A5G % TIN A R
MM S E TR R AR S B AR BRE ISR | Fos . il
TR 1 RS, AME TIN (58 S50 S0 EdE
TR, SHAMSCERA TR R ER AN, BT
gERATEESL, DURAE TN B IRAERE, BIAAFREE
WEAEEm L, WS BAATLUE H, fEas by ¢34
M b, SRS EA A, XFREE 3TN
LA RSN E A L. W 1 AR, BL TiNgs
RG], SRR Ti-N-Ti B, 2 4 Ti RTHREEEN
0.4164 nm, FEEAEEIRSMITIN, AR Ti-2 47 -Ti
i, 24N Ti JRFRIBEESA 0.4424 nm. 28 EAAHTAT1E, &
WS B E B R &7 R G NI EHES 8 2 H vk
S, M N RS MEAR)E, BT 5 A E A W
Ti-N B85 %, A, (F5M Ti 5 FEE S,
SRR (1) A T A XTI TN, AR 1) i M i
PR LLE H, BARSIE FEE & 7 1 AR A, (|
m ARV 8, MRS RAIE 2, B
FARRURET R R, IXARH N FEFEREHER “HHi 7 i
JH] o

®1 BESH. SR RERREE

Table 1 Cell parameters, vacancy formation energy and phase formation energy

Model a/nm b/nm ¢/om Experiment/am Other Cell \ Phase formation Vacancy formation
reference/nm  volume/nm energy/eV energy/eV
TiN 0.4249 0.4249 0.4249 0.424"] 0.4246"° 0.076 697 -1.73

TiNo7s 0.4293 0.4225 0.4225 0.423 (TiNgg)!' 0.41641" 0.076 624 -1.61 248

TiNos 0.4167 0.4355 0.4174 0.41330% 0.075 744 -1.28 3.04

TiNo2s 0.4274 0.4142 0.4142 0.4162M% 0.073 329 -0.73 3.56
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l ° o ° \'b WA 2R P 25 67 IR T R P e S FEEOL . R AR (D
! N . A N
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: 0.4164 nm : 5 - EIM,X,)-mE(TM) - nE(X) (0
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Bl 1 TiNoss 7R R (200) 5 TR EE
Fig.1 (200) surface of TiNg7s
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2.2 BEWEWAIEEE
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Rer R . AT RE T A AT LR, AE TiN &%
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wHIILA, B TiN AR R B SRR . REEE
FEl/NF-10 eV RETFEr EEH N R 2s HuEst
R, 1% DX RE A S5 A A B SR R T HEE LT
A, B -9~ -3 eV XIAIMAEH ST LLE
H, WFAMER TN, Ti &7 3d HuE (Ti 3d) AN
JRF[ 2p BUE (N 2p) fEMLXIEBRZIAAL, TR
o MEAES R TALIE R, RPN R IE8
AR, s 1512 DX 3 A 4 AL U6 5 FE 3R 1 % . Ti-N-Ti
BRIZRHAR N Ti-00-Ti 8, BAASETENTE 2.3 Wit
Hordr. [FINS, BEEIESBEMMER, ZXIREETIE
WA, Redtih AN EE, ULBR TR INR. BE
N JE T, Ti B0 3d $UE TR EBLH 48 Ti 1)
3d FUERIRHE. TOKRBEHALBIRE 3Bl Ti 3d fiZb &
(1) N 2p iE TR, BEAEAEER AL SCERI N, N JET
980, N 2p TUERIZ T, fE 0 Bk 3] 75%K0), N 2p

Energy/eV

B 3 AAAE TiN KT8 AE 48 2507 5 % TiN M R 1)
MASEEE (total density of state, TDOS) 73 A% &
(partial density of state, PDOS) N AN [AIECAL %L Ti JE 51
JAI A% (local density of state, LDOS) . 4341 TDOS
EIFTLIAH, 7E-9~-3 eV JE[lN, Ti3d fN2p KA
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WREg, 454 PDOS MEE Ti 3d, W LAdE—bF HkH
Ti 3d £ N 2p Z& A0 FE BE B985 Ti 3d AR A THIN 2p
FCBEE ) LT FE 2 AR AE PR BB DL R -3~0 eV HIIX
B, EEPIEZRETN PR BRI AL B) . MAL, BERE N JE
TR AL B, tBE1S N 2p 78 FKAE At I 3K g
G LA _FIXJR] PN 4 T R 2 L
g LR, ARSJE ST AL AR R Y T
SR BRI R, R Bt AE e R AL
MBS HPERERIEIA, XPALE TIN &JE RS R A5
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43514 1083, 1071, 1078, 1101 nm>, 83T n,; Fikr &
TiN, & R 1) F B GEHE TN TiNg s> TiIN>TiNy s>
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Fig.2 Band structure of TiN,: (a) TiN, (b) TiNos, (¢) TiNgs, and (d) TiNo2s
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SATHCR N, RN Ti 3d XFH B AR E
TUBRIE K. ZRETFE AT IAS, DUR 3 Fhai s [H]
S TIN AR R H HEFAHNERE: (D MEESE
ARG, N JRFEEHARE, Ti-N-Ti BiE#HAE R
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BIREIGIN, PSR S 8 S0 DE A R Ti
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R N2p A E BB TR . 3 BT NJETF
sk, FEGRM IR, SRR, BLE 3
RS FL Rl s A R ) H BT AR EE . i, I, A
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FRRE R R, GHARRE, EEB TR R, TESL
B sz rb ok DA S ER AT R4mT 2 45
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T JEA X I B S 8 0B A IR R R s, AH L
TAME TiN, BANRMAE THEZHHET, X2EN TI
SRR R A AT HRTTERIGE 2 . AT Ti X, N
JE T X IRAE ARG 8 S T 2 S5 A B AR A
AT AR LA — 20 T A RN SRR
TR JE T B RS L) AR T SRR K
Mulliken 7 &%, 2582 2 Fios. orRh 515,
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# 2 TiN, &) Mulliken 75 B %
Table 2 Mulliken populations of TiN,

Atom charge Band populations

Model
N Ti Ti-N
TiN -0.72 0.72 1
TiNp7s  —0.72/-0.71/-0.70 0.58/0.48 1
TiNos -0.71/-0.69 0.47/0.35/0.31 1
TiNp2s -0.7 0.21/0.14 1

SRR S BN . Ti 5 A e B A AR e A AL
B 22 M IZHTR N, BRI T IR AT, BT
Ti J5L 7 H T BB IR 70820, 5 TN, AR BEHT 45 44 73
Brafve Al — 2. JEad DB AT, T s 0 H ek
b, RER TR BRI CRA” , RTF TIRARI
B i T4

3 &

1) FEA SCE B A AL sk B 5L NTE A (25%~
75%) , BEEARE R ARG, TIiN, 7R SRR
BEEN, ERFGENE TR, JF HEEHE AR R A
%, BRI R, BB AR e 2 AL LI K

2) Ar)m AN TiN, K 2 74540 3 LR RE R
SEMEEA 3 AN : Ti-N SR R T Ti 512
BRI &R Ti R, AT AR TEE, X
B i 2 Ti 3d vk N R FHE S N 2p Xk

ZIE B OTERE D N B 38U SR R A A
RN e PAE 3 AR L [FHRE T TIN, AR R 13 FL A

3) FE& @ A0 TIN, AR R Ti J5 1 B o 2552
MR, A TIN AR R Ti J57 T e i
e, Ho3d PUERREEE R &8 Ti FF
fiEo AN N JEF RAR R Ti-N 8 L&A 5.
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Effect of Nonmetallic Vacancies on Electronic Structure and Conductivity of TiN,:
First-Principles Study

Zhao Meng, Zhou Hui, He Yanchun, Gui Binhua, Wang Keliang
(Science and Technology on Vacuum Technology and Physical Laboratory, Lanzhou Institute of Physics, Lanzhou 730000, China)

Abstract: TiN coatings are widely used in metal bipolar plate modification due to their good corrosion resistance and electrical conductivity. The
TiN deposition process is susceptible to the preparation conditions to from non-metallic vacancies, thus affecting the coating properties. Therefore,
in this study, the electronic structures of TiN, systems containing different amounts of non-metallic vacancies were calculated using the
first-principle method, and the effect of non-metallic vacancies on the crystal structure, energy band structure, density of states, relative
concentration of free electrons, and charge spreading of each TiN, system was investigated. The results show that with the formation of
non-metallic vacancies, the stability of each TiN, system gradually decreases and the non-metallic vacancy formation energy gradually increases.
The relative concentration of free electrons of each TiN, system is calculated to be in the following order: TiNg2s>TiN>TiNys>TiNg7s. The
electrical conductivity of the TiN, system is mainly affected by the combination of three factor: the metallization of the 3d orbital state of the Ti
atoms, the reduction of the contribution of the N atoms to the 2p orbital, and the decrease in the volume of the crystal cell due to the deletion of the
N atoms.

Key words: TiN,; non-metallic vacancy; first-principles; electronic structure; electronic conductivity
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