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ABSTRACT The work aims to study the effect of doped Cu content on the structure, electrical proper-
ties and carrier transport behavior of amorphous carbon (a-C) films. The Cu doped a-C (a-C:Cu) films
were deposited by a homemade High Power Impulse Magnetron Sputtering set with the Cu-C composite
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target as sputtering source. A series of a-C: Cu films with Cu content less than 10% (atomic fraction)
were deposited by adjusting the position of substrates. The results demonstrated that increasing the
doped Cu content led to the enhancement of the content and cluster size of sp*C in films. Particularly, as
the Cu content increased from 2.77% to 7.28%, the sp’-C content increased from 48% to 54%. According-
ly, this decreased the bandgap width from 3.87 eV to 2.93 eV, which corresponds to the reduction of elec-
trical resistivity and transmittance in a-C: Cu films. For a-C: Cu films with Cu content in the range of
2.77%~7.28%, the voltage was positively linear correlated with the excitation in the I-V test, suggesting
the dominated ohmic behavior. The resistance of all the a-C:Cu films decreased monotonically with the in-
crease of temperature, demonstrating the typical semiconductor behavior. Specifically, when the Cu con-
tent varied in the range of 2.77%~3.88%, the electrical transport of a-C: Cu films was ascribed to the
three-dimensional Mott-type variable range hopping conduction in lower temperature from 150 K to 250 K
and the thermal activation transport within higher temperature range of 250~350 K, respectively. Howev-
er, for a-C: Cu films with Cu content of 5.4%~7.28%, only Mott-type variable range hopping conduction
played the key role for the carrier transport in temperature of 150~350 K. The results showed that the op-
tical and electrical properties of amorphous carbon films could be significantly controlled by doping Cu,
which brought forward the promising potential to develop the carbon-based photoelectric devices with
high-performance.

KEYWORDS foundational discipline in materials science, electrical properties, high power impulse

magnetron sputtering, Cu doped amorphous carbon, band structure

I & 5% 7 JIE (Amorphous carbon, a-C) 3= % i sp®
Ak 45 1 (S WA ) A1 sp? 24 4k 45 74 (0 28) 16 C 4Lk
B v T T R i S o S R a-C A
ST — MR S SR MORL, 7R 0] G B 4058 X 3
HA AL 135 e vk L I 4% sp*-Clsp®-C 1 EL 451 BT AT K
He2 N S50 eV R4 L% &N A
5.5 eV, [, 1EA—F 2 D)Re s a4 KL a-C
T 2% 52 R (H I, IX Bl A4 L AAE JE & Bk
e BN R g, A B R 4 70 22 B RS E PERLAIK .
N, TR AR S R B N S DA 5 L B S R R
KRB N G R 1 RR S, 0k w5 HE B LA AN R
I HLRFPESRT

FRHBENTE T BRAFAMENEENE)E
I SRR A S5 R, R BB NG 4 R T AKX
AN I e Wi AR e B AT B AR Bk AR B 77, 5 4% Cu,
Al B A Cu-C S BEASHFAE . Yaremchuk 25 F
RS H R VTR 7 AN F) Cu & &1 a-C: H: Cu I,
RIB IR Cu B HE & i HL A 55 B AR LR 0, 3%
P e Wi g 1 A7 L ) A T [ RS B . Beauty S50 A
AL 22 ORI 28 7 AN TR) N 25 5 10 o B 7 1L, i
F Ni B 8 1 BRA, 3% Tl 787 J5E 1) s 257 iy B 8 e
Meskinis 25 F [z B f 4 W 5 1) 2% Ni 45 2% JE § ik
B R HURAERE, BT 5T 7 Ni 45 2% 6] L el 2% 0 e BEL
REMIsEmT . 45 KR, BB A NI K& &0 K
] A 92 A 0 B 0 FELBE 2R, N 2K T 4%(JR 4
O BIFE S, HH BH & #50K T 3000, 428 b 4l 9 & ik Al
W Si AR

5 SARAR, B SRR BEE T RS
A A, e A T BRI B o R A
i 77 A T A R R A S 32 DL sp® A sp?
AT AR, sp? R LB BE S o B S0 w7
T 2K B8 BT I m F T R e R SRR 1 R AR
PR T r 4 S5 TR ) R R G A B DA O . AR
i B 218 TR R S 2 ), A L0 T fan ig LR ) B 7
k% . Tripathi S80948 H , 4l 3F & i 4 80R 7
iz 77 o Mott B FE Bk R A% 5 . Abdolghaderi 55
VAR AR T A 18 N BRI T s 7 U
BRI T ERAEEN R, R SR B Fe ff
T 1 HE 77 IR B = iR 4K N Efros-Shk-
lovskii(ES) 714 22 2y ik Bk 4% 5 (<60 K). Mott ! = 4E4%
T Bk R A% S (60~200 K) B # i £ 5 (>200 K).
I 2 i 4 5 i B RO ARRAAE 22 S B K0, &2 R B DA
[ 7 ik DA 4 J AB AL Al oK i 1 7 A7 T Ak
BT, R, BE A SR AR AR B 4
T RN 5 AT AN E A . BT IS HLEE
AN, SR T B O H A A R B AT R

A S B 35 N Cuff C 2p FLiE 5 Cu 3d $hiE
Bt BT o5 4 AE B R I R EEAS L B Cu I C LR
SERIE®, X R, a-C: Culk R TS AT E,
TEAE i 45 4% Cu T B A0 57 16 e Bk
B2, B0 & 1468 2 BEAGE SRR = R HLR
REFI SR

55 R4 T S B AR R B 5 R T S Rk e 4
SR (HIPIMS) B AT 5 i 1 85 4k %, w] 7E 42 58 (170



10 S35 R4 - Cu B 2 Al B B ) P 22k R M LB T Bis AT 749

W BT RE R, A AT AT sp>-Clsp®-C Lt
BT Cu 7 5 AN ] £ H S BUE IR 2™ STk, A
3C K H HIPIMS £ AR i) £ Cu & & (J5 T 2 5) N
2.77%~7.28% (1] a-C: Cu i i , R G 5T Cu & &= X
a-C: Cu ¥ I 2H 73 25 14 1) 5 M 5 43 A ¥ 5 4] P 2 12k
REANERI T s HLEE
1 K7
1.1 HamEIHlE

FH & D S Bk i 4 D S 2 A [F Cu B & =
SR, K& & (W )BEHE A8 17 R EA—
ANl 478 W VR o R A W S Y () S 6 D9 Cu(99.99%,
20 mm x 100 mm)-5 47 52(99.99%, 380 mm x 100 mm)
PHERE, i FH HIPIMS HLJR, TAE SN Ar'<. #f K
N ERAGEE A e g R D s R R .
FTG7K BT BT 15 1 A0 i [ 7 £ DU T AR LR, 2R
FETAESIARES . 1R, B4
JEH 4.8.12.16 cm [FIAE & 23 il i 44 24 S1..52. 83,
S4. fh s B A L F) 2.7%x10° Pa J5 ) a5 A
40 mL/min [ Ar =, B 1O TAE R € 2 1200 V,
o Fob 4T 0 137 Bk 20 min. YT Ar AU AT
R R 1.3x10° Pa.  H HIPIMS HLJEVTAN Cu 5
J JE B T, W 5 T R O 500 W, A5 Ol 455 Hz,
Jik %5 79 200 s FEHLAL it in-200 V i) 5 1
HPL120 Hz (3R E AL . N T Cu &,
FEMAENLZE EIALE LR Cu Bt 5 IR SR R B
i T Cu FI% S = 450K T C, IR LRI Cu #E 4 B 7
JERE S TR R etk B . D T HERBR IR B A
REMI 2, S1.S2. S35 FF i I T AR B 8] 29 120 min,
S4 5 i FIDURR I TE] Sy 95 min, DL BT A 78 15 1 )5
[ 4 205420 nm.

1.2 L5MFNTERESRAE

FH 3437 7% 8 F91 4 F2 1 B 73088 (SEM, Verios G4
UC) Wi 52 . JIEE A T 1) TR 3 Wl =2 L )R 1 . A D7
7732 U (AFM) 42 i 5% 2 41T T8 5 3 T 1) T 3 FAH
R BT o A8 R XS 46 0 HL T BR 3 X (XPS, Axis Ultra
DLD)#AE a-C: Cudi 1 o 2 & B AL S48 . Ik
AT 4 KV [ Ar sk ZIRE i 4 min DL BB THTTS G4
FH o B AR AS 2% BB KON C 1s I BEAT 20 I 0L &5, I3t
5 sp*-Clsp™-C bl . FH$i 2tk (LADRAMHR Evo-
lution, 532 nm) 3 #t a-C: Cu 7 fi5 b S 148 A5 45 1)
FH X 5t 2R 417 5143 (XRD, D8 ADVANCE DAVINCI)#
JEE L AR5 o HIE S F T AR (TEM, Tecnai
F20) 7 i 78 JIE 1 folOWE 485 1, AR 4l H 7 e B 40 O ik
(EELS) 7 #T ik B 25 44 . 4% #F % HB 7 RE 15 (UPS,
Axis Ultra DLD) & 8 i A 7t 3% A — 2k iy 1Ak i
i, HOBUE NREE 21.22 eV [ He | SLIRZ . (H 45
AWM RE IR R 45 (PPMS, PPMS-EverCool ) | &
a-C: Cu I 7E 150~350 K 1) 1-V B tE AT B2 .
FH 841 0] W3R 214053 606 FE 1 (Lambda 950) 1 & A1
B Ao JES b 1) 98 AE 200~1600 nm § B (1) 35 o 3 I
THE G 7 B, WK (8] B 9 1 onm, 39 65 3 FE R
280 nm/min.

2 HERFMTIL

2.1 SERERYLE S FNLEH

WA AR B TA] , 48 a-C: Cu T4 I 1) J5 5 7E 186~
221 nm B EIAR L . S1.S2.S3. S4B i TR 3 2 45
A8 1.55.1.73.1.84 F112.23 nm/min. BE#& FE 5T
Cu B, ) PTAE 2B W i . 245 H TRER
Fa-C: Cu s AR T30 . 7 Cu & S UK,
Cu 145 N\ X 8 R 25 K A B St ) s, B A 1 i

1 D R PR AR AN T 25 1) 7 i
Fig.1 Schematic diagram of the HiPIMS deposition equipment
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Fig.2 SEM cross-sectional morphology of a-C:Cu films (a) S1, (b) S2, (c) S3, (d) S4
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Fig.3 3D-AFM images of a-C: Cu films (a) S1, (b) S2, (c) S3, (d) S4
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4 CuB A AN a-C: Cu MY XPS A2l & Te 3 B & &\ C 1 FE 4 K % Z (b Ak & & . Cu 2p AE 411 LA 2 Cu i)
M
Fig.4 XPS spectra (a), the contents of C, O, Cu (b), C 1s spectra (c), sp?, sp®, and C-O/C=0 contents (d), Cu 2p spectra (e)
and Cu LMM Auger spectra (f) of a-C: Cu films with different Cu contents

5 Cuts A Al a-C: Cu B M hr 2 il S AU & 45 R
Fig.5 Raman spectra (a), the fitting result (b) of a-C: Cu films with different Cu contents
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Fig.6 XRD spectra of a-C: Cu films with different Cu
contents
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Fig.7 HRTEM image and corresponding SAED of a-C: Cu film with 2.77% (a, b) and 7.28% Cu (c, d)



10 S35 R4 - Cu B 2 Al B B ) P 22k R M LB T Bis AT 753

5 nm (K44 K & (K 7¢) , H SAED #7534 (R=4.76 nm™)
%R Cu ) (111) 44 1 (d=0.209 nm). iXE W, % Cu
B 2.77% R 7 51 7.28% [H v £E AR S B A Cu
JE -2 W AT T B i, 350 50 b 43 BB R AR R
AR

BI85 T Cudy & 2.77% F17.28% K i HEL T
e B 4 Rk, T B Y F T 2R T A A R R A
R L A 40 2K PR BB, AT A AR IR A 27 1 2
M5 P, EELS /T H T ot e s . T
285 eV it T (10 U Xt I 56 25 1s B (1) T BRAE B A
IR E AR B R B 8 v ek A A
wlg . o XN 290 £ 305 eV /N AE R VU, A%
B IsHE R B FIRIT R o HUE = E e m k.
XA E AR L, 5 o F0 o FUIE 1R AF G B pl 1E
bt sp*-C I & 22k R oA

(o), 3x
(wlo ). " d-x 1)

Hrp (7107 9 sp? 25 50N 100% (1) A7 88 bR A i 1
i 5 o W IR U AR, B /3%, x O A HIRE & 1) sp? &5
& . X EELS 1% 347 r W & AR o Je R,
2.77%Cu £ i 1) sp” & & N 37.8%, 7.28%Cu £ i 1
SPP AN 44.4% ., XK, sp*F EFEFHE Cu s E I
m M. A, EELS JU1F ) sp* & & 5 XPS (1) 45
S BB B A, T AR A2 ' IR R g S A
XPS FRMNAE 5 3 Dk BT 8505
2.2 HEMRE

Kl 9a gyt 7 AN A Cu 7 & a-C: Cu i /i 300 K Hif
(0 1-V P e o IR, AR IE B Pte2 s i
R DAY /N A LR o I it 1D 1=V it 2R 35 S Bk
PER R, R R PE . AR S ] 9arh 1-V Hh 45

8 CufB 24 5 h 2.77% Fi1 7.28% F¥f i [ HL T RE 5 453
kil
Fig.8 EELS spectrum of a-C: Cu film with 2.77% and
7.28% Cu
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ity (b) at 300 K of the a-C: Cu films with differ-
ent Cu contents
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Fig.10 I-V plots of the a-C: Cu films with different Cu contents from 150 to 350 K

11 Cus 4+ & AR 1 a-C: Cu I {E 150~350 K ()
R-T hk
Fig.11 R-T behaviors of a-C: Cu films with different
Cu contents from 150 to 350 K
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12 CuB 2 BANF a-C: Cu FEIEAE AN A1 Y I 1 In(R)55 T4A0 T ) 5% & il 2k
Fig.12 Relationship between In(R) and T™* (a, c, e, f) and T (b, d) at different temperature ranges for the samples with
different Cu contents. The red lines are fitting results

13 CuB 2 BN A a-C: Cu MR (I 1L F i 26 L (ahv)®-hv B ZE LUK A1 B
Fig.13 Transmittance (a), Tauc plots (b) and optical bandgap (c) of a-C: Cu films with different Cu contents



756 ook Wt

7o Ik

7%

(ahv) = A(hv - E, ) 3)
THEHOE A B Horb o IR R H hw NG
T REE, AN B MR 2E B, 1R B n (7]
W 1/2.3/2.2 K1 3)AE 5 2 T A4 kL DA R BRI 2R Y
. il (ahw) 5 hw il 28 R 28 M3 4 12 K
=0, X5 B NS e 5 RIS B, Ok
WA 22 550 o AT FH BRI BL 2R s e

a;[l(;)} @

THE, Hodh d R, B nm s ToNIE L3R
HL2EMNR S B, BN T 00N 2.77% &
7.28% Cu ¥y a-C: Cu v A7) FAT S 1) 2 AR
DR IE R AR R SR b 38 . Pandey #1 Majeed 15
t,a-C A H #2717 B SRR, n i 12, [# 13b
S1~S4 FE i 1 (ahw)-hw B 28, 25 HH T Cu & & Xt
a-C: Cu e 2 BRI e . i 13 fiow , b &
Cu & B =R S1-S4 KDL 2- i R 3.87 eV |
F4 %1 2.93 eV, A] GE A& sp-Clsp™-C b5l 5 45 K 1 28 4k

Fra®, sp*-C R4 o 4, sp-C A5 o 8 XA wit.
M5 o &M, w7 R oK RS, Fomr b 2
B HL ™ I o v B ) D i B, TR T
(A4 VP4l sp>-C & E A B R o HE A E Bl
5 sp*-C 11 Er 5 R = A0 A 7 R ST (g 488 KT AP
PR ey BE AL, HE T (0 A% a5 A 10 D R B0
YIFA 2%, I UPS Rl 45 S1~S4 Ff i I Th ki ¥, E N
ol I TR D) 2R 5 x AL ARl R A, an 1
14a fili7R, S1~S4FESA I E, 2N 16.61 eV HXF M
I bR B W, 7] M He 1(21.22 eV) T8 2 B, 75 3187, 4
4.61eV. CulJ#B N, % a-C: Cu 5 1) 3y R B0
HHERZW., K 14b 25 H 1 S1~S4 F i 77 Tl
EN)HXTF R KBERE)NME. WTLLEH, EE
Cu & & 0¥ 1 E, M0 E, [ BE 25 1% 7 M 1.62 eV [£
k#1133 eV. LLETREH 0V ASH, 456 HE
AR AT WL 2T 40 32 s I I A5 P 0% 27 5 B, S1~S4 1)
RE S MR 14 . X T AR Sk, H gk Kb
P TR, (HEMEBACUETEMN2.77%

14 R[F CutB A& a-C: Cu i (1) — LT 1 il AN oK BE R IK A7 B LU % (c) ReTi 4t
Fig.14 Secondary electron cutoff (a), the distance from valence band (E,) to the Fermi level (E;) (b) and band structure (c) of

a-C: Cu films with different contents



10 S35 R4 - Cu B 2 Al B B ) P 22k R M LB T Bis AT 757

$& = 21 7.28%), S1~S4 K 1 B oK BE 2 AN w7 I A% 1
0.29 eV,

3 4hip

(1) FH HiPIMS itk 5 Cu-C Bf 281, W] il % Cu &
TN 2.77%~7.28% ] a-C: Cu i, 2% Cu LA
ST AEMmEGE T . BECuFEMN2.77%
P2 5121 7.28% [F] 1% Cu J5 7 H A Bk i, sp*-C &5
BRI AR TR

(2) b HE ik Cu s A2 = 4 = a-C: Cu i
L (14 5 F P 3 5, R IBE %) R 2 1k R AT R B R [ o
PR, 7E 150~350 K JIE 1) FiL BH 2R 357 il 25 3 52 1)
FH i PR . Cu % &N 5.4% 11 7.28% [ FF i £E
150~350 K H# it 1 1 4% 5 7 235 8 Mottt Y = 448
FEBRERAL 5, 1T Cu 5 84 2.77% 1 3.88% [FIFF i 7
250~350 Ky #iE , 7E 150~250 K U A Mott % =
HeREBRERAL

(3) B A i Cu B 4 & 142 =1 a-C: Cu i
s BN » BOK BRI ) A 5 A
& % 3 i

[1] Bhowmick S, Shirzadian S, Alpas A T. High-temperature tribologi-
cal behavior of Ti containing diamond-like carbon coatings with
emphasis on running-in coefficient of friction [J]. Surf. Coat. Tech-
nol., 2022, 431: 127995

[2] Zzarei A, Momeni M. Effective target arrangement for detecting the
properties of Ni doped diamond-like carbon by pulsed laser deposi-
tion [J]. Fuller. Nanotub. Carbon Nanostruct., 2022, 30: 942

[3] Khanmohammadi H, Wijanarko W, Cruz S, et al. Triboelectro-
chemical friction control of W- and Ag-doped DLC coatings in wa-
ter-glycol with ionic liquids as lubricant additives [J]. RSC Adv.,
2022, 12: 3573

[4] Rusop M, Omer A M M, Adhikari S, et al. Effects of deposition
gas pressure on the properties of hydrogenated amorphous carbon
nitride films grown by surface wave microwave plasma chemical
vapor deposition [J]. Diam. Relat. Mater., 2005, 14: 975

[5] Kim IS, Shim C E, Kim S W, et al. Amorphous carbon films for
electronic applications [J]. Adv. Mater., doi: 10.1002/adma.
202204912

[6] Tian Q L, Zhao X N, Lin'Y, et al. Thermal stable and low current
complementary resistive switch with limited Cu source in amor-
phous carbon [J]. Appl. Phys. Lett., 2022, 121(18): 183502

[7] Tamulevi¢ius S, Meskinis S, Tamulevi&ius T, et al. Diamond like
carbon nanocomposites with embedded metallic nanoparticles [J].
Rep. Prog. Phys., 2018, 81(2): 024501

[8] Li X W, Zhang D, Lee K R, et al. Effect of metal doping on struc-
tural characteristics of amorphous carbon system: a first-principles
study [J]. Thin Solid Films, 2016, 607: 67

[9] Yaremchuk I, Meskinis S, Bulavinets T, et al. Effect of oxidation

of copper nanoparticles on absorption spectra of DLC: Cu nano-
composites [J]. Diam. Relat. Mater., 2019, 99: 107538

[10] Pandey B, Mukherjee J, Das B, et al. Nickel concentration depen-
dent structural and optical properties of electrodeposited diamond
like carbon thin films [J]. Eur. Phys. J. Appl. Phys., 2014, 66(1):
10302

[11] Meskinis S, Gudaitis R, Slapikas K, et al. Giant negative piezore-
sistive effect in diamond-like carbon and diamond-like carbon-
based nickel nanocomposite films deposited by reactive magnetron
sputtering of Ni target [J]. ACS Appl. Mater. Interfaces, 2018, 10
(18): 15778

[12] Anderson P W. Absence of diffusion in certain random lattices [J].
Phys. Rev., 1958, 109: 1492

[13] Tomidokoro M, Tunmee S, Rittihong U, et al. Electrical conduc-
tion properties of hydrogenated amorphous carbon films with dif-
ferent structures [J]. Materials, 2021, 14(9): 2355

[14] Tripathi R K, Panwar O S, Rawal I, et al. Study of variable range
hopping conduction mechanism in nanocrystalline carbon thin
films deposited by modified anodic jet carbon arc technique: appli-
cation to light-dependent resistors [J]. J. Mater. Sci.: Mater. Elec-
tron., 2021, 32(2): 2535

[15] Abdolghaderi S, Astinchap B, Shafiekhani A. Electrical percola-
tion threshold in Ag-DLC nanocomposite films prepared by RF-
sputtering and RF-PECVD in acetylene plasma [J]. J. Mater. Sci.:
Mater. Electron., 2016, 27(7): 6713

[16] Wan C H, Zhang X Z, Vanacken J, et al. Electro- and magneto-
transport properties of amorphous carbon films doped with iron
[J]. Diam. Relat. Mater., 2011, 20(1): 26

[17] Li X W, Lee K R, Wang AY. Chemical bond structure of metal-in-
corporated carbon system [J]. J. Comput. Theor. Nanosci., 2013, 10
(8): 1688

[18] Li X W, Wang AY, Lee K R. First principles investigation of inter-
action between impurity atom (Si, Ge, Sn) and carbon atom in dia-
mond-like carbon system [J]. Thin Solid Films, 2012, 520(19):
6064

[19] Robertson J. Diamond-like amorphous carbon [J]. Mater. Sci.
Eng., 2002, 37R(4-6): 129

[20] Guo P, Li X W, Sun L L, et al. Stress reduction mechanism of dia-
mond-like carbon films incorporated with different Cu contents
[J]. Thin Solid Films, 2017, 640: 45

[21] Kulak A 1, Kondratyuk A V, Kulak T I, et al. Electrochemical
pulsed deposition of diamond-like films by powerful coulostatic
discharge in dimethylsulfoxide solution of lithium acetylide [J].
Chem. Phys. Lett., 2003, 378(1-2): 95

[22] Gong Y L, Jing P P, Zhou Y J, et al. Formation of rod-shaped wear
debris and the graphitization tendency of Cu-doped hydrogenated
diamond-like carbon films [J]. Diam. Relat. Mater., 2020, 102:
107654

[23] Zhou B, Liu Z B, Piliptsou D G, et al. Structure and optical proper-
ties of Cu-DLC composite films deposited by cathode arc with
double-excitation source [J]. Diam. Relat. Mater., 2016, 69: 191

[24] Ji L, Li H X, Zhao F, et al. Microstructure and mechanical proper-
ties of Mo/DLC nanocomposite films [J]. Diam. Relat. Mater.,



758 ook Wt

A

7%

2008, 17(11): 1949

[25] Zhang H W, Tan H R, Jaenicke S, et al. Highly efficient and robust
Cu catalyst for non-oxidative dehydrogenation of ethanol to acetal-
dehyde and hydrogen [J]. J. Catal., 2020, 389: 19

[26] Liu Y'Y, Sun M H, Yuan Y F, et al. Accommodation of silicon in
an interconnected copper network for robust Li-ion storage [J].
Adv. Funct. Mater., 2020, 30(14): 1910249

[27] Kim J Y, Hong D, Lee J C, et al. Quasi-graphitic carbon shell-in-
duced Cu confinement promotes electrocatalytic CO, reduction to-
ward C,, products [J]. Nat. Commun., 2021, 12(1): 3765

[28] Ferrari A C, Robertson J. Interpretation of Raman spectra of disor-
dered and amorphous carbon [J]. Phys. Rev., 2000, 61B(20): 14095

[29] Xie J, Komvopoulos K. The effect of Argon ion irradiation on the
thickness and structure of ultrathin amorphous carbon films [J]. J.
Appl. Phys., 2016, 119(9): 095304

[30] Cuomo J J, Doyle J P, Bruley J, et al. Sputter deposition of dense
diamond-like carbon-films at low-temperature [J]. Appl. Phys.
Lett., 1991, 58(5): 466

[31] Wang N, Komvopoulos K. The multilayered structure of ultrathin
amorphous carbon films synthesized by filtered cathodic vacuum

arc deposition [J]. J. Mater. Res., 2013, 28(16): 2124

[32] Majeed S, Siraj K, Naseem S, et al. Structural and optical proper-
ties of gold-incorporated diamond-like carbon thin films deposited
by RF magnetron sputtering [J]. Mater. Res. Express, 2017, 4(7):
076403

[33] Pandey B, Hussain S. Effect of nickel incorporation on the optical
properties of diamond-like carbon (DLC) matrix [J]. J. Phys.
Chem. Solids, 2011, 72(10): 1111

[34] Hu A, Alkhesho I, Zhou H, et al. Optical and microstructural prop-
erties of diamond-like carbon films grown by pulsed laser deposi-
tion [J]. Diam. Relat. Mater., 2007, 16(1): 149

[35] Robertson J. Recombination and photoluminescence mechanism in
hydrogenated amorphous carbon [J]. Phys. Rev., 1996, 53B(24):
16302

[36] Siraj K, Khaleeg-ur-Rahman M, Rafique M S, et al. Pulsed laser
deposition and characterization of multilayer metal-carbon thin
films [J]. Appl. Surf. Sci., 2011, 257(15): 6445

[37]Li J F Li ZY, Liu X M, et al. Interfacial engineering of Bi,S,/
Ti,C,T, MXene based on work function for rapid photo-excited
bacteria-killing [J]. Nat. Commun., 2021, 12(1): 1224

(e 2 #)



