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Abstract: Currently, hydrogenated carbon films containing the fullerene-like structures (FL-C:H) are mainly prepared on
single-crystal Si substrates by plasma enhanced chemical vapor deposition (PECVD). In-situ plasma nitriding was additionally
introduced prior to the PECVD process, to enhance the adhesion between the carbon films and steel substrates. The samples
were prepared with different deposition times (30, 60, 90, 120, 150 and 180 min). Thickness, nanostructural evolution and
tribological behavior of the coating were investigated. The results show that the FL-C:H film PECVD deposition process
causes the temperature of the steel substrate to decrease as the deposition time increases (using a lower substrate bias than the
extra in-situ nitriding process introduced), resulting in the structure transformation of the film. The films precent a graphite-
like structure at the starting stage and gradually transform into a fullerene-like structure. The films deposited for 180 min
exhibit super-low friction (0.009) and superlong wear life (53 000 cycles).
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Fig.2 Cross section morphologies of the hydrogenated carbon films deposited for different times
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AN IOoTH S LouAZ E i . WA 4(a)
Jios, UURRES ] 30 min BRI &4 HIOCH
LIUHEE, IR TR R T S
LIt E R, BEUUERRT RIS N, R Ao
B v 7 el ST+ R a3 5 Tl <30 1 A U
FEUESF B3, 50 3o 2 vl JE Je ) kg 28 A B 4
S B I e (I B L S e e
M oo S oo Z B m i 1 1,

202 G T UL I K R I R R T R A
(50~100 nm), F7r&Seis A Bl R M, T
PR W AR . Ry T R A WA S A (A 1
FifE R, RIS gCR A, Dlik— 55 b
WEEF A, RS v WA AN 29
S} 1450 A1 2 950 cm ™' () C—H Wi, Fi—~i
Hi2924 1 600 cm™* 1) sp? fii & P i, iR
30, 60 1 90 min YRR, PTERIIE 548
55, F203 AR T I A 5 B B 555 LA AR
ftr, FH I ZT AT A BE S T IR 25 R AR . 40T
B 120 F1 150 min, [HIHERREIERE A3, 047290
1 600 e ™ WA I i i ULER 3] o ST RR s [ 14
% 180 min, 1600 cm™ WEASES, HE—FSC T
A1 BR P B TURR IR ] 38 T B BT 2

X SR HL T BTS2 I 2 e o T A b~ B 4
HREMTEETB, 4281 C 1s 45480 2843 eV,

['_____
J )
_____ % 180 mig
|
I
: ; 150 mi
—_ ey I :
g o 90 min 120 min
< ! ] | V
Z |
2 N 60 min T
8 | ) min
Sy
VN : 30 min
Y B g
O
]
: 1 L 1 1
1.0 1.5 2.0 2.5 3.0 35

Wavenumbers / (10° cm ™)

P& 5 R [RIURRRT [E) T 5 S R ) A HE A2 LA
Fig.5 FTIR results of the hydrogenated carbon films deposited for
different times

SNIAH C 1s 255682 285.3 eV, HIIE 6 iR,
AH EEF ORI [E] 2 60 1 120 min FEARAY C 1s 15
£, DUBHE A 180 min WA C 1s W7 42T
TaRA. FRZEREY: DUEAH 180 min
W ELAT AR sp? B i, IXIHAT, FETCERES
[V, 2 AR 25 PN A AR LT 1 & AR 4 il A s
WRIE & 4ty , i S5 PR il sp® 5
A R HEASER

—— 60 min
--------- 120 min
180 min

Intensity / (a.u.)

282 283 284 285 286 287
Binding energy / eV

K6 AR A & e X S0t 7 heik
Fig.6 XPS spectra of the hydrogenated carbon films deposited for
different times

2.3 AR E & SiCERERTE

FRAE 2.1 F1 2.2 AOZESE, BRI Im MR A5 4 T
A hy e KA BBLER (30 min B IR, H BT H]
BT — 2 B SR A5 (GBI — 2
W2l (S AR RS E ) IR EES5 1Y 22 55 A RE 5 v
B TRGE AR A OC . T R SmARI S5 4N Bk HT 10 45
B, R RN 2, RS X ER R m e T T R A
G TRAI AT, I AR AR Ak sk
N1 T ERIRE TR . FEB A ST
2T, ANERIREEZ R 230 °C, 383 & Rt iR
JEA AT A TR R O 2 A R A 22
TURREH] 30 min FA) P RSAE i DRI Ay 4 v 6 G T 32 1
SIS BRASFRAE . TR A SRR N S A
FAFERARIE IR B T IE AL GRIRIREEZY 120 )&,
HIE AL — WA 5 & RE R (L H 2 S &
T) ERFERMENN A K, KGN A
TCIRBIE L T BN 9k . R 1 R, R
BAGHIG R L RAL, ST RE G5
RARTIRON ARG , EVBEDORRE )0, IR
B TR, TEREE AR A RS . LR b



118 b B xR T LT IR

2018 4

JITik , A Bk T A S5 AL U R B AU
£ e 2 e B R e L % o T 3 B g T
W Z B 5 4 i 5 EE Y o

24 WEHEREASSHERNNFMEEE

e 2 N 2 0 R O Rl v Y )
it YUUFRRTE A 30 min EFH3] 180 min B, 3
JEELE A0 Hh 28 A0 SR S5 M A ) 2R IR S5, FRAL I
B A LRSS B i . OARES )24 30 min 119
e AT e AR A RERE (~13.46 GPa), TMITLARI [H]
F+ 2 180 min J AR A A FE 1S N % 25.66 GPa, X
U IS B 0005 2 A i T IR LA v T2 A AR A ) ik
W RRERE . EE, R W IR R L
A SR A B A A TE A W
YA 240 BRGNS BN (s DTBRE FRE),
VT8 M AR 1 B I A A 2 (R) Y7284k

R= (dmax - dres) /dmax (1)

Hrr, dmax 1 dres 53 51 B KM B A 7L FiEH)
R R AR IR,

NG K IR AR v A -2 A8 G R AT LA 3]
B A T RRURT ) 384, T %) 3L O A2 3 5% ¥ I
Fho 38 H N OLT R o sp® Sy E bRy, R

®2 TRMANEBTSESHREERENER, HREEME
A CIp =g
Table 2 Hardness, Young's modulus and elastic recovery rate of

the hydrogenated carbon films deposited for different times

Deposition time / Hardness / Young's modulu / Elastic recovery /

min GPa GPa %
30 13.46 58.19 74.75
60 16.80 87.38 78.08
90 20.31 142.71 84.37
120 23.58 154.82 86.46
150 24.47 161.79 86.98
180 25.66 165.03 88.54

o AWFTERM, sp® TRIFARIE L E Bk
BRITZAPERER) S HE I 2R o AR 2R B I 45 A0
AR EISCHEAE T, DAWIERY], SR Ak
BRI AR RE S sp® BT I A R0, I, FEE
EITRPAYEE LT | P SO S RV SSE Sl ]
FEHIIESE T 2.1 A1 2.2 APl S R i AR i A

2.5 NEKRESSHCERNEEF R
VEFEDURNE] A 60 min ik i e IR 4 Ay B 452
XHEAE, SARVUREE (0. 30, 60, 90, 120,
150 1 180 min) P¥ A7 7 2 5 1) S 3K 2L i B8 442 Tl
X, o H AR, B 7 N BRI Y

Sliding laps / 10*

3 4 5 6

Friction coefficient

120 min

____________

T "0 min T ) T

150 min 180 min

0
0.04 \ 0.025
- 60 min
E min g
3 0.03 k2
g MI 120 min g
S 90 mi | S
[-] [
S S
2 002 : »J 3
£ il £
[Ny
f
0.01 W/ : 0.010

0 5 10
Sliding laps / 10°

WI l

oo1s [l il
f

120 min 180 min

i ‘
W

1150 min

[

N AR

1 2 3 4 5
Sliding laps / 10*

7 A IRHUAR R 5 Sl M ) e 42 D

Fig.7 Friction coefficient of the hydrogenated carbon films deposited for different times



5430 AP, G DUBAR BT R T 2 SRt S 5 R AR BE {2V RE A S M) 119

JEE 5 DRI Sy it s 4 A L . Il 7 o L s ORR A
(AN TR] ,  EK T RS 1 B 400 7 i A W J 25 5% (DORR
30 min AYTHIEAE 2x10° BEIBEEE2F s YA 60 min (¥
WIIETE 3x10° BB 285 U 90 min HYTHEIRAE 1x10*
R 27 UURR 120 min B IRAE 2.5%10* FEl %
ZF; DU 150 min AYMEEIREAE 3.8x10* BB 25 1t
180 min MYTENRAE 5.3x10° FEWESS). 1T 180 min
(18 TR i e 1 HL BB R BIORAR (~0.009) . LAEL 7
1 180 min MEERE MBI, ZihZrh 5x10° A~
W Z AT A BT B (0.5~4.8)x10* S B
P B s S S — BB AR SR B B B
MR B 01 A5 A AR P 8, MRS AR A ) 5 g
T ARER VRS A TS B P i o B DUBR R R 38 sk
T HR 2 A I LT A AR A A 1, i
60 min WA A4 N 3x10° B, 17 180 min TR Ay
JE 5.3x10* Pl AR g fin m U R TR
TNLA Ke o S5 R8 AR AT 5 v A 5 R s R A2 R
MR o 38 H S WA R O SR v B B S I
VR 6 DR BSORN B 401 23R e i e T B P 218 e W M 5
FTCER I, R 1Y) R 4 R KIOR BS fi
EUGE, BT, R AS TR KRR
FAF T BB AR A RGERE . AL, DB
[} 180 min WAL E A K Fdr, XRS5 E

o

50 | <

o

9%

]

45 3
= ]
! X
g 40 5
o 35 R o
S O [RRXX %
= [RRXX o
= 30 B <
~ - R x
L ’0‘0‘0‘0’4 %
= XX o
s 25 (KX o
= By s
s 20 [osssel %
5 s s
= ] RRRR %%
15 S [ S

10 R X

%] RRRRA o

to%s I Sos0sese! %S

5 2 RRRRS o2
KRR %%

o200 [ 9200020 9%

5 oo | Sl %

Deposition time / min

Pl 8 TR LA V) 5 St ST P 4D A A S (AR T ) 56 2
Fig.8 Relationships between wear life and deposition times of the
hydrogenated carbon films deposited for different times

R OSSO, Rk 2.2 B hiEoniE &
Wl A48, 180 min B FoH 5-EooH 2 0] & i
Pl 1. e rr 4 — i, fooh5t
JEIRZE) FEE N 1 2 1 BS54t b & Sk
WA A 1 BE 2= R

K FHRL T ik — 20 3 M S A sk (URR I [A]
4 60, 120 il 180 min) 53 HAR (60 min) fF
2H BB A I ST S5 A0 A5 Ak (18] 9) o R TRk B 452
RIS, PG R H P s 2 =5, HAEsE
g R D) G N AR TIN5 &
ik DS BEEAT A Y M R M. H

Intensity / (a.u.)
Intensity / (a.u.)

Intensity / (a.u.)

2.0 1.8 1.6 1.4 1.2 1.0 2.0 1.8 1.6
Raman shift / (10° cm™)
(b,) Before friction, 120 min

Raman shift/ (10° cm ™)
(a,) Before friction, 60 min

1.4 1.2 1.0 2.0 1.8 1.6 1.4

1.2 1.0
Raman shift / (10° cm™)
(c,) Before friction, 180 min

Intensity / (a.u.)
Intensity / (a.u.)

Intensity / (a.u.)

2.0 1.8 1.6 1.4 1.2 1.0 2.0 1.8 1.6
Raman shift / (10° cm ")
(b,) After friction, 120 min

Raman shift / (10° cm™)
(a,) After friction, 60 min

1.4 1.2 1.0 2.0 1.8 1.6 1.4 1.2 1.0

Raman shift / (10° cm™")
(c,) After friction, 180 min

P19 A [RISURRRT (5] S0 R B B4 i U 7 201

Fig.9 Raman spectra of the spherical membrane before and after rubbing deposited for different times



120 b @3 x T T

= 2018 4

DURRIFRIA 60, 120 LA 180 min (AR 7L BE 4/
PR B A S TR A R I 4 o BE B AL
e 7 A e R IS o A 4 R A R A R T Ak s
— I TiAh, G AR e WA A R i EE
PR B EL A B AR BB A B R sl B v 2 e 0
S A6 RN AT PR 5 o LR B A A AR Y B A
X5 22 R S 1 T AR 2 R T2 A 4
P T B R AR EE AL A — 20

4 % 1

TR A S s A5 F e PECVD T
A AN ATR A B H AR, TR BBk 1
il & 7 AR ORI ] (U8 R4S R PR L fi
FEMIREAR, RSB RS & A R IR TR A2 55
TURR B R TORUR ()20 85 T ) T 2 s 4 i &
AR, BT H Ik Re. R YRR RN
KREEREEAS

R IR TR Y BLA A 2 A 854544 (30 min),
Z G B AR NS IR EE R o X PSSR 25 7 T
REJE T A9 A 120 &1 B lin i) e T i Ak - 35
PRTERE I v (T TR R R ) A T
2R g R AR S 2 85 4 s R A .

DUEREHE] A 180 min (Y28 & il 0 45 #0) & Slk
Ve R AT 1 JEE 5 DR (~0.009) IR < 174 2 4
FFT (~53 000 &) . HOBAREE AT m] 5 A T
BEDTRLR ()34 0 (B UORR R FAIR) A0 3R 3 T e
RPN 2S5 I A B 3, DA SR R 2R
IREER o it — LT

S 3k

[1] ERDEMIR A. Genesis of superlow friction and wear in dia-
mondlike carbon films[J]. Tribology International, 2004,
37(11-12): 1005-1012.

[2] ROBERTSON J. Diamond-like amorphous carbon[J]. Mater-
ials Science and Engineering R Reports, 2002, 37(4-6): 129-
281.

[3] LETTINGTON A H. Applications of diamond-like carbon
thin films[J]. Thin Film Diamond, 1993, 342(1664): 287-
296.

[4] WANG Z, WANG C B, ZHANG B, et al. Ultralow friction
behaviors of hydrogenated fullerene-like carbon films: effect
of normal load and surface tribochemistry[J]. Tribology Let-
ters, 2011, 41(3): 607-615.

[5] WANG P, WANG X, ZHANG B, et al. Structural, mechan-

(6]

(71

[81]

(91

[10]

[11]

[12]

[13]

[14]

[15]

[16]

[17]

ical and tribological behavior of fullerene-like carbon
film[J]. Thin Solid Films, 2010, 518(21): 5938-5943.

JIL, LI H, ZHAOF, et al. Fullerene-like hydrogenated car-
bon films with super-low friction and wear, and low sensitiv-
ity to environment[J]. Journal of Physics D Applied Physics,
2009, 43(1): 015404-015408.

WANG C, YANG S, WANG Q, et al. Super-low friction and
super-elastic hydrogenated carbon films originated from a
unique fullerene-like nanostructure[J]. Nanotechnology,
2008, 19(22): 225709-225712.

WANG Y, WANG Y, ZHANG X, et al. Hydrogenated
amorphous carbon films on steel balls and Si substrates:
Nanostructural evolutions and their trigging tribological be-
haviors[J]. Applied Surface Science, 2017, 420: 586-593.
CHHOWALLA M, FERRARI A C, ROBERTSON J, et al.
Evolution of sp? bonding with deposition temperature in tet-
rahedral amorphous carbon studied by Raman
spectroscopy[J]. Applied Physics Letters, 2000, 76(11):
1419-1421.

WANG Y, GAO K, SHI J, et al. Bond topography and nano-
structure of hydrogenated fullerene-like carbon films: A
comparative study[J]. Chemical Physics Letters, 2016, 660:
160-163.

WANG Y, GUO J, GAO K, et al. Understanding the ultra-
low friction behavior of hydrogenated fullerene-like carbon
films grown with different flow rates of hydrogen gas[J].
Carbon, 2014, 77: 518-524.

WANG Z, ZHANG J. Deposition of hard elastic hydrogen-
ated fullerenelike carbon films[J]. Journal of Applied Phys-
ics, 2011, 109(10): 103303-103306.

FERRARI A C, BONACCORSO F, FAL'KO V, et al. Sci-
ence and technology roadmap for graphene, related two-di-
mensional crystals, and hybrid systems[J]. Nanoscale, 2015,
7(11): 4598-4810.

SUPUR M, SMITH S R, MCCREERY R L. Characteriza-
tion of growth patterns of nanoscale organic films on carbon
electrodes by surface enhanced raman spectroscopy[J]. Ana-
lytical Chemistry, 2017, 89(12): 6463-6471.

FERRARI A C, BASKO D M. Raman spectroscopy as a ver-
satile tool for studying the properties of graphene[J]. Nature
Nanotechnology, 2013, 8(4): 235-246.

LEJEUNE M, BENLAHSEN M, BOUZERAR R. Stress and
structural relaxation in amorphous hydrogenated carbon
films[J]. Applied Physics Letters, 2004, 84(3): 344-346.
WANG Y, GUO J, ZHANG J, et al. Ultralow friction re-
gime from the in situ production of a richer fullerene-like
nanostructured carbon in sliding contact[J]. RSC Advances,

2015, 5(129): 106476-106484.



% 41 e, A UUBUBLE A SR BRI & S TR 45 FA R4 P R I 52 M) 121
[18] WANGY, LING X, WANG Y, et al. The tribological beha- ture-induced excellent mechanical properties in hydrogen-

[19]

[20]

[21]

[22]

(23]

[24]

(23]

viors between fullerene-like hydrogenated carbon films pro-
duced on Si substrates, steel and SizN4 balls[J]. Tribology In-
ternational, 2017, 115: 518-524.

TFREE, BRI, R, S AR R M DO A Sk
PS5 T FURE S A PERE ). PP ISR T T AR, 2011, 24(3): 17-
22.

WANG Y J, LI H X, JI L, et al. Microstructure and tribolo-
gical properties of graphite-like carbon film prepared by un-
balanced magnetron sputtering[J]. China Surface Engineer-
ing, 2011, 24(3): 17-22 (in Chinese).

WANG Y, GAO K, WANG Q, et al. The correlation
between nano-hardness and elasticity and fullerene-like
clusters in hydrogenated amorphous carbon films[J]. Chem-
ical Physics Letters, 2018, 692: 258-263.

QIAN J, PANTEA C, HUANG J, et al. Graphitization of dia-
mond powders of different sizes at high pressure—high tem-
perature[J]. Carbon, 2004, 42(12-13): 2691-2697.
ROUHANI M, HONG F C N, JENG Y R. In situ high tem-
perature characterization of diamond-like carbon films[J].
World Academy of Science, Engineering and Technology,
International Journal of Materials and Metallurgical Engin-
eering, 2018, 5(6): 1307-1313.

GRIFFITHS C A, REES A, KERTON R M, et al. Temperat-
ure effects on DLC coated micro moulds[J]. Surface & Coat-
ings Technology, 2016, 307: 28-37.

HULTMAN L, NEIDHARDT J, HELLGREN N, et al.
Fullerene-like carbon nitride: A resilient coating material[J].
Materials Research Society Bulletin, 2003, 28(3): 194-202.
WANG Q, WANG C, WANG Z, et al. Fullerene nanostruc-

[26]

[27]

[28]

[29]

[30]

ated amorphous carbon[J]. Applied Physics Letters, 2007,
91(14): 141902-141904.

ZHENG W T, SJTOSTROM H, IVANOV I, et al. Reactive
magnetron sputter deposited CN,: Effects of N2 pressure and
growth temperature on film composition, bonding, and mi-
crostructure[J]. Journal of Vacuum Science & Technology
A: Vacuum, Surfaces, & Films, 1996, 14(5): 2696-2701.
XU, A, KR 28 WA 2 R B A
FeMERE[T]. T T2, 2016, 29(1): 51-57.

LIU G Q, DONG L M, ZHANG J Y, et al. Preparation and
properties of fullerene-like/amorphous multilayer carbon-
based film[J]. China Surface Engineering, 2016, 29(1): 51-57
(in Chinese).

RYBACHUK M, BELL J M. The effect of sp? fraction and
bonding disorder on micro-mechanical and electronic proper-
ties of a-C:H films[J]. Thin Solid Films, 2007, 515(20-21):
7855-7860.

R, BLEF, HAL . B TR R R X a-
C:H B ML RR AU SE AL, T IR 10 TR, 2012, 25(6):
90-95.

WU Y X, LI H X, JI L, et al. Effect of rotational speeds and
mated balls on the vacuum tribological properties of a-C:H
film[J]. China Surface Engineering, 2012, 25(6): 90-95 (in
Chinese).

WANG Y, GAO K, ZHANG J. Structure, mechanical, and
frictional properties of hydrogenated fullerene-like amorph-
ous carbon film prepared by direct current plasma enhanced
chemical vapor deposition[J]. Journal of Applied Physics,
2016, 120(4): 045303-045309.

(FT TG BHAE)



