Effects of plasma excitation power, sample bias, and duty cycle
on the structure and surface properties of amorphous carbon thin films
fabricated on AlSI440 steel by plasma immersion ion implantation
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Plasma immersion ion implantation is a nonline-of-sight method for fabricating amorphous carbon
or diamond-like-carbon coatings on steels to improve the surface properties. In this work, carbon
thin films are synthesized on 9Cr{&1S1440) stainless bearing steel by acetylengH§) plasma
immersion ion implantatiorfPIIl). The effects of the processing parameters, including rf power,
sample voltage pulse duty cycle, and target bias, on the structure and surface properties of the
carbon thin films is systematically investigated employing Raman spectroscopy, Auger electron
spectroscopy, friction coefficient measurement, and wear test. The results reveal that carbon films
several hundred nanometers thick with a well-mixed interface are formed on the 9CrI8 steel after
C,H, Plll, but the structure and properties of the carbon films vary greatly under different Pl
conditions. There is an optimal process window within which the synthesized films have superior
properties, and current densities that are too high do not yield films with the desired performance.
© 2000 American Vacuum Socief$s0734-210000)00705-3

|. INTRODUCTION tensitic stainless steel by,8, plasmas immersion ion im-
: . . . .. plantation under different process parameters. Our results
Diamond-like carbon(DLC) is a desirable material in show that only films produced within a process window pos-

niche applications due to its superior properties, such as e Kess good properties. The quality of the carbon films is worse

cellent hardness, strong wear resistance, good chemical i

lower sp> contenj for higher duty cycle and rf power, and
ertness, high electrical resistivity, as well as unique optica

it is believed to be due to large local surface heating and

characteristics~* DLC is a dense, metastable form of amor- excessive collisions from the implanted i
phous carbor(a-C) or hydrogenated amorphous carb@a planted 1ons.
C:H) containing a significansp® component? There are
two basic ways to synthesize a DLC coating. The first|]|. EXPERIMENT
method is to decompose a hydrocarbon gas such as methane
or ethylene to forma-C:H DLC. The second process em-
ploys solid carbon sourcgsacuum arc source or ion beam
sputtering to deposit nonhydrogenatedC films 1~ Several
techniques have been developed to deposit DLC coating
such as sputtering;® arc ion plating® cathodic ar&®-1!
plasma assisted chemical vapor depositibh;**ion beam
assisted  deposition (IBAD)*!® and ion beam
depositiorf16:17

Unlike all the above methods, plasma-immersion ion im-
plantation(PIll) is unique in that it combines ion beam as-
sisted deposition with nonline-of-sight operation. It is thus
ideally suited for the fabrication of conformal DLC films on

Industrial grade 9Crl8 steel samplésomposition in
wt. %: Fe—79.655, Si—0.8, Mn—0.72, P—0.035, S—0.03,
C—0.96, and Cr—17)8in the quenched-and-tempered state
gvere processed. The samples initially received a fine polish
t0 a surface roughnessR{) of 0.04 um, followed by an
ultrasonic clean in acetone. The PIII experiment was carried
out in a multipurpose plasma immersion ion implanter de-
scribed in details elsewhef® The specimens were mounted
on an oil-cooled stage to expedite heat transfer during PIII.
However, since heat conduction through the stainless steel
specimens was not extremely efficient, some local surface
heating on the samples was expected depending on the ion
nonplanar or complex-shaped industrial compon&.C densjtgl. The base pressure of the vacuum chamber was 3
deposition on silicon and steels by ¢ldnd GH,PIll has X 10~ Pa. The. plasma was generated using 150-500 W
been reporte&®-22Carbon ion implantation into steel and 13.56 MHz/f via an antenna assembly inside the vacuum
?amber. Prior to ¢H,PIIl, the samples were sputter

amorphous carbon coating deposition on steels by metharft qi | for 10 min. Acetvl
plasma immersion ion implantation have also been shown gg'€aned in an argon piasma for min. Acetylene gas was
improve surface properties such as wear, friction andsubsequently mtroduced into the chamber until the pressure
corrosiont®22-2%|n this work, we investigate the structure E)T_'e Pt?II 310" Pda tTQe tplasmat W‘:‘S ':hen l?t?]'te? and
and surface properties of DLC films fabricated on 9Crl8 mar-"2" 2 was conducted at a constant pu'se width o 120
for 2 h. The pulse repetition rate, target bias, and rf power
dAlso at: Advanced Welding Production & Technology National Key Lab, used in the eXpe.”men.tS are depicted I.n Table I. Samples 1._3
Harbin Institute of Technology, Harbin, China. were treated using different target bias, samples 3-5 with

YElectronic mail: paul.chu@cityu.edu.hk various pulse repetition, and samples 5-7 using different rf
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TaBLE |. Experimental conditions of i, PIII.

Sample No. —_
0 £
(control samplg 1 2 3 4 5 6 7 §
¥
Implantation 0 10 20 30 30 30 30 30 E,
bias voltage Z
(kv) 2 7
Pulse 0 100 100 100 200 300 300 300 ag 5
repetition - 3
rate (Hz) 1
rf power Untreated 150 150 150 150 150 350 500 T r T T
(W) 900 1100 1300 1500 1700 1900

Raman shift (cm™)

Fic. 1. Raman spectra acquired from samples 1, 3, 5, and 7.

power. The implanted ion density and local surface heating
increased monotonically from samples 1-7. It should be

noted that the duty cycle used in our experiments was not Intorder t(f)_t?ndalgze tre stpectra quantltanvel);';rlﬁ Raman
high in the context of Plll even at a repetition rate of 300 Hz SPectra are fitled by a least-square program ¢ FIT.

. L .. The two deconvoluted peaks are often defined as the disorder
As shown by our results to be discussed later in this artlcle(“ D") and graphite(* G" ) peaks. In a high quality DLC

a high repetition rate is in fact not desirable. The basic amor—ilm with a high sp* content, theG peak tends to shift to-

hous carbon fabrication mechanism was via deposition durr— .
ipng the “off cycles” of the voltage pulse During the “on wards a lower frequency and the ratio of the area undebthe

cycles” of the voltage pulse, energetic ions were implanteuoﬁak tot;ha':?of under th@t peak g I'?h/IG) dgcreilses. Figure |2 1
into the surface enhancing ion mixing and thus adhesion of ((;V\;f] f'ett ;‘gnandsgec “;rln ot the Ca: ond : Tf&g%mpz
the amorphous carbon films onto the stainless steel substra 277 € _'1 eds an " Ipro%hes aLe cetn (ra]re ah t.h aF?
Some sputtering of the deposited materials also occurre cm -, respectively. Though not shown here, the ~a-
during the on cycles depending on the bias voltage. man s_p(_ectra acquired from the other samples are also fitted
The chemical structure of the treated 9Crl8 steel samplegy Ilzpd|V|d113alG andD ptrI:JﬂIes. it f tepeak and int
was determined by Raman spectroscopy. Auger electron \gure 5 compares ihe position of thepeak and inten-
spectroscopy was employed to acquire the elemental comp<§1ty ratio (Ip /1) under different target bias, pulse repgtltlon
sition of the surface layer. The coefficient of friction was rate and rf power. Figure(d shows that thé peak position

measured using a ball-on-disk wear tester equipped with a %ssomated with the graphite contesipt to sp° ratio) shifts

mm diameter silicon nitride ball. The wear tests were con-UpWard with increasing target bias. It indicates that the

ducted using a load of 50 g and a sliding speed of 1_59raphite content {p? bonding fraction increases and the

3 . - . .
X102 m/s. After 5000 cycles, the wear tracks were in-SP fraction decreases when a higher target bias is used. A

spected under an optical microscope and the widths wer%'m'lar tendency is found for higher pulse repetition rate and

measured to assess the wear properties. rf power as shov_vn in Figs.(B).and ). For §§1mple !
treated with the highest target bias, pulse repetition rate, and
rf power, the wave number of th& peak shifts to 1581.9
Il RESULTS AND DISCUSSION cm™ 1, implying that the carbon film formed on sample 7
Raman spectroscopy is a common tool to characterize the
microstructure of amorphous carbon films. The Raman spec-
trum acquired from single crystal diamond shows a sharp
peak at 1332 cm'. Two peaks at 1580 cnt (G band and
1358 cm ! (D band are observed for graphitet®2’28Fig-
ure 1 displays the Raman spectra of the carbon films fabri-
cated on samples, 1, 3, 5, and 7. For samples 1 and 3, only a
broad peak at about 1550 crhis visible, and the observa-
tion is in line with the results reported by other
researchefé2°confirming that the films are amorphous. For
sample 5, a shoulder becomes visible and the peak around ‘
1550 cm! shifts upwards. For sample 7, there is another 800 1000 1200 1400 1600 1800 2000
salient peak at about 1370 crhand the main peak around ) Raman shift (cm-1)
1550 cm ! shifts to about 1580 cit, which is the wave _ ,

. . . Fic. 2. Raman spectrum of the carbon film deposited on sample 1 by
numb_er of the m_am peak of CI_’ySta_”me graphlc. Thus, theC2H2 PIIl at 10 kV bias voltage, 100 Hz pulsing rate, and 150 W rf power.
gra7ph|te content in the carbon films increases from sample #e spectruin is fitted by & profile centered at 1545 ¢t and aD profile
to 7. at 1377 cm?®.

Intensity (arb. unites)
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Fic. 3. RamarG-peak position and intensity ratié{ /1 ;) as a function of:
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Fic. 4. Auger elemental depth profiles ¢&) sample 2 andb) sample 5.

contains a very large fraction of graphite. The general obser-
vation here is that an ion current density or ion dose that is
too high does not yield films with good structure. Even
though the samples are cooled, heat conduction from the
sample surface to the cooled sample platen is not very effi-
cient and local surface heating is expected when the ion cur-
rent density is high. The integrity of the amorphous carbon
film is degraded due to the development of a short range
graphitic structure by thermal effects induced by ion irradia-
tion and the disintegration of the long range structure by
atomic collisions when the implant dose is hifhOur ob-
servation is consistent with the results of DLC films depos-
ited by conventional IBAD

Figures 4a) and 4b) depict the elemental depth profiles
acquired from samples 2 and 5 by Auger electron spectros-
copy. The average sputtering rate was about 30 nm/min
based on crater depth measurements. However, since the car-
bon film and stainless steel have different sputtering rates,
the profiles are shown here on a sputtering time scale to
avoid “overinterpretation” of the film thickness. A carbon
film about 750 nm thick is formed on sample 2. Moreover,
carbon atoms have penetrated into the substrate and an ap-
proximately 200 nm thick interfacial region in which carbon
and substrate elements have been well mixed can be ob-
served. The well-mixed interfacial layer results from favor-
able ion mixing due to the implanted ions. The thickness of
carbon films is about 600 nm in sample 5 and smaller than
that of sample 2. As aforementioned, the thickness of the two
amorphous carbon films is expected to be similar because of
the same processing time. We believe that the discrepancy
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1 enhance the adhesion of the carbon film onto the stainless
0.9 steel substrate while the heat deposited is insufficient to in-

0 - untreated sample

£ 08 duce the development of a short range graphite structure and

‘S 0.7 the ion dose is small enough not to create excessive colli-

% 8'2 sions causing substantial conversion frep? to sp?.

g o

S 04

£ 03 IV. CONCLUSION

< 02 sample 1 We have investigated the effects of the sample bias, puls-
04 P ing rate, rf the struct d surf ties of

sample 3 ing rate, rf power on the structure and surface properties o
0

amorphous carbon films fabricated on AlSI440 steel samples
using plasma immersion ion implantation. Films possessing
superior properties are produced within a specific process
Fic. 5. Coefficient of friction vs number of cycles for sampleauitreateyy ~ WINOW with respect to the sample bias, pulsing rate, and rf
1, and 3. power. Pulsing rates and rf power that are too high increase
the sp? content in the films and give rise to worse tribologi-
cal characteristics. Even though ion mixing is beneficial, a
revealed by our Auger results stems from the higher sputtemigh ion current density and dose induce excessive atomic
ing loss due to the more energetic ions and higher ion densityollisions and local surface heating thereby degrading the
and dose as a result of the larger pulse repetition rate.  structure and properties of the amorphous carbon films.
Figure 5 plots the friction coefficients as a function of the
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