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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 9Crl8~AISI440! stainless bearing steel by acetylene (C2H2) plasma
immersion ion implantation~PIII!. 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 9Crl8 steel after
C2H2 PIII, but the structure and properties of the carbon films vary greatly under different PIII
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.
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I. INTRODUCTION

Diamond-like carbon~DLC! is a desirable material in
niche applications due to its superior properties, such as
cellent hardness, strong wear resistance, good chemica
ertness, high electrical resistivity, as well as unique opt
characteristics.1–4 DLC is a dense, metastable form of amo
phous carbon~a-C! or hydrogenated amorphous carbon~c-
C:H! containing a significantsp3 component.1,2 There are
two basic ways to synthesize a DLC coating. The fi
method is to decompose a hydrocarbon gas such as me
or ethylene to forma-C:H DLC. The second process em
ploys solid carbon sources~vacuum arc source or ion bea
sputtering! to deposit nonhydrogenateda-C films.1–4 Several
techniques have been developed to deposit DLC coati
such as sputtering,5–8 arc ion plating2,9 cathodic arc,6,9–11

plasma assisted chemical vapor deposition,9,11–14 ion beam
assisted deposition ~IBAD !,3,15 and ion beam
deposition.6,16,17

Unlike all the above methods, plasma-immersion ion i
plantation~PIII! is unique in that it combines ion beam a
sisted deposition with nonline-of-sight operation. It is th
ideally suited for the fabrication of conformal DLC films o
nonplanar or complex-shaped industrial components.4 DLC
deposition on silicon and steels by CH4 and C2H2 PIII has
been reported.4,18–22 Carbon ion implantation into steel an
amorphous carbon coating deposition on steels by meth
plasma immersion ion implantation have also been show
improve surface properties such as wear, friction, a
corrosion.18,22–25 In this work, we investigate the structur
and surface properties of DLC films fabricated on 9Crl8 m
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tensitic stainless steel by C2H2 plasmas immersion ion im
plantation under different process parameters. Our res
show that only films produced within a process window po
sess good properties. The quality of the carbon films is wo
~lower sp3 content! for higher duty cycle and rf power, an
it is believed to be due to large local surface heating a
excessive collisions from the implanted ions.

II. EXPERIMENT

Industrial grade 9Crl8 steel samples~composition in
wt. %: Fe—79.655, Si—0.8, Mn—0.72, P—0.035, S—0.0
C—0.96, and Cr—17.8! in the quenched-and-tempered sta
were processed. The samples initially received a fine po
to a surface roughness (Ra) of 0.04 mm, followed by an
ultrasonic clean in acetone. The PIII experiment was carr
out in a multipurpose plasma immersion ion implanter d
scribed in details elsewhere.26 The specimens were mounte
on an oil-cooled stage to expedite heat transfer during P
However, since heat conduction through the stainless s
specimens was not extremely efficient, some local surf
heating on the samples was expected depending on the
density. The base pressure of the vacuum chamber wa
31024 Pa. The plasma was generated using 150–500
13.56 MHz/rf via an antenna assembly inside the vacu
chamber. Prior to C2H2 PIII, the samples were sputte
cleaned in an argon plasma for 10 min. Acetylene gas w
subsequently introduced into the chamber until the press
rose to 331021 Pa. The plasma was then ignited an
C2H2 PIII was conducted at a constant pulse width of 30ms
for 2 h. The pulse repetition rate, target bias, and rf pow
used in the experiments are depicted in Table I. Samples
were treated using different target bias, samples 3–5 w
various pulse repetition, and samples 5–7 using differen
21640Õ18„5…Õ2164Õ5Õ$17.00 ©2000 American Vacuum Society
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power. The implanted ion density and local surface hea
increased monotonically from samples 1–7. It should
noted that the duty cycle used in our experiments was
high in the context of PIII even at a repetition rate of 300 H
As shown by our results to be discussed later in this arti
a high repetition rate is in fact not desirable. The basic am
phous carbon fabrication mechanism was via deposition
ing the ‘‘off cycles’’ of the voltage pulse. During the ‘‘on
cycles’’ of the voltage pulse, energetic ions were implan
into the surface enhancing ion mixing and thus adhesion
the amorphous carbon films onto the stainless steel subs
Some sputtering of the deposited materials also occu
during the on cycles depending on the bias voltage.

The chemical structure of the treated 9Crl8 steel sam
was determined by Raman spectroscopy. Auger elec
spectroscopy was employed to acquire the elemental com
sition of the surface layer. The coefficient of friction wa
measured using a ball-on-disk wear tester equipped with
mm diameter silicon nitride ball. The wear tests were co
ducted using a load of 50 g and a sliding speed of
31023 m/s. After 5000 cycles, the wear tracks were
spected under an optical microscope and the widths w
measured to assess the wear properties.

III. RESULTS AND DISCUSSION

Raman spectroscopy is a common tool to characterize
microstructure of amorphous carbon films. The Raman sp
trum acquired from single crystal diamond shows a sh
peak at 1332 cm21. Two peaks at 1580 cm21 ~G band! and
1358 cm21 ~D band! are observed for graphite.1,18,27,28Fig-
ure 1 displays the Raman spectra of the carbon films fa
cated on samples, 1, 3, 5, and 7. For samples 1 and 3, o
broad peak at about 1550 cm21 is visible, and the observa
tion is in line with the results reported by othe
researchers27–29confirming that the films are amorphous. F
sample 5, a shoulder becomes visible and the peak aro
1550 cm21 shifts upwards. For sample 7, there is anoth
salient peak at about 1370 cm21 and the main peak aroun
1550 cm21 shifts to about 1580 cm21, which is the wave
number of the main peak of crystalline graphic. Thus,
graphite content in the carbon films increases from samp
to 7.

TABLE I. Experimental conditions of C2H2 PIII.

Sample No.
0

~control sample! 1 2 3 4 5 6 7

Implantation 0 10 20 30 30 30 30 30
bias voltage
~kv!
Pulse 0 100 100 100 200 300 300 30
repetition
rate ~Hz!
rf power Untreated 150 150 150 150 150 350 5
~W!
JVST A - Vacuum, Surfaces, and Films
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In order to analyze the spectra quantitatively, the Ram
spectra are fitted by a least-square program calledPEAKFIT.
The two deconvoluted peaks are often defined as the diso
~‘‘ D’’ ! and graphite~‘‘ G’’ ! peaks. In a high quality DLC
film with a high sp3 content, theG peak tends to shift to-
wards a lower frequency and the ratio of the area under thD
peak to that of under theG peak (I D /I G) decreases. Figure 2
shows the Raman spectrum of the carbon film on samp
and the fittedG and D profiles are centered at 1545.7 an
1377 cm21, respectively. Though not shown here, the R
man spectra acquired from the other samples are also fi
by individual G andD profiles.

Figure 3 compares the position of theG peak and inten-
sity ratio (I D /I G) under different target bias, pulse repetitio
rate and rf power. Figure 3~a! shows that theG peak position
associated with the graphite content (sp2 to sp3 ratio! shifts
upward with increasing target bias. It indicates that t
graphite content (sp2 bonding fraction! increases and the
sp3 fraction decreases when a higher target bias is used
similar tendency is found for higher pulse repetition rate a
rf power as shown in Figs. 3~b! and 3~c!. For sample 7
treated with the highest target bias, pulse repetition rate,
rf power, the wave number of theG peak shifts to 1581.9
cm21, implying that the carbon film formed on sample

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

FIG. 2. Raman spectrum of the carbon film deposited on sample 1
C2H2 PIII at 10 kV bias voltage, 100 Hz pulsing rate, and 150 W rf pow
The spectrum is fitted by aG profile centered at 1545 cm21 and aD profile
at 1377 cm21.
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FIG. 3. RamanG-peak position and intensity ratio (I D /I G) as a function of:
~a! target bias voltage,~b! pulse repetition rate, and~c! rf power.
J. Vac. Sci. Technol. A, Vol. 18, No. 5, Sep ÕOct 2000
contains a very large fraction of graphite. The general obs
vation here is that an ion current density or ion dose tha
too high does not yield films with good structure. Eve
though the samples are cooled, heat conduction from
sample surface to the cooled sample platen is not very
cient and local surface heating is expected when the ion
rent density is high. The integrity of the amorphous carb
film is degraded due to the development of a short ra
graphitic structure by thermal effects induced by ion irrad
tion and the disintegration of the long range structure
atomic collisions when the implant dose is high.22 Our ob-
servation is consistent with the results of DLC films depo
ited by conventional IBAD.3

Figures 4~a! and 4~b! depict the elemental depth profile
acquired from samples 2 and 5 by Auger electron spect
copy. The average sputtering rate was about 30 nm/
based on crater depth measurements. However, since the
bon film and stainless steel have different sputtering ra
the profiles are shown here on a sputtering time scale
avoid ‘‘overinterpretation’’ of the film thickness. A carbo
film about 750 nm thick is formed on sample 2. Moreov
carbon atoms have penetrated into the substrate and an
proximately 200 nm thick interfacial region in which carbo
and substrate elements have been well mixed can be
served. The well-mixed interfacial layer results from favo
able ion mixing due to the implanted ions. The thickness
carbon films is about 600 nm in sample 5 and smaller th
that of sample 2. As aforementioned, the thickness of the
amorphous carbon films is expected to be similar becaus
the same processing time. We believe that the discrepa

FIG. 4. Auger elemental depth profiles of:~a! sample 2 and~b! sample 5.
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revealed by our Auger results stems from the higher spu
ing loss due to the more energetic ions and higher ion den
and dose as a result of the larger pulse repetition rate.

Figure 5 plots the friction coefficients as a function of t
rotating cycles. The friction coefficient of the control samp
reaches a relatively high value of 0.8–1.0 quickly. On t
contrary, the friction coefficient of the treated samp
~samples 1 and 3! remains at a low value~0.1–0.2! through-
out the test. Although not shown here, the other trea
samples have almost the same friction coefficient val
~0.1–0.2! as that of samples 1 and 3. Figure 6 displays
wear track width of each sample after wear tested for 5
cycles. It is observed that samples 1 to 5 have lower tr
widths than the untreated sample~sample 0!. Among the five
samples, samples 2 and 3 have much better wear resist
In contrast, samples 6 and 7 have larger wear track wid
than the untreated sample. Comparing to the Raman res
the inferior wear property can be attributed to the relativ
high graphite orsp2 content in these two films. Therefore
the ion dose rate and implant dose must be controlled c
fully in order to fabricate films possessing superior prop
ties. Based on the results acquired from our instrument, th
is an optimal process window with respect to the sam
bias, pulsing rate and rf power to produce good quality film
Under optimal conditions, there is sufficient ion mixing

FIG. 5. Coefficient of friction vs number of cycles for samples 0~untreated!,
1, and 3.

FIG. 6. Comparison of the measured wear track widths of the con
~sample 0! and the 7 PIII treated samples.
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enhance the adhesion of the carbon film onto the stain
steel substrate while the heat deposited is insufficient to
duce the development of a short range graphite structure
the ion dose is small enough not to create excessive c
sions causing substantial conversion fromsp3 to sp2.

IV. CONCLUSION

We have investigated the effects of the sample bias, p
ing rate, rf power on the structure and surface properties
amorphous carbon films fabricated on AISI440 steel samp
using plasma immersion ion implantation. Films possess
superior properties are produced within a specific proc
window with respect to the sample bias, pulsing rate, an
power. Pulsing rates and rf power that are too high incre
the sp2 content in the films and give rise to worse tribolog
cal characteristics. Even though ion mixing is beneficial
high ion current density and dose induce excessive ato
collisions and local surface heating thereby degrading
structure and properties of the amorphous carbon films.
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