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Abstract

Diamond-like carbon (DLC) films doped with different silicon contents up to 11.48 at.% were fabricated by plasma immersion ion

implantation and deposition (PIII-D) using a silicon cathodic arc plasma source. The surface chemical compositions and bonding configurations

were determined by X-ray photoelectron spectroscopy (XPS) and Raman spectroscopy. The results reveal that the sp3 configuration including Si–

C bonds increases with higher silicon content, and oxygen incorporates more readily into the silicon and carbon interlinks on the surface of the

more heavily silicon-doped DLC films. Contact angle measurements and calculations show that the Si-DLC films with higher silicon contents tend

to be more hydrophilic and possess higher surface energy. The surface states obtained by silicon alloying and oxygen incorporation indicate

increased silicon oxycarbide bonding states and sp3 bonding states on the surface, and it can be accounted for by the increased surface energy

particularly the polar contribution.

D 2005 Elsevier B.V. All rights reserved.
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1. Introduction

Diamond-like carbon (DLC) films have favorable proper-

ties from the scientific and engineering points of view, but

there are challenges in industrial applications due to the high

residual compressive stress, poor adhesion to the substrate,

poor thermal stability, and hydrophobic surface properties [1].

Alloying DLC films with Si has been reported to address

some of the problems, for instance, improving the thermal

stability, reducing internal stress, and enhancing wear and

corrosion resistance as well as other mechanical properties

[2,3]. However, the effects of silicon on the DLC properties

largely depend on the fabrication conditions and have not

been clearly established. For example, silicon-doped DLC

(Si-DLC) films produced by plasma-enhanced chemical
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vapor deposition (PECVD) are likely saturated with hydrogen

yielding some unsatisfying results in some applications as the

Si–H bonds in the silicon containing precursor may not be

broken down completely [2,4]. There have been few reports

about Si-DLC films fabricated by elemental doping methods

such as cathodic arc deposition, but in general, promising

results have been obtained compared to those achieved by

PECVD, particularly pertaining to the mechanical properties

and thermal stability [3,5,6]. In this work, we employed

plasma immersion ion implantation and deposition (PIII&D)

in concert with a cathodic arc plasma source to produce Si-

DLC films. The technique offers a number of advantages

such as pure silicon plasma, high ionization efficiency, easy

control of the implantation/deposition parameters by adjust-

ing the bias voltages, and non-line-of-sight operation, making

it an effective alternative for treating components possessing

complex shapes [7]. Our literature search has not identified

previous work on the fabrication of Si-DLC films employing

this hybrid method. In many applications, the surface
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Table 2

Surface tension parameters of the test liquids at 20 -C

Liquid cLV cpLV cdLV

Double distilled water 72.8 51.0 21.8

Glycol 48.3 19.0 29.3

Diiodomethane 50.8 2.3 48.5

Formamide 58.2 18.7 39.5

Tritolyl phosphate 40.9 1.7 39.2

Glycerin 63.4 26.4 37.0
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properties, particularly the surface free energy and surface

tension, are very important. They affect important surface

properties such as hydrophilicity, adhesion to the substrate,

and adsorption behavior in many circumstances. In this

paper, we report the characterization as well as surface

energy investigation of the Si-DLC films produced by this

hybrid technique.

2. Experimental details

Film deposition was conducted in our plasma immersion

ion implantation and deposition (PIII&D) equipment that has

been described in detail elsewhere [7–9]. P-type silicon

(100) wafers were used as the substrate. The silicon plasma

was generated by a cathodic arc plasma source composed of

a pure silicon cathode. The triggering voltage was ¨3 kV

and the main arc current was maintained at around 120 A.

The arc duration time was about 250 As and the repetition

frequency was 60 Hz. The emitted silicon plasma drifted

through a 90- curved magnetic duct to eliminate deleterious

macro-particles and was subsequently attracted to the silicon

substrate biased at a �100 V DC (direct current). At the

same time, acetylene gas was bled into the PIII&D chamber

as the carbon precursor. The streaming silicon plasma

collided with the C2H2 molecules causing partial ionization,

and the films were deposited by reaction of ionized silicon

with ionized acetylene and some unionized molecules.

Different C2H2 gas flows were used to control the silicon

doping content and the instrumental conditions are summa-

rized in Table 1.

Raman spectra were acquired on a Renishaw RM3000 micro-

Raman system with a laser source wavelength of 514 nm and the

spectra were collected by scanning from 800 to 2200 cm�1. X-ray

photoelectron spectroscopy (XPS) was performed using a PHI

5600 equippedwith amonochromaticAlKaX-ray source (1486.6

eV) to determine the surface composition and chemical states.

The surface free energy was determined by a contact angle

test using the sessile drop method on the JY-82 contact angle

goniometer at ambient humidity and temperature. Doubly

distilled water and five additional test liquids, glycerin,

formamide, diiodomethane, glycol, and tritolyl phosphate,

were used to determine the hydrophilicity as well as surface

energy of the samples. In each test, six measurements were

conducted on each sample taken from five different fields on

the deposited wafer to obtain good statistics. The surface

energy of the films was calculated using the Zimans and Good
Table 1

PECVD instrumental parameters

Sample

number

FC2H2

(sccm)

Pressure

(Torr)

Bias voltage

(V)

Silicon arc source

Trigger

voltage

Main arc

current

# 1 20 4.0�10�4

�100 (DC) 3 kV
120 A

(250 As, 60 Hz)

# 2 15 3.2�10�4

# 3 10 1.8�10�4

# 4 5 1.0�10�4
method [10] by combining the Young equation and the Van Oss

equation of the work of adhesion [11,12]:

Wa ¼ 2 cpl c
p
s

� �1=2 þ 2 cdl c
d
s

� �1=2 ¼ cl 1þ coshð Þ; ð1Þ

where Wa is work of adhesion, h is the contact angle, cl, cl
d and

cl
p are the surface tension and its dispersive and polar

components of the liquid phases, respectively, and cs
d and cs

p

are the dispersive and polar components of the solid phases,

respectively. Eq. (1) can be further simplified as:

cl 1þ coshð Þ
2 cdl
� �1=2 ¼ cds

� �1=2 þ cps
� �1=2 cpl

cdl

� �1=2

ð2Þ

By using the archival relative surface tension component

values of the test liquids shown in Table 2 [10–12] and solving

Eq. (2) with the contact angles measured from more than two

test liquid/solid interfaces, we can obtain cs
d and cs

p. The surface

tension is defined to be the sum of the dispersive cs
d and polar

cs
p contributions. In our experiments, six test liquid/solid

interfaces were chosen to obtain good statistics.

3. Results and discussion

Raman spectroscopy is a common and powerful tool to

study the structural properties of DLC due to the high scattering

efficiency of the carbon-to-carbon bonding states. Fig. 1 shows

the Raman spectra acquired between 800 and 2200 cm�1 from

the Si-DLC films. All the spectra reveal a typical DLC structure

characterized by one band composed of the main G (graphite)

peaks and D (disordered) shoulder. This is in contrast to
800 1200 1600 2000

In
te

ns
ity

 / 
a

Wavenumber / cm-1

# 1

# 2

# 3

# 4

Si

Fig. 1. Raman spectra of Si-DLC films produced by PIII&D.



Table 4

Compositions of the Si-DLC films obtained by XPS, sp3 to sp2 ratio and sp3

fraction calculated by deconvoluting of C1s spectra of the prepared films

Samples Si

(at.%)

O

(at.%)

C

(at.%)

sp3 ([Si–C]+

[C–C]) /

sp2 ([C_C])

sp3 ([C–C]) /

sp2 ([C_C])

sp3

fractiona

# 1 2.89 1.4 95.71 0.289 0.238 0.218

# 2 7.76 3.05 89.19 0.440 0.261 0.294

# 3 10.01 5.11 84.88 0.558 0.250 0.338

# 4 11.48 5.29 83.23 0.607 0.249 0.357

a sp3 fraction represents (sp3[Si – C] + sp3[C – C]) / (sp2[C_C] +

sp2[C_O]+sp3[Si–C]+sp3[C–C]).
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graphite that typically shows two separate peaks at ¨1550 and

¨1350 cm�1 [13]. The Raman line shape changes to being less

asymmetrical corresponding to the changes in the diamond-like

structure with higher silicon content at decreased C2H2 partial

pressure. All the main peaks show obvious low frequency shift

compared to graphite, and a slight shift to a lower frequency for

the G peaks can be observed. This is consistent with the

increase in the diamond-like structure. On the other hand, the

shift of the G band may be partially related to the de-straining

action of silicon, and the shift of the D band arises from

increased disorder due to increases in the averaged bond

lengths [14]. Detailed deconvolution of the Raman spectra into

the two peaks is useful to discern the DLC structure, for

example, the sp3 to sp2 ratio, graphite cluster size, and extent of

disorder [13]. Table 3 lists the fitted results of the Raman

spectra of the Si-DLC films. The ratio of the Raman signal ID /

IG is one important empirical factor to evaluate the carbon–

carbon bonding states in the DLC film, and a smaller ID / IG
value is commonly correlated with an increased sp3 to sp2 ratio

[13,15]. We observe the decreased ID/ IG trend with silicon

doping increasing from samples # 1 to # 2 and # 4 and a small

deviation in sample # 3 showing slightly higher ID / IG ratio

than sample # 2. Nonetheless, it should be noted that the

aforementioned relationship between the D and G bands in the

Raman spectra is established for pure DLC films and not Si-

DLC films, which should be more complicated. For instance,

the Raman peak at approximately 1450 cm�1 associated with

Si–C bonds can also affect the intensity and position of the G

peak, albeit at a lower scattering efficiency [2], but on the other

hand, the conspicuous second-order peak of the Si substrate at

approximately 960 cm�1, of which the intensity is proportional

to the optical transparency of the film, produces errors in the

deconvolution by affecting the background of the D peaks [3].

This may be the reason why some of the specific fitting

parameters appear to be scattered. From this point of view, XPS

may offer a more reliable analysis in this case because it

provides more accurate information on the surface structures

and bonding states of the films. In fact, it has been shown to

disclose the structure of DLC and Si-DLC films more

effectively [14,16,17].

The surface compositions of the Si-DLC films derived from

the C1s, Si2p, and O1s photoelectron core level XPS spectra

are listed in Table 4. Our results indicate that the Si dose is

indeed increased by reducing the mass flow, that is, partial

pressure of C2H2. It can also be observed that the oxygen

content is negligibly low in the silicon doped film with the

smallest silicon concentration, which is related to the small

oxygen concentration in most DLC films, and that oxygen
Table 3

The fitting results of Raman spectra of Si-DLC films prepared by PIII&D

Sample

no.

D-peak

(cm�1)

G-peak

(cm�1)

FWHM

(D)

FWHM

(G)

ID / IG

# 1 1289.5 1500.6 200.00 187.47 0.452

# 2 1275.2 1487.6 199.17 193.55 0.393

# 3 1291.7 1495.8 198.35 187.20 0.410

# 4 1258.2 1478.3 162.38 204.90 0.284
incorporation increases with higher silicon doping. The C1s

spectrum is most useful in identifying the chemical states of the

Si-DLC films. The surface chemical states of carbon in the Si-

DLC films include mainly C_C (sp2), C–C (sp3), Si–C (sp3),

and C_O. As shown in Fig. 2, peak deconvolution is

conducted by fixing the energies of the four bonding states at

283.3T0.1, 284.2T0.1, 285.1T0.1 and 286.5T0.1 eV, respec-

tively [14–18]. The sp3 fraction and two different sp3 to sp2

ratios calculated by sp3 ([Si–C]+[C–C]) / sp2 ([C_C]) for the

Si-DLC film, and sp3 ([C–C]) / sp2 ([C_C]) for amorphous

carbon reveal detailed bonding state changes in the films, as

shown in Table 4. The results are plotted in Fig. 3 as a function

of the C2H2 flow conditions. We can see that the sp3 to sp2 ratio

of the former increases from samples # 1 to # 4 monotonically,

and the latter increases from sample # 1 to # 2 first and then

decreases slightly with silicon doping increasing. It can be

concluded that silicon is likely incorporated in the film by

replacing carbon atoms to form sp3 bonds. At low silicon

doping level, the sp3 fraction for interlinks of DLC increases,

as there are more induced disordered states of carbon–carbon

bonds (including sp3) by Si alloying. In contrast, at a high

silicon doping concentration, Si incorporation can reduce the

sp3 fraction of interlinks of DLC by replacing carbon in the sp3

matrix, while the overall sp3 fraction including [Si–C] and [C–

C] in the films increases, as shown in Table 4 and Fig. 3.

The configurations of silicon and carbon on the surface are

likely more complicated due to the oxygen incorporating

effects. To reveal more details, the Si2p and O1s XPS spectra

were recorded. As shown in Fig. 4, the Si2p peaks of the Si-

DLC films prepared under high C2H2 partial pressure with the

smallest amount of silicon are relatively symmetric and centered

around 100.5 eV due to Si–C bonding only [18,19]. The results

indicate that no oxidation has occurred and very little oxygen is

present on the surface. With increasing silicon concentration,

the Si2p peaks of samples (# 2, # 3, # 4 increasingly) are more

asymmetrical exhibiting a higher-shift shoulder that can be

ascribed to silicon oxycarbide (SiOxCy:SiOC3, SiO2C2 SiO3C)

bonding states [19,20]. It shows that some of the silicon atoms

(or silicon carbide) on the surface combine readily with oxygen

by the natural oxidation process. This can be further confirmed

by the marked oxygen composition changes with higher silicon

concentration. As shown in the O1s spectra in Fig. 4, oxygen

forms both C_O (531.2T0.2 eV) and SiOxCy (532.3T0.2 eV)

bonds and the latter becomes more noticeable at higher silicon

concentration [20]. It should also be noted that oxidation will
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Fig. 2. Deconvoluted C1s core level photoelectron spectra of Si-DLC films produced by PIII&D: (a) sample # 1, (b) sample # 2, (c) sample # 3, and (d) sample # 4.
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not affect the aforementioned conclusions on the sp3 fraction, as

silicon is known to form only the sp3 bonding state even as

silicon oxycarbide species.

The surface energy results reveal important thermodynamic

properties of the films. In general, the higher the surface energy

of the solid substrate relative to the surface tension of the liquids,

the better is the hydrophilicity and the smaller is the contact

angle as well as the better the adhesion to the substrate. Surface

energy arises from the imbalance of the force between atoms or
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molecules at the interface. Several types of van der Waals

interactions contribute to the surface energy that is dictated by

two factors, dispersive cd and polar cp [10]. Fig. 5 shows the

contact angles with water, surface energy, ratio of cp /cd and Si

doping concentrations in the Si-DLC films as a function of the

flow of C2H2 and deposition conditions. The water contact

angles decrease and the surface tension increases monotonically

with higher silicon concentrations indicating that our Si-DLC
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films with higher silicon concentration tend to be more

hydrophilic. With regard to the surface energy, the two

components vary and contribute differently. There is no obvious

change in the dispersive components with higher silicon doping

concentration, as the doses are relatively low without changing

substantially the main interlinks of the carbon atoms as well as

density of the films. The dispersive contribution is built up from

a single interaction, which is generated by the movement of

electrons around an atom or molecule depending largely on the

kind and density of the materials. This effect should be

insignificant in Si–C bonds compared to other bonding states

because silicon and carbon are isoelectronic. The polar

components increase obviously with higher silicon concentra-

tions as shown in Fig. 5. Thus, the increased surface tension

mainly arises from the higher polar contribution. The polar

component is built up from different forces/interactions, like

hydrogen bonds, covalent bonds and dipole–dipole interactions.

The difference in the polar contribution to the total surface

energy plays a critical role in determining the hydrophilicity for a

polar liquid like water [10,21]. The increased polar contribution

of the Si-DLC with increased Si contents is accordingly related

to the surface bonding states obtained by silicon alloying and

oxygen incorporation.

It should be noted that the Si-doped amorphous carbon

materials reported in the literature appear to exhibit contra-

dicting surface energy trends with increased silicon doping

content, but it is well established that the surface properties

depend critically on the preparation methods. To our knowl-

edge [22,23], Si-DLC films produced by PECVD show

decreased surface energy and are more hydrophobic with

higher silicon concentrations. This is mainly ascribed to the

substantially decreased dispersive component arising from

excessive hydrogen bonding with silicon to form Si–H as

well as increased defects such as vacancies that reduce the film

density and change the electron distribution largely compared

to silicon replacing carbon. Si-DLC films fabricated by a pure

silicon doping method like cathodic arc or sputtering show

consistent results and produce relatively high polar components
compared to other DLC films or some metals (Ni, Ti, Al)

doped DLC [24]. P. Zhang et al. conclude that the adsorption of

oxygen on the surface plays an important role on the polar

component of the metal doped DLC (a-C:Me) films including

Si-DLC, and Si–O bonds contribute to the high polar

component of a-C:Si films [24]. Similar results are observed

in our case. The increased polar component of our prepared

samples can be accounted for mainly by the surface states

characterized by silicon oxycarbide bonding states. They are

more polar than the silicon to carbon and carbon to carbon

bonding states. The increased sp3 configuration interlinks may

contribute partly to it. More probably, some silicon atoms at the

surface can readily form chemical bonds with oxygen without

the hydrogen passivating effects as revealed in cases by

PECVD.

4. Conclusion

Silicon-doped DLC films were produced by plasma

immersion ion implantation and deposition (PIII&D) and

cathodic arc plasma deposition. We observe increased sp3

fraction configurations as well as more oxidation taking place

on the Si-DLC films with higher silicon contents. The samples

exhibit increased surface energy and become more hydrophilic

with increased silicon doping content due to surface states

obtained by silicon alloying as well as oxygen incorporation.

This trend is dissimilar to that observed from films deposited

using conventional PECVD. Our results address potentially the

drawbacks of PECVD DLC in many applications. The

increased surface energy of films prepared by this novel

method should be beneficial to film adhesion particularly for

DLC coatings in microelectronic and some biological applica-

tions. For instance, the more hydrophilic surface may enable

the DLC film to produce a more effective anti-bacterial coating

with Fconditioning_ bio-films in vivo [25,26], and potentially

better anti-thrombosis properties in blood contacting applica-

tions by reducing fibrinogen interactions with the film surface

[22,27].
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