
CERAMICS
INTERNATIONAL

Available online at www.sciencedirect.com
0272-8842/$ - se

http://dx.doi.or

nCorrespond

and Tissue Eng
nnCorrespond

fax: þ886 2 27

E-mail addr
Ceramics International 39 (2013) 2575–2580

www.elsevier.com/locate/ceramint
Phase transformation of diamond-like carbon/silver composite films
by sputtering deposition

Shyuan-Yow Chena,b,c, Keng-Liang Oud,e,f, Wei-Chen Huanga,b,
Kuo-Tien Chuc,g,nn, Shih-Fu Oud,e,f,h,n

aDepartment of Dentistry, Cathay General Hospital, Sijhih, Taipei 221, Taiwan
bDepartment of Dentistry, Cathy General Hospital, Taipei 106, Taiwan

cDepartment of Dentistry, College of Oral Medicine, Taipei Medical University
dResearch Center for Biomedical Devices and Prototyping Production, Taipei Medical University, Taipei 110, Taiwan
eResearch Center for Biomedical Implants and Microsurgery Devices, Taipei Medical University, Taipei 110, Taiwan
fGraduate Institute of Biomedical Materials and Tissue Engineering, Taipei Medical University, Taipei 110, Taiwan
gDivision of ProsthodontDivision of Prosthodontics, Department of Dentistry, Taipei Medical University Hospital

hInstitute of Mold & Die Engineering, National Kaohsiung University of Applied Sciences, Kaohsiung, 807, Taiwan

Received 22 August 2012; received in revised form 5 September 2012; accepted 5 September 2012

Available online 24 September 2012
Abstract

This study fabricated hydrogenated diamond-like carbon/silver bioceramic films on glass substrates using radio frequency magnetron

sputtering with a single silver target in an atmosphere of Ar/CH4 mixture. The effects of applied power on the composition and

microstructure of bioceramic film were evaluated. A phase transformation, amorphous diamond-like carbon - nano-silver

precipitation - nano-silver growth in the amorphous diamond-like carbon matrix was observed during sputtering. The film growth

rate, surface roughness, silver content and size of silver nanoclusters in the films all increased with the silver target power due to the

higher flux of sputtered silver species toward the substrate.

& 2012 Elsevier Ltd and Techna Group S.r.l. All rights reserved.
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1. Introduction

Metastable amorphous carbon film exhibits a great variety
of bonding structure and accordingly electrical, optical,
chemical and mechanical properties [1,2]. By adjusting their
microstructures and hybridizations, carbon films with various
properties can be used in many applications, such as protec-
tive, heat-conducting, hydrophobic, biocompatible and other
functional surface treatments on workpieces [3–6]. Most of the
studies used low-temperature techniques to coat the amor-
phous hydrogenated carbon (a-C:H) films utilizing the plasma
enhancement such as plasma enhanced chemical vapor
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deposition (PECVD) [7,8], ion beam deposition [9], magnetron
sputtering [10,11], and vacuum arc deposition [12–15]. Gen-
erating plasma effectively decomposes and ionizes the hydro-
carbon gas to synthesize a carbon film on substrate surface.
Among these deposition techniques, magnetron sputtering and
vacuum arc deposition are two mostly chosen processes
because of their low cost, simplicity and competent deposition
rate. However, the high residual stress accumulates with
increasing film thickness, which causes the detachment of
diamond-like carbon film from substrate [15–18]. It has been
reported that the residual stress in diamond-like carbon (DLC)
films can be reduced by doping metal elements or carbides
[19–23]. Doping metal elements in a-C:H films do not only
prevents the film detachment and improves the electric
conductivity but also enables new antimicrobial functions to
a-C:H films [23–25].
Many heavy metal elements have been found with

antimicrobial ability [26]. Such antibacterial effect of metal
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Table 1

Reactive sputtering deposition conditions for Ag/a-C:H films in

this study.

Items Parameters and values

Target material Silver (purity 4 N, c7.62 cm)

Target power (W) 100, 150, 200, 250, 300

Substrate temperature (1C) 200

Gas flow ratio (Ar/CH4) 1/1.5

Working pressure (Pa) 0.23

Deposition time (min) 25
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ions is long term and environment resistant, especially that
of the silver nanoparticles. Not only their effectiveness
against multiple drug-resistant bacteria by hindering
respiration and division of bacteria, but also their limited
toxicities to mammalian cells have been demonstrated
[27,28]. It is generally reported that metal ions binding to
thiol groups in enzymes and proteins play an essential role
in antimicrobial action. In addition, metals deposited on
cell membranes or cell walls can inhibit cell division and
disrupt membrane integration [28,29].

The aim of the present work is to establish a reactive radio
frequency (RF) magnetron sputtering process with single silver
target to deposit silver-containing a-C:H films under an
argon–methane mixture atmosphere. There are two ways to
alter the contents of silver in the films: adjusting the mixture
ratio of argon and methane at a constant target power, or
adjusting the target power input under a constant argon–
methane mixture atmosphere. Since adjusting the target power
takes lesser process time and is more convenient for setting
sequences in industrial processing, we chose the latter way in
this study. The correlations between the target power and the
structure of the synthesized films were investigated to evaluate
the applicability of these films for potential usages.

2. Materials and methods

Glass substrates with a size of 1 cm in diameter and
2 mm in thickness were cleaned in an ultrasonic bath with
the sequence of acetone followed ethanol for 15 min each.
After air drying, the substrates were loaded into the
deposition chamber. The reactive sputtering technique
utilized in this study combines magnetron sputtering and
RF plasma-enhanced chemical vapor deposition. The
generated plasma species between sputtering gun and
substrate simultaneously sputters the atoms of silver target
material and decomposes the CH4 gas as the carbon source
for synthesizing the composite films. The setup of equip-
ment and the detailed deposition procedures have been
described in previous works [30,31]. The distance between
silver target and substrates was fixed at 60 mm. After
evacuating the chamber and heating the substrates to
200 1C, the methane–argon gas mixture in a ratio of
1/1.5 was introduced and the RF plasma was triggered.
The deposition parameters are listed in Table 1.

The surface and cross-sectional morphologies of the
deposited films were observed using a scanning electron
microscope (SEM, JSM-6500) and an atomic force micro-
scope (AFM, NanoMan NS4þD3100). The compositions
of deposited films were analyzed using an energy dispersive
X-ray spectrometer (EDX) attached on the scanning
electron microscope. Since the hydrogen content in films
cannot be analyzed by EDX, the ratio of measured Ag to
C was used to represent the silver content in films.
The crystallographic structures of films were characterized
by grazing incidence X-ray diffraction (GIXRD, SIE-
MENS D5000), with a Cu Ka radiation source. A Raman
spectrometer (BWTEK-MiniRamTMII) was used to
analyze the bonding of a-C:H phases in films. High-
resolution transmission electron microscopy (HRTEM,
PHILIPS F-20) was used to identify the structure of
deposited film.
3. Results and discussion

Fig. 1 shows the growth rate and Ag/C ratio of the films
obtained at different target powers. With increase in the
target power, the plasma density and accompanied ion
bombardment on silver target intensify the flux of ejected
silver species, which causes increased film growth rate and
Ag/C ratio. The Ag/C ratio increases exponentially with
target power, but the increase of film growth rate is not
regular. Such nonlinear film growth rates induced by the
target poisoning effect and electron–gas interactions of
reactive gas molecules are commonly seen in an RF
reactive sputtering process. For the films obtained at below
200 W target power, the fraction of silver in the films is
minor, which indicates that the film growth rate at lower
target power is mainly contributed by the deposition of the
a-C:H matrix. The low fraction of silver can be attributed
to the limited sputter yield of silver atoms with lower
kinetic energy of incident ions and the formation of
carbide on target surface (target poisoning). Large input
energy is consumed by the complex interactions between
hydrocarbon molecules and electrons, produceing various
species which affect both the formation of carbide on silver
target and films on formation. This causes irregularity of
the film growth rate. Once the target power reaches 300 W,
the emission rate and kinetic energy of ions are sufficient to
remove the carbide on the target; the flux of silver suddenly
increases and dominates the film growth rate.
The irregular dependence of intensity ratio, ID/IG, in

Fig. 2 which was calculated from Raman spectra, also
implies that these various bonds in films were caused by
such complex plasma interactions. The ID/IG, an index of the
disorder degree of a-C:H phase, initially decreases with the
silver content, then rises to a maximum at 200 W, and
subsequently decreases again. It disagrees with the typical
trend of metal-doped a-C:H films that metal dopants
promote the graphitization of carbon content [30]. However,
other researches of Ag-incorporated a-C:H films using other
deposition processes also indicated a similar irregularity at
low silver content [32,33]. This irregularity could be



Fig. 1. Dependence of the film deposition rate and Ag/C ratio in film as a

function of target power.

Fig. 2. Dependence of the Raman intensity ratio, ID/IG, as functions of

target power and Ag/C ratio in films.

Fig. 3. XRD patterns of films deposited at different target powers.

S.-Y. Chen et al. / Ceramics International 39 (2013) 2575–2580 2577
attributed to silver existing in carbon in the different forms
when the contents of silver increase. The graphitization of
the a-C:H matrix may not only affect the mechanical and
electrical behavior but also lower down the surface energy of
the films. The XRD patterns of the deposited films are
shown in Fig. 3. The films deposited at target power above
100 W exhibit diffraction peaks of face-centered cubic silver
crystal structure, and the intensity of peak increases with the
contents of Ag. The film deposited at 100 W shows only the
typical diffraction feature of the a-C:H film. This implies
that a trace of silver could be completely solidified in the
a-C:H phase. However, the presence of crystalline silver
phase in the films was observed when higher amounts of
silver were doped, which reveals that the excess silver would
segregate from the a-C:H matrix and cause a composite
structure. These results concur with those proposed by Choi,
who deposited Ag-incorporated a-C:H films utilizing ion
beams [32]. The increase in intensity of silver XRD peak also
reveals that both the grain size and the amount of segregated
silver phase increase with the silver target power and silver
content in the films.
The presence of secondary phase usually influences the

surface morphology and properties of composite films. The
surface morphologies of films deposited at different target
powers are shown in Fig. 4, which also reveals the
segregation of secondary phase. With increasing target
power and silver content, the film surface gradually turns
from flat into granular. This phenomenon is similar to
those of the Ag-incorporated a-C:H films by other deposi-
tion process [32–34]. The granules on film surface could be
the segregated silver phase as reported. The TEM observa-
tions also confirm these results of XRD patterns and
surface morphologies. The films deposited at 100 W
(Fig. 5a) show only a-C:H phase without segregation phase,
as the same as that of the typical PECVD deposited a-C:H
film. In contrast, spherical granules with a diameter of
approximate 40 nm can be found in films deposited at
higher target power (Fig. 5b and c). The amount of
granules increases with the sputtering target power and
silver content in film. The high resolution TEM images and
selected-area diffraction patterns of granules (Fig. 6)
demonstrate that these granules are silver clusters with a
face-centered cubic structure. These granules show several
crystal orientations with silver the inter-plane distance
2.36 Å, and the identified dot ring diffraction pattern also
indicates that they are polycrystalline silver clusters. These
evidences reveal that the surface granules in Fig. 4 are



Fig. 4. SEM surface images of films deposited at different target powers

(a) 100 W, (b) 150 W, (c) 200 W, (d) 250 W and (e) 300 W.

40 nm

40 nm

40 nm

Fig. 5. TEM bright-field surface image of the Ag/a-C:H film deposited at

the target power of (a) 100 W, (b) 200 W and (c) 300 W.

S.-Y. Chen et al. / Ceramics International 39 (2013) 2575–25802578
clusters of nanocrystals. This nanoparticle composite
feature concurs with results of other deposition process of
Ag-incorporated films [32–34]; the excess silver content
segregates as secondary phase in a-C:H matrix due to the
chemical inertness of silver and carbon elements. A (amor-
phous-amorphous-like-nanocrystalline structure) tran-
sition occurred during formation of Ag-incorporated a-C:H
films. Previous study indicated that metal species contained
in DLC film could result in a negative electrostatic surface
[30]. In present study, compared to the a-C:H film, the
nanocrystalline Ag-incorporated a-C:H film exists with
more contact area and more negative electrostatic states,
enhancing surface adsorption of calcium ions. The adsorp-
tion of positive ions such as calcium ions can mediate the
adherence of the prealbumin, proteins albumin and immu-
noglobins from plasma. The adsorption of these proteins
can improve the initial hemocompatibility and can decrease
platelet activation, enhancing biocompatibility. Therefore,
the Ag-incorporated a-C:H film is considered to possess
biocompatibility.
Fig. 7 shows the surface roughness of films measured by

AFM. The films with a higher Ag content and larger
nanocluster size exhibit a higher surface roughness. When
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Fig. 6. (a) HR-TEM image of the silver cluster in the Ag/a-C:H film

deposited at the target power of 300 W. (b)Diffraction pattern of an Ag

cluster.

Fig. 7. Dependence of surface roughness as a function of (a) Ag/C ratio

in film and (b) deposition target power.
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the target power is above 200 W, the films contain high
excess silver composition, and the granular feature
becomes visible on film surface (as shown in Fig. 4), and
the surface roughness of the film simultaneously increases.
Such change of roughness and silver clusters influence the
optical, tribological and biomedical performances of these
Ag/a-C:H composite films for future potential applications.

4. Conclusions

Bioceramic films were fabricated by reactive radio
frequency magnetron sputtering using single silver target
in an atmosphere of Ar/CH4 mixture. The films growth
rate and content of silver in the diamond-like carbon
matrix increased with the target power. In addition, a
phase transformation, amorphous diamond-like carbon -
nano-silver precipitation - nano-silver growth in the
amorphous diamond-like carbon matrix was observed
during sputtering. The presence of silver nanoclusters
significantly increased the surface roughness of the bio-
ceramic films.
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