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Abstract

Plasma immersion ion implantation and deposition (PIII&D) is an effective technique to enhance the surface bioactivity of materials. In
this paper, recent progress made in our laboratory on plasma surface modification of biomedical materials is described. NiTi alloys have
unique super-elastic and shape memory properties and are suitable for orthopedic implants but the leaching of toxic Ni may pose health
hazards in humans. We have recently investigated the use of acetylene, oxygen and nitrogen PIII&D to prevent out-diffusion of nickel and
good results have been obtained. Silicon is the most important material in the microelectronics industry but its surface biocompatibility
has not been investigated in details. We have recently performed hydrogen PIII into silicon to improve the surface bioactivity and observed
biomimetic growth of apatite on the surface in simulated body fluids. Diamond-like carbon (DLC) is widely used in the industry due to its
excellent mechanical properties and chemical inertness and by incorporation of elements such as nitrogen and phosphorus, the surface
blood compatibility can be improved. The properties as well as in vitro biological test results are discussed in this article.
� 2005 Elsevier B.V. All rights reserved.
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1. Introduction

The use of plasma immersion ion implantation and
deposition (PIII&D) to enhance the surface bioactivity of
materials has attracted much interest [1–4]. In this paper,
our recent work on plasma surface modification of ortho-
pedic NiTi shape memory alloys to mitigate the out-diffu-
sion of toxic nickel, improvement of surface bioactivity
of single-crystal silicon using hydrogen PIII, as well as
the enhancement of the surface blood compatibility of
amorphous carbon thin films via implantation of nitrogen
and phosphorus is described.

2. Nickel–titanium orthopedic alloys

Nickel–titanium (NiTi) shape memory alloys are promis-
ing materials for surgical implants in orthopedics due to
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their unique shape memory effect and super-elasticity that
most metallic biomaterials such as stainless steels and tita-
nium alloys do not possess. In addition, their mechanical
properties are closer to those of cortical bones than stainless
steels and titanium alloys. However, some negative side
effects have been pointed out [5]. For example, the osteo-
genesis process and osteonectin synthesis activity in NiTi
alloys are unfavorable compared to stainless steels and tita-
nium alloys [6], the cell death rate is severe on NiTi alloys [7]
and proliferation of human gingival fibroblasts on NiTi
samples with rough surface is slow compared to stainless
steels and Ti alloys with the same surface roughness [8].
These problems are believed to stem from the poor corrosion
resistance of the materials thereby lead to an increase of the
cytotoxicity. Other studies have also reported that nickel
ions [9,10] leached from the alloys cause toxic reactions in
humans, more severely in nickel hyper-sensitive patients
resulting in strong allergic reactions [11–14]. Therefore, it
is important to enhance the corrosion resistance and anti-
wear properties of the materials before the materials can
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be more widely used clinically, especially as orthopedic
implants with couplings where fretting is expected.

Since the leaching out of harmful Ni ions to body issues
and fluids inside the human body has been raising much
safety concern, we therefore aim at producing barrier lay-
ers to impede the out-diffusion of Ni ions. The technique
used here is plasma immersion ion implantation and depo-
sition (PIII&D) [1,15–17] and three different gas plasmas,
C2H2, N2 and O2, are used. The implant fluence is typically
about 1017 cm�2 and implantation voltage is between 20
and 40 kV. The PIII&D treatment is performed without
external heating and the sample temperature is typically
below 200 �C. Titanium carbides and nitrides possess excel-
lent mechanical and chemical properties such as high
hardness, low wear coefficient and chemical inertness
[18–21] whereas titanium oxides have very good biocom-
patibility [22–26] and also chemical stability. Both titanium
oxides and nitrides films have been formed by coating or
implantation into NiTi substrates by different means. It
should be noted that due to favorable ion mixing effects
in PIII&D, no discrete interface results and layer delamina-
tion is much reduced.

In addition to performing corrosion tests [27,28], the
treated and control samples are immersed in 25 ml of sim-
ulated body fluids (SBF) in polypropylene (pp) bottles at
37 ± 0.1 �C for five weeks. After five weeks, the SBF in
the bottles are analyzed by inductively-coupled plasma
mass spectrometry (ICPMS) to determine the amounts of
Ni and Ti leached from each specimen. The dissolution test
results in Table 1 shows that the amount of Ni leached out
from the control sample is 24–35 times that of the treated
samples. Thus, the modified surface layer is evidently effec-
tive in mitigating the out-diffusion of Ni from the substrate.

Our results indicate that the amount of Ni that leaches
out from the bulk is reduced to low levels in all three types
of PIII samples. This may be ascribed to the higher affinity
of Ti towards C, N and O to form chemical bonds than Ni
thus providing a driving force to enrich the surface with the
element forming a stronger chemical bond and so Ni is seg-
regated away from the surface. The heat of formation of
the lowest titanium oxide is �913 kJ mol�1 while that of
NiO is �244 kJ mol�1 [29]. The heat of formation of TiN
is �305.6 kJ mol�1 [30], whereas nickel nitrides such as
Ni3N are unstable compared to TiN [31]. The heat of for-
mation of TiC is �773 kJ mol�1 [32] while that of NiC is
not well established because the Ni–C phase diagram does
not show stable carbides. The term nickel carbide may only
stand for interstitial solid solutions of C in Ni possessing
the NaCl structure [33]. Hence, the formation of titanium
Table 1
Ni concentrations determined by ICPMS in SBF immersion tests

Sample Ni concentration in SBF (ppb)

Untreated NiTi control 865
C2H2-PIII NiTi 24.4
N-PIII NiTi 31.2
O-PIII NiTi 36.2
oxide, nitride and carbide are energetically favored over
those of nickel and this is believed to account for the sup-
pression of surface Ni.

Our nano-indentation results also reveal that the hard-
ness of the PIII samples is better than the untreated mate-
rials and therefore the treated materials are mechanically
sturdy [27]. Thus, the structures produced by acetylene,
nitrogen and oxygen PIII possess significantly better sur-
face barrier capability against Ni and exhibit very good
corrosion resistance and surface mechanical properties.

3. Surface bioactivity of hydrogen plasma implanted

silicon

Since the discovery of SiO2-based bioglass in 1969 [34],
possible applications of silicon-containing materials such
as wollastonite, silica gel and porous silicon to biomedical
engineering have been investigated [35–38]. Silicon is gener-
ally considered to be nonessential in biochemistry, except
in certain primitive organisms like diatoms [39]. However,
silicon has gradually been shown to be an essential trace
element in the normal metabolism of higher animals and
silicon is required in the formation of bones, cartilages
and connective tissues and several important metabolic
processes [40]. Modern genetic engineering techniques have
been used to demonstrate that certain genes are activated
by hydrated silicon [41]. Hydrated soluble silicon has been
found to enhance the proliferation of bone cells (osteo-
blasts) and active cellular production of transforming
growth factors [42]. In addition, it has been shown that
the critical concentration of ionic products dissolved from
the bioactive glass composed of soluble silicon and calcium
ions can enhance osteogenesis through the direct control
over genes that regulate cell cycle induction and progres-
sion [43,44].

Hydrogen in silicon has been widely investigated in the
semiconductor industry. For instance, hydrogen alters the
electrical properties of microelectronic devices by passivat-
ing shallow-level and deep-level defects [45]. It has also
been reported that high dose implantation of hydrogen
and subsequent annealing induce splitting of Si, a tech-
nique used in the fabrication of silicon on insulator (SOI)
materials [46]. As a result, a large amount of literature
reporting the structure and properties of hydrogen in
silicon can be found [47–51], but very little work has been
conducted to investigate the role of hydrogen in silicon in
biological applications. The only piece of work we have
been able to find in the literature reports that the surface
functionalization of amorphous hydrogenated silicon
(a-Si:H) and amorphous silicon suboxide films (a-SiOx:H)
by hydrosilylation reactions is largely biocompatible [52].
The application of hydrogenated silicon to improve the
bioactivity or bone conductivity of silicon has pretty much
been unexplored, but the materials have exciting implica-
tions in biomedical engineering and biosensor technologies
because silicon-based devices often suffer from problems
associated with interfacing to the biological environment.
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We have recently conducted hydrogen plasma immersion
ion implantation (PIII) into single-crystal silicon wafers
and observed improved biomimetic growth of apatite on
the surface in simulated body fluids [53]. The concept of
utilizing Si itself as a bioactive miniaturizable packaging
material may thus provide a solution to some of these
problems.

In our investigation, hydrogen is plasma implanted into
the polished side of h100i silicon wafers using plasma
immersion ion implantation (PIII) in the plasma labora-
tory of the City University of Hong Kong [54,55]. Previous
results have shown that under these conditions in our
instrument, Hþ

3 is the dominated ion species in the plasma
[56]. After ultrasonically washed in acetone and rinsed in
deionized water, the silicon wafers prior to and after hydro-
gen implanted are soaked in a simulated body fluid (SBF)
buffered at pH 7.4 with trimethanol aminomethane–HCl
for 14 and 28 days. The AFM images acquired from the
hydrogen-implanted silicon wafer indicate that the surface
of the hydrogen-implanted silicon wafer is quite smooth
with a root mean square (RMS) roughness of about
0.235 nm which is similar to the roughness of the silicon
wafer before hydrogen implantation. Cross-sectional
TEM micrograph of the hydrogen-implanted silicon wafer
shows the existence of a top amorphous zone about 60 nm
in thickness and a 150 nm dense dislocation zone [53].

Figs. 1 and 2 depict the surface views of the un-im-
planted and hydrogen-implanted samples after soaking in
a simulated body fluid (SBF) for 14 and 28 days. After
14 days immersion in the simulated body fluid, the surface
of un-implanted silicon wafer remains smooth similar to
that of a silicon wafer before immersion (Fig. 1(a)), while
some single and clustered ball-shape particles emerge on
the hydrogen-implanted silicon surface (Fig. 2(a)). The sur-
face of silicon wafer is, however, not covered completely.
The higher magnification micrograph indicates that they
have a coral-like structure composed of many sheet-like
crystallites (Fig. 2(c)). After an immersion time of 28 days,
the surface is entirely covered by the newly formed layer
(Fig. 2(b)). In contrast, no new substance can be found
on the surface of the un-implanted silicon wafer even after
Fig. 1. SEM micrographs of silicon wafer soak
soaking in SBF for 28 days (Fig. 1(b)). In our X-ray fluo-
rescence (XRF) analysis, calcium and phosphorus cannot
be detected on the surface of the un-implanted silicon wafer
after soaking for 14 and 28 days. However, the XRF spec-
tra acquired from the hydrogen-implanted silicon wafer
soaked in SBF for 14 days reveal the existence of surface
calcium and phosphorus. After immersion for 28 days,
more calcium and phosphorus are detected indicating the
formation of a denser and thicker Ca–P layer. The atomic
ratios of Ca to P calculated from the XRF results acquired
from the hydrogen-implanted silicon soaked in SBF for 14
and 28 days are about 1.33 and 1.58, respectively. Our data
show that the atomic ratio of Ca to P in the Ca–P layer in-
creases gradually to that of hydroxyapatite (1.67) with
longer immersion time. This indicates that the Ca–P layer
formed on the hydrogen-implanted silicon can crystallize
to form hydroxyapatite.

Based on our X-ray diffraction results (not shown here),
only crystalline silicon peaks are observed whereas no crys-
talline apatite peaks appear in the XRD patterns obtained
from the un-implanted silicon wafers soaked for 14 days
and 28 days. The XRD pattern of the hydrogen-implanted
silicon wafer soaked in SBF for 28 days shows an obvious
difference. The peaks corresponding to crystalline apatite
can be easily identified indicating the formation of a new
surface layer composed of crystalline apatite and broaden-
ing of the peaks suggests that the apatite particles formed
on the hydrogen-implanted silicon wafer are superfine or
have low crystallinity. Hence, our results reveal the
enhancement of surface bioactivity after hydrogen PIII.
In order to investigate clearly the formation mechanism
of bone-like apatite on the surface of the hydrogen-im-
planted silicon wafer, two comparative experiments are
also conducted. One is to investigate the bioactivity of
hydrogenated silicon wafer with no surface damage and
the other one is to evaluate the bioactivity of argon im-
planted silicon wafer which possesses an amorphous
surface but no hydrogen. In our experiments, after the
hydrogenated silicon wafer and argon implanted wafer
are soaked for 28 days, no apatite can be found on either
surface suggesting poor bioactivity. It thus appears that
ed in SBF for (a) 14 days and (b) 28 days.



Fig. 2. SEM micrographs of hydrogen-implanted silicon wafer soaked in SBF for: (a) 14 days, (b) 28 days and (c) the higher magnification of the ball-like
particles in (a).
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only the formation of an amorphous hydrogenated silicon
(a-Si:Hx) surface can improve the bioactivity of silicon
wafer and experimental evidence has so far suggested that
the formation of apatite requires that the surface be both
amorphous and hydrogenated.

4. Biocompatibility of doped diamond-like carbon

When natural heart valves undergo degenerative pro-
cesses such as calcification of leaflets due to infection,
aging, or dietary problems, artificial heart valve replace-
ment is a solution and low temperature isotropic pyrolytic
carbon (LTIC) is the most common and widely used mate-
rial. Unfortunately, its blood compatibility is still not ade-
quate and as a result, patients must continue to take blood
anti-coagulation medicine [57]. Amorphous carbon (a-C)
or diamond-like carbon (DLC) films are potential biomed-
ical materials due to their chemical inertness and excellent
mechanical properties [58–60]. Previous studies have shown
that amorphous hydrogenated carbon (a-C:H) and DLC
thin films with the proper sp3/sp2 ratio exhibit good blood
compatibility [61–65]. Hydrogen-free DLC or tetrahedral
amorphous carbon (ta-C) films [66–68] have attracted con-
siderable interest due to their favorable properties such as
superior mechanical properties and chemical resistance
compared to a-C:H films, even though biocompatibility
studies such as blood compatibility have been quite limited
[69]. Plasma surface modification has been shown to be an
effective technique to alter the surface biocompatibility and
doping amorphous carbon films with a biological friendly
element is projected to improve the surface bioactivity.
We have thus investigated the addition of nitrogen and
phosphorus into DLC using PIII&D to enhance the surface
blood compatibility of the materials [70,71].

In our nitrogen doping experiments, both the fabrica-
tion of the carbon films and implantation of N are carried
out in the same PIII&D machine. Carbon ions are intro-
duced into the chamber by means of a cathodic arc plasma
source via a curved magnetic duct that is intended to elim-
inate macro-particles. The amorphous carbon films pro-
duced here are such hydrogen-free. Argon and nitrogen
gases are subsequently simultaneously bled into the cham-
ber using separate flow meters to control their individual
flow rates. The blood compatibility behavior of the films
is evaluated utilizing in vitro platelet adhesion tests. In
order to investigate the platelets interaction with the
film, the platelet rich plasma (PRP) is employed. It is
extracted from human blood by centrifuging for 15 min
at 1000 rpm. The samples are immersed into this solution
and after rinsing, fixing and critical point drying, the adher-
ent platelets on the sample surface are examined using
optical microscopy (OM) and scanning electron micros-
copy (SEM). Surface thrombogenicity is indicated by the
morphology change or activation of the adhesive platelets,



Fig. 3. SEM micrographs comparing the morphology and quantity of adherent platelets on: (a) untreated amorphous carbon, (b) N-PIII amorphous
carbon and (c) LTIC.
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for instance, adhesion quantity and morphology (shape),
especially the aggregation and extent of pseudopodium.
As shown in Fig. 3, the N-PIII a-C sample shows the least
amount of adherent platelets that are also isolated and
round indicating is very little destruction. In comparison,
as shown in Fig. 3(c), most of the platelets on LTIC have
undergone pseudopodium that is indicative of some activa-
tion. Further investigation indicates that there is an opti-
mal argon to nitrogen flow ratio for best biocompatibility
and it is related to graphitization of the materials [70].
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Fig. 4. Raman spectra acquired from the undoped a-C:H and phospho-
rus-doped DLC.
Similarly, we have evaluated the blood compatibility of
DLC doped with phosphorus. The synthesis of the DLC
films and phosphorus implantation are again conducted
in the same PIII&D machine with an evaporation source
[72]. The Raman spectra obtained from the undoped
and P-doped DLC are exhibited in Fig. 4. Two fitted
Gaussian peaks are found at about 1530 cm�1 and
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Fig. 5. Quantity of adherent platelets on LTIC, undoped DLC and
P-doped DLC.



Fig. 6. Morphology of adherent platelets observed by SEM on (a) LTIC, (b) undoped DLC and (c) P-doped DLC.
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1350 cm�1 corresponding to the G- and D-bands of graph-
ite. For the P-doped DLC film, the full width at half max-
imum (FWHM) increases slightly whilst the G-band
position shifts to 1520 cm�1, suggesting a more disordered
structure in the P-doped sample [73]. The platelet adhesion
test shows significant difference in the behavior among the
undoped and implanted materials. Fig. 5 displays the sta-
tistical amount of adherent platelets on LTIC, undoped
DLC and P-doped DLC films after 20 min of incubation.
An average of 39 contact-adherent platelets are observed
on the P-doped DLC film, compared to 70 on the LTIC
as a control. The highest number (89) of adhered platelets
is found on the undoped DLC film. The morphology of ad-
hered platelets is assessed using SEM. The platelets shape
changes on the different surfaces after 120 min incubation
are compared. The adherent platelets on the P-doped
DLC (Fig. 6(c)) and LTIC (Fig. 6(a)) are isolated and
relatively round. In comparison, most of the adherent
platelets on the undoped DLC (Fig. 6(b)) are in aggrega-
tion exhibiting spreading pseudopodium.

5. Conclusion

Much progress has been made in the improvement of
surface bioactivity of materials using plasma immersion
ion implantation and deposition. This paper reviews the re-
cent work conducted on the mitigation of Ni out-diffusion
from NiTi shape memory alloys in orthopedic applications,
enhancement of surface bioactivity of single-crystal silicon
using hydrogen plasma implantation, as well as the
improvement of blood compatibility of amorphous carbon
using nitrogen and phosphorus plasma implantation.
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Coat. Technol. 180–181 (2004) 585.
[27] R.W.Y. Poon, K.W.K. Yeung, X.Y. Liu, P.K. Chu, C.Y. Chung,

W.W. Lu, K.M.C. Cheung, D. Chan, Biomaterials 26 (15) (2005)
2265.

[28] R.W.Y. Poon, J.P.Y. Ho, X.Y. Liu, C.Y. Chung, P.K. Chu, K.W.K.
Yeung, W.W. Lu, K.M.C. Cheung, Mater. Sci. Eng. A 390 (1–2)
(2005) 444.

[29] X.B. Tian, R.K.Y. Fu, L.W. Wang, P.K. Chu, Mater. Sci. Eng. A 316
(2001) 200.

[30] R. Mientus, K. Ellmer, Surf. Coat. Technol. 116–119 (1999) 1093.
[31] K. Yokota, K. Nakamura, T. Kasuya, S. Tamura, T. Sugimoto, K.

Akamatsu, K. Nakao, F. Miyashita, Surf. Coat. Technol. 158–159
(2002) 568.

[32] J.Y. Huang, L.L. Ye, Y.K. Wu, H.Q. Ye, Acta Mater. 44 (1996) 1781.
[33] A. Badzian, T. Badzian, Diamond Relat. Mater. 5 (1996) 93.
[34] L.L. Hench, O. Anderson, in: L.L. Hench, J. Wilson (Eds.), An

Introduction to Bioceramics, World Scientific, USA, 1993, p. 41.
[35] P.N. De Aza, F. Guitian, S. De Aza, Scr. Mater. 31 (1994) 1001.
[36] X.Y. Liu, C.X. Ding, J. Biomed. Mater. Res. 59 (2) (2002) 259.
[37] X.Y. Liu, C.X. Ding, Biomaterials 22 (14) (2001) 2007.
[38] S. Cho, K. Nakanishi, T. Kokubo, N. Soga, J. Am. Ceram. Soc. 78

(1995) 1769.
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