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S1—N-O Films Synthesized by Plasma Immersion
Ion Implantation and Deposition (PIII&D) for
Blood-Contacting Biomedical Applications
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Abstract—Silicon-Oxynitride (Si-N-O) films were fabricated on
silicon wafers by silicon cathodic arc combined with plasma im-
mersion ion implantation and deposition. The blood compatibility
of the films was assessed by platelet-adhesion test and fibrinogen
conformational change measurements to evaluate the viability of
the materials in biomedical engineering. Significantly, a better
platelet-adhesion behavior, as manifested by a smaller number and
weaker aggregation as well as pseudopodium, was observed on
the Si-N-O samples compared to the low-temperature isotropic
pyrolytic carbon, which is the most common material used in
blood-contacting biomedical devices such as artificial heart valves.
Enzyme-linked-immunoassay measurements that disclose fibrino-
gen conformational changes show results that are consistent with
the platelets’ behavior, which is believed to be involved in the
activation process. The good blood compatibility of the films can
be attributed to the high hydrophilicity and surface free energy
arising from the Si-N, Si-N-O, and Si-O bonding states. The
interfacial reactions between fibrinogen, platelets, and material
surface are discussed from the perspective of thermodynamics.
The promising blood compatibility of the Si—-N-O films is of both
scientific and commercial interests in biomedical engineering.

Index Terms—Films, implantable biomedical devices, plasma
materials-processing applications, silicon compounds, surface
treatment.

I. INTRODUCTION

ILICON-OXYNITRIDE (Si—-N-O) films possess the prop-

erties of both silicon nitride and silicon oxide [1]. The ma-
terials are used extensively in microelectronics, optoelectronics,
and solar cells, as they are very good protective layers against
wear and corrosion and can also be used as thin dielectric
membranes, insulating barriers, and so on [1], [2]. It has also
been recently shown that silicon-oxynitride films are poten-
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tially attractive biomaterials in dental applications [3], joint or
pH-ISFET biosensors [4], bioMEMS [5], and other applications
[6]-[8]. For instance, nitrogen/ammonia plasma immersion ion
implantation (PIII) has been used to produce silicon-oxynitride
films and their biological properties have been evaluated [9],
[10]. In some applications, deposited films are more preferred
because of the existence of a distinctive interface with the
substrate. Many techniques have been employed to synthesize
silicon-oxynitride thin films, such as chemical vapor deposi-
tion (CVD), jet VD (JVD), atomic layer deposition (ALD),
and plasma nitriding [1], [2]. It is generally accepted that
different methods produce silicon-oxynitride films with dif-
ferent structural and physiochemical properties. Recently, we
employed silicon cathodic arc in concert with PIII and de-
position (PIII&D) to produce Si-doped diamondlike carbon
(DLC) films [11]. The combined use of cathodic arc and
PIII&D offers a number of advantages such as pure silicon
plasma, high ionization efficiency, easy control of the implan-
tation/deposition parameters by adjustment of the bias voltage
on the fly, and non-line-of-sight operation, thereby making the
technique especially attractive for biomedical components and
implants possessing complex shapes [12]. In this paper, we
report the synthesis of Si—-N-O films synthesized by this hybrid
technique and the blood compatibility of the materials to eval-
uate the viability in long-term invasive blood-contacting appli-
cations [13], [14].

II. EXPERIMENTAL DETAILS
A. Si—-N-O Film Deposition

Deposition was conducted on p-type (100) silicon wafers in
our PIII&D instrument equipped with four cathodic-arc sources
[15]. The silicon plasma was generated by one of the cathodic-
arc source composed of a high-purity (99.999%) silicon cath-
ode. The instrumental parameters are listed in Table 1. The
silicon plasma drifted through a 90° curved magnetic duct to
eliminate deleterious macroparticles and then impacted the
silicon substrate biased at —200 V dc. Concurrently, nitro-
gen, oxygen, or ammonia gas was selectively bled into the
PIII&D chamber (base pressure: 4.0 x 1073 Pa) at the vicin-
ity of the metal arc discharge plume from the top of the
processing chamber. The cathodic silicon arc was triggered,
and the streaming silicon plasma also collided with the gas
molecules, causing partial ionization. The films were deposited
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TABLE 1
Si CATHODIC-ARC SOURCE AND PIII&D INSTRUMENTAL CONDITIONS

Working ) Silicon Arc source o
Sample F 02/N2/NH3 Bias Voltage Deposition
o Pressure Trigger Main arc . .
Number (SCCM) (Volt.) time (min.)
(Pa) Voltage current
#1 02/N2(5/20) 1.2x107!
0O l 120A
-1 -200 (DC 3kV 90
#2 N2 (25) 1.1x10 (250us, 60Hz)
#3 NH3(20) 1.1x10"

by the reaction of ionized silicon with the gas plasma and gas
molecules. According to our previous experiments [9], oxygen
can compete strongly with nitrogen to react with silicon, and
ammonia can be more readily ionized, thereby improving the
nitrogen retained dose. As a result, we selected the instrumental
conditions summarized in Table I.

B. Characterization

The composition and chemical states of the films in the near-
surface region (~ 10 nm) were determined by X-ray photo-
electron spectroscopy (XPS, PHI 5600) using a monochromatic
Al K, X-ray source. The structural bonding states of the film
were characterized by Fourier transform infrared spectroscopy
(FTIR) on a Perkin-Elmer 1600. The film/substrate morphol-
ogy was observed by cross-sectional filed-emission scanning
electron microscope (FEG SEM, JEOL, JSM-6335F).

The hydrophilicity was determined by a contact-angle test
using the sessile drop method on the JY-82 contact-angle go-
niometer in ambient condition. The surface free energy, includ-
ing the surface tension ~, and its polar 4P and dispersive 74
components, was calculated by the contact-angle data measured
on the sample surface with six different electrolytes (double dis-
tilled water, glycerin, formamide, diiodomethane, glycol, and
tritolyl phosphate). The details of this method and calculation
can be found elsewhere [11], [16]. Ten measurements were
made on each sample to obtain good statistics.

C. Blood Compatibility

The platelet-adhesion test was conducted on the Si—-N-O
samples as well as low-temperature isotropic pyrolytic carbon
(LTIC) serving as the control [17], [18]. LTIC is the most
common clinical blood-contacting biomaterials used in artifi-
cial heart valves. The cultivation time was two hours in each
test. The quantity and morphology of the adherent platelets
were assessed as parameters for blood compatibility using
optical microscopy or scanning electron microscopy (JEOL
JSE-820). Again, in order to obtain good statistics, averages of
ten random-picked fields were taken from each sample.

Enzyme-linked immunoassay (ELISA) examination was
employed to estimate the fibrinogen structural conformation
change. Here, the fibrinogen broken 7 chains are exposed to
and coupled with the GPIIb-IIla series chains of platelets,
stimulating the activation of platelets [19], [20]. The first an-
tibody (mouse antihuman fibrinogen  chain; Accurate Chem-
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Fig. 1. Si2p, Nls, and Ols core level XPS spectra of the Si-N-O films

synthesized by PIII&D.

TABLE 1I
SURFACE COMPOSITION OF THE Si—-N-O FILMS SYNTHESIZED
BY PIII&D AS DETERMINED BY XPS

Elements (6] N Si C
samples (O 1s) (N 1s) (Si2p) (C 1s)

#1 55.94 5.91 32.86

#2 49.65 11.26 32.70 balanced

#3 30.88 22.29 41.15

ical & Scientific Corporation) and the second antibody (goat
antimouse multiantibody; Abcam Corporation) mark the extent
of the fibrinogen (as antigen) transformation employing the
ELISA method conducted in platelet-poor plasma (PPP). The
experimental procedures can be found elsewhere [21], [22].

III. RESULTS AND DISCUSSION

The surface chemical states revealed by the Si2p, Nls,
and Ols photoelectron peaks are shown in Fig. 1, and the
elemental compositions calculated from the XPS core level
peaks are listed in Table II. More nitrogen is incorporated with
an increasing nitrogen partial pressure, using ammonia as the
precursor. The oxygen contents are relatively high in all the
samples because of the strong affinity of oxygen to silicon
during deposition [9]. According to the values calculated from
the XPS core level peaks shown in Table II, at our base pressure,
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Fig. 2. FTIR absorbance spectra acquired from the PIII&D Si-N-O films.

the nitrogen content can be higher than 11% (sample #2) if ni-
trogen is used as the precursor and more than 22% (sample #3)
when ammonia is employed as the precursor, whereas it is
much less at ~ 5% (sample #1) when oxygen gas is used.
The nitrogen content can thus be obtained effectively using
our hybrid technique, as suggested in [2]. The relative peak
intensities and binding energy shifts (calibrated by the C1s peak
value of 284.8 eV [23]) of the Si2p, N1s, and Ols peaks reveal
this consistent change. In the Si2p spectra, an obvious lower
energy shift can be seen from samples #1 to #3, confirming
the configuration changes from dominantly Si—-O to Si-N-O
and Si—N bonding states with increasing nitrogen incorporation
[23]. In fact, all Si2p peaks acquired from the three samples
can be deconvoluted into bonding components, including one at
~ 103.3 eV, which is indicative of Si—O, one at a lower energy
(~ 102.4 eV), which is attributable to Si-N-O, and a Si-N
component at ~ 101.8 eV [24]. The N1s photoelectron peak
results confirm the tendency. The peak around 396.9 eV can
be attributed to Si-N, and the one at approximately 397.4 eV
arises from Si—N-O [25]. A similar trend can be observed for
the Ols photoelectron peak showing the existence of Si-O
(~ 533.2 eV) and Si-N-O (~ 531.9 eV) in samples #1 and
#2, but much less in sample #3.

Fig. 2 depicts the FTIR absorbance spectra acquired from
the samples. One broad peak appears from sample #1 from
1000 to 1100 cm ™!, as a proof of the Si-O stretching vibration.
The lower frequency shoulder can be assigned to Si-N-O
(~ 980 cm™!), and another small peak at about 845 cm ™! is the
Si—N stretching mode [26], [27]. A broad absorption band from
700 to 1200 cm™! can be observed from samples #2 and #3, and
it can be deconvoluted into a peak centered at approximately
845 cm™!, corresponding to the asymmetric in-plane Si-N
stretching vibration mode, with one at around 900—1000 cm™ 1,
which is attributable to Si—-N—O, and another one at 1050 cm™*
for Si—O [26], [27]. Complete deconvolution of the broadband
is not easy and remains controversial due to the complex-
ity of oxygen coordination with nitrogen and silicon as well
as the different sensitivity factors of different bonding states
[26]. Nonetheless, the observed peak intensities and vibration
frequency shifts corroborate the bonding-state changes. No
obvious peaks of Si-H and N-H appear from sample #3 in
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Fig. 3. Cross-sectional field-emission SEM photos of the PIII&D Si-N-O
films on silicon substrate. (a) Sample #1. (b) Sample #2. (c) Sample #3.

the FTIR spectra in the range of 400—4000 cm™?, indicating
negligible hydrogen incorporation in our experiments.

The cross-sectional field-emission SEM results, which is
shown in Fig. 3, indicate that the films have smooth surfaces
and have good interfacial transition with silicon substrate, indi-
cating a potentially good adhesion strength. Sample #3 shows
a more distinctive interface between the film and substrate
compared to the other two samples. No microcracks, peeling,
bubbles, and macrodefects can be found in the films or at the
interfaces. The film thicknesses indicate that the deposition
rates are higher for samples #1 and #2 than sample #3, possibly
due to a stronger sputtering effect of the NH3 plasma [9].
Samples #1 and #2 likely grow in a columnar contour in the
oxygen and nitrogen ambient, while sample #3 grows in an
equiaxial model in the NH3 ambient.

The blood-platelet-adhesion behavior is a good indication of
blood compatibility as thrombosis is predominately formed by
platelet-activation reactions in a complex cascade way [28]. The
shape change and spreading of the platelets show the secretion
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Fig. 4. Morphology of the adherent platelets on: (a) LTIC; (b) sample #1; (c) sample #2; and (d) sample #3.

and release of multiple prothrombotic factors. Therefore,
platelet aggregation, pseudopodium, and spreading that are
preceding the formation of thrombus are commonly employed
to measure the thrombogenicity of the materials [18], [22], [28].
Fig. 4 shows the typical behavior of the adherent platelets on
the Si—-N-O films and LTIC. On LTIC, apparent aggregation
of adhered platelets occurs, and many of them have undergone
structural change as manifested by serious pseudopodium and
spreading. This phenomenon is typically accompanied by the
secretion or synthesis of prothrombotic factors, which activate
the platelets [22], [28]. Much less aggregation is observed on
the Si-N-O films, although it should be mentioned that all
three samples exhibit some degree of pseudopodium, albeit not
as severe as that on LTIC. The platelets on samples #2 and
#3 exhibit much less pseudopodium, as demonstrated by the
isolated and nearly round state, indicating less activation and
thrombosis risks. Table III displays the average platelets adher-
ent numbers from ten different viewing fields. The number of
adherent platelets on LTIC can only be counted roughly because
of heavy aggregation, but is surely much larger than that of
Si—N-O films. Among these samples, sample #2 shows the least
number.

In addition to the platelet behavior, fibrinogen conforma-
tional changes measured by the ELISA method reveal the
thrombosis tendency, as the fibrinogen (called the first coag-
ulation factor) conformational change is considered the initial
triggering step to stimulate coagulation [22], [28]. The struc-
tural changes can be assessed as relative concentrations of the

TABLE 1II
PLATELETS ADHERENT NUMBERS MEASURED BY SEM FROM
PLATELET-ADHESION-TESTED SAMPLES (120 min) AND RELATIVE
CONCENTRATIONS OF FIBRINOGEN CONFORMATIONALLY
TRANSFORMED REPRESENTED BY THE OPTICAL DENSITY
IN THE ELISA MEASUREMENT (492 nm)

Platelets adherent number Fibrinogen transformed number

Samples No. (x10%/mm?) (Relat. Concent.)
LTIC(Control) 7.14(roughly) 2.86+0.1
#1 5.89+0.03 1.9940.1
#2 4.1540.02 1.96+0.2
#3 5.53+0.05 0.82+0.08

antibody marker for the transformed fibrinogen by measuring
the optical density (492 nm). The average values determined
from Si—N-O and LTIC are listed in Table III. Fibrinogens ad-
sorbed on LTIC have undergone larger conformational changes
than those on the Si—-N-O samples. Samples #1 and #2 show
obviously smaller values compared to LTIC, and sample #3
shows the least activated states. In general, the trend is consis-
tent with the platelet-adhesion results, indicating that fibrinogen
adherence and conformational changes play a critical role in
platelet activation and, consequently, the blood compatibility
of the biomaterials.

In order to fathom the interfacial reactions of platelets and
fibrinogen with the sample surface, the surface free energy is
of great importance from the viewpoint of thermodynamics
[29]. Succinctly speaking, platelets provide a surface for the
assembly of the prothrombinase complex and secretion or
release of the prothrombotic factors [28]. Moreover, the process
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TABLE 1V
WATER CONTACT ANGLES, SURFACE TENSION AND ITS POLAR AND
DISPERSIVE COMPONENTS, AND POLAR CONTRIBUTION RATIO
DETERMINED FROM THE Si—-N-O FILMS AND LTIC

‘Water a »
Sample Vs Vs Vs P
contact angle Vsl Vs
Nos. ®) (mN.m™) (mN.m™) (mN.m'™
#1 54142 40.8+0.2 8.37+0.3 3243409 0.79
#2 49243 47.0+0.2 23.79+0.4 2323+1.2 0.49
#3 49542 49.9+0.1 2435403 25.53+2.2 0.51
LTIC 78.442 445403 38.58+0.5 5.83%2.1 0.16

is precipitated by a cleavage of fibrinogen by the serine protease
thrombin and subsequent formation of an insoluble polymeric
fibrin mesh, which is usually on the surface of the activated
platelets acting as an agonist stimulating platelet aggregation
and thrombus formation [28], [30]. The surface free energy,
which is also represented by surface tension, has an important
effect on this process. For instance, polyelectrolytelike fibrino-
gen consists of hydrophobic and hydrophilic components such
as some special amino acids like tyrosine and tryptophane,
and a few terminal carboxylate and amino groups, and the
hydrophobic amino acids of the protein molecules are mainly
located in the interior of the molecules [29]. On a hydropho-
bic surface, there is an interaction between the hydrophobic
component of the fibrinogen and surface, changing the confor-
mation of the molecule from its dissolved or native conforma-
tion to the release of activating factors leading to coagulation
[29], [30]. This type of interaction is much less significant
on a hydrophilic surface, as reported in [29], particularly on
some hydrophilic polymers that show less platelet activation
[23], [31]. Baier [32] have found that materials with high
hydrophilicity and surface tension are likely to be covered by
a protein-dominating “conditioning film” that may yield good
blood compatibility. Table IV indicates that samples #2 and #3
exhibit the smallest water contact angles and relatively high
surface tensions, correlating with the least degree of platelet-
activation results. The high surface tensions and hydrophilicity
can be attributed to the high polar contribution of the surface
energy [32]. Although sample #1 has the highest polar con-
tribution of the surface energy, the much smaller dispersion
contribution makes the surface energy lower and more hy-
drophobic, resulting in poorer platelets adhesion and fibrinogen
conformational performance. LTIC is more hydrophobic than
our Si-N-O films, showing a very low polar contribution to
the surface energy, possibly resulting in stronger interactions
with fibrinogen and platelets [30]. Therefore, our relatively
hydrophilic Si—-N-O films might offer one suitable conditioning
surface to make the surface more compatible with blood. The
various hydrophilic properties of the films are related to the
bonding states such as Si—-N and Si-N-O, which contribute
more to the higher hydrophilicity than Si—O and Si-Si, accord-
ing to the results we obtained [9], [10], [17], [27]. However, it
should be noted that the surface energy alone may not dictate
blood compatibility as thrombogenicity is a very complicated
pro cess and far from being well understood. More experi-
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ments such as other bioevaluations of toxicity, cell culture, and
antibacterial tests are being conducted in our laboratories.

IV. CONCLUSION

We employ a silicon cathodic arc combined with PIII&D to
synthesize Si—-N-O films. The nitrogen concentrations can be
adjusted using different precursors, and the films have good
quality. According to the platelet behavior and fibrinogen con-
formational change, the films have a better blood compatibility
than LTIC, making the materials viable in blood-contacting
medical products such as bioMEMS, biosensors, and artificial
implants.
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