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Abstract Article Info.

In this work, silicon nitride (SisN,) thin films were deposited on metallic
substrates (aluminium and titanium sheets) by the DC reactive sputtering technique Keywords:
using two different silicon targets (n-type and p-type Si wafers) as well as two Biomedical applications,
Ar:N, gas mixing ratios (50:50 and 70:30). The electrical conductivity of the DC Reactive Sputtering
metallic (aluminium and titanium) substrates was measured before and after the Technique, Electrical
deposition of silicon nitride thin films on both surfaces of the substrates. The conductivity, lon release,
results obtained from this work showed that the deposited films, in general, Silicon nitride.
reduced the electrical conductivity of the substrates, and the thin films prepared
from n-type silicon targets using a 50:50 mixing ratio and deposited on both Article history:
surfaces of a titanium substrate reduced the electrical conductivity of this substrate  Received: Jun.07,2023
by 30%. This reduction in the release of ions from the coated metal substrate is Revised: Aug. 07,2023
attributed to the dielectric properties of the deposited silicon nitride thin films. This  Accepted: Aug.12,2023
result is very important and applicable. This work represents the first attempt in  Published: Sep.01,2023
Iragq to study such effects and may represent a good starting point for advanced
studies in biomedical engineering.

1. Introduction

Silicon nitride (SisNg) is characterized by its high chemical stability, high
strength, very low thermal expansion coefficient, large energy gap (up to 5.3 eV), high
dielectric constant (~7), and very high electrical resistivity (~1013 Q.cm) [1-3]. These
characteristics made it one of the most important ceramic materials used as an insulating
material in the manufacture of passive and active electronic and electro-optic devices as
well as nonlinear optics that operate at high temperatures and harsh conditions, such as
gas sensors in nuclear power plants, space stations and spacecraft [1, 3, 4]. SizNg is a
hard optical material which with good piezoelectric response [5, 6]. Aside from their
many optical applications, SisN4 thin films offer surface passivation applications for
microcrystalline silicon solar cell [7], piezoelectric transducers with high frequencies,
biomedical applications [8, 9], and nanocomposites [10, 11].

In biomedical applications, metals, such as silicon nitride, are used for joint
replacements, dental bridges and implants, and coronary stents. The presence of such
metals and their continuous release may cause lasting harmful effects in tissues due to
their inability to biodegrade. Also, the additional exposure to the electric fields may
shorten the time required for cellular healing [12]. Metal toxicity is influenced by
several parameters, making it difficult to accurately determine the quantities that cause
cellular harm. The corrosion of an alloy is critical to its biocompatibility since elemental
release from the alloy almost always causes unfavourable biologic consequences such
as toxicity, allergies, mutagenicity, and carcinogenicity [13]. Alloy corrosion releases
free ions into the surrounding tissues. There is minimal evidence that components
produced by casting alloys contribute significantly to systemic toxicity. This could be
explained by the slow release of ions over time [14].

SigNy is the most effective material for covering the in vivo parts made of metal
and metallic alloys to prevent the release of metallic ions into the living body.
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Therefore, the electrical properties of SisNs used in biomedical applications are of
extraordinary importance [1, 15].

Over many decades, SizN4 powders and thin films with different phases have been
prepared using different methods and techniques, including chemical and physical, such
as ion-assisted deposition [16, 17], heating powdered silicon [18, 19], carbothermal
reduction [20-22], chemical vapor deposition (CVD) [23-27], plasma-enhanced CVD
[28], nitrogen glow discharge [29, 30], atomic layer deposition (ALD) [31-33], silane-
ammonia reaction [34], and reactive sputtering [35-43]. However, the effect of the
electrical conductivity of silicon used as a precursor of silicon nitride was not
determined. The electrical characteristics of SizN4 as a biomaterial are very important
and should be accurately studied.

Obviously, electrical properties of compound materials, such as SizNg4, are mainly
determined by their structural characteristics, which are dependent on the preparation or
synthesis method. The SiN, tetrahedron is the fundamental unit of SizN4, having a
silicon atom at the center and four nitrogen atoms at each corner. Sharing corners
connect the SiN, tetrahedra, ensuring every atom of nitrogen is divided by three
tetrahedra. As a result, nitrogen is surrounded by three silicon atoms [44]. The structural
difference between a-SizsN4 and B-SisNg4 can be explained by different arrangements of
Si-N layers. The fundamental units are connected to produce wrinkled or puckered six-
membered rings that encircle enormous holes. These basal planes serve as the
foundation for a SizN4 and B SizN4 structures [45]. The bulk silicon as a wafer or
powder is the most prevalent source of silicon atoms in atomic scale preparation
methods and procedures. As a result, the electrical conductivity of this source may be
essential in defining the electrical characteristics of the produced silicon nitride [46].

The aim of the work is to study the effect of the type of electrical conductivity of
silicon wafers used as targets for DC reactive sputtering on the electrical conductivity of
Si3Ng thin films deposited on metallic substrates.

The DC reactive magnetron sputtering technique was chosen for the preparation
of SizNy thin films because of its many advantages over the other thin film deposition
methods and techniques. The most important advantages are preparation of high-quality
defect-free films, high deposition rate, and easy control of elemental composition and
structure of the growing film. Such advantages make this technique most widely used to
prepare optical coatings, hard coatings for cutting tools, decorative coatings,
microelectronics, optoelectronics and solar cells [3, 5, 10, 38-43].

2. Experimental Work

SizNg thin films were deposited on metallic substrates (aluminium and titanium)
using DC reactive magnetron sputtering technique. In this technique, gas mixtures of
argon and nitrogen with two different mixing ratios (50:50 and 70:30) were used. Two
silicon targets with different types of conductivity (n-type and p-type) were used. The
deposition chamber was initially evacuated down to 0.001 torr. Deposition process was
carried out at room temperature using gas mixture pressure of 0.8 torr, discharge voltage
of 730V, and discharge current of 50 mA. Deposition time was 4 hours for all samples.
More details on the optimum preparation conditions can be found elsewhere [35-41].

Fig. 1 shows the DC reactive sputtering system used in this work. It contains a
deposition chamber made of stainless steel with eight windows to monitor what is
happening inside it. The anode and cathode of the discharge system are fixed inside this
chamber, with holders outside the chamber to be connected to the DC power supply.
The chamber also contains the inlet of the gas mixture from an outer mixer. The
chamber is evacuated through an outlet connected to the rotary pump. The applied and
discharge voltages are continuously measured by voltmeters, while the discharge
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current is measured by an ammeter connected between the anode and cathode. The flow
rate of the gas mixture into the deposition chamber can be precisely controlled, and the
temperature inside the chamber is measured by a precise thermometer. The gas mixer is
supplied with argon and nitrogen gases from gas cylinders and the mixing ratio is
controlled by accurate needle valves. Both the anode and cathode can be cooled using a
cooling system that circulates water throughout the inner channels of each electrode.

The film thickness was measured by Fizeau fringes method using a visible laser of
630nm wavelength to form the fringes pattern. Then, the deposition rate was determined
as shown in Fig. 2. It is clear that the deposition rate is uniformly increasing for all
samples, which may be attributed to the operation stability of the sputtering system.
However, some slight differences can be observed due to the probability of forming
more silicon nitride particles and hence increasing the film thickness.
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Figufe 1: The DC reactive sputtering system used in this work.
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Figure 2: Deposition rates of the silicon nitride thin films prepared in this work.

The electrical conductivity of the metallic substrates was measured before and
after being coated with SisN4 thin films on both surfaces using a multimeter and a DC
power supply in order to introduce the effect of these thin films on the electrical
conductivity of these substrates.
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3. Results and Discussion
To determine the optical homogeneity of the prepared thin films, the relationship

between refractive index (n) (The refractive index is calculated from the reflectance of
the thin film using the data of absorption measurements) and wavelength (A) in the
spectral range 400-700nm, which is known as the dispersion curve, was determined for
the samples prepared using gas mixing ratio of 70:30 after different deposition times, as
shown in Fig. 3. The thin films prepared from n-type silicon target showed a slight
change in the refractive index value within 1.3-1.45, as shown in Fig. 3(a). This can be
good indication for the optical homogeneity of these films in the visible region.

On the other hand, the thin films prepared from p-type silicon target showed
relatively higher values of refractive index (1.25-1.75) and larger differences with
deposition time, as shown in Fig. 3 (b).
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Figure 3: Dispersion curves of the silicon nitride thin film samples prepared using gas
mixing ratio of 70:30 after different deposition times using both types of silicon targets using
(a) n-type silicon, and (b) p-type silicon.
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This may be attributed to the effect of the conductivity type of the target as the
bonding configuration between silicon and nitrogen would be determined by this factor.
However, all thin films prepared in this work can be described as optically
homogeneous.

Fig. 4 shows the effect of type of conductivity and gas mixing ratio on the
electrical conductivity of aluminum substrates coated with SisN,4 thin films. It is clear
that the SizNy4 thin film prepared using a p-type Si target and gas mixture of 50:50 has
caused an increase the electrical conductivity of the aluminum substrate by 1.1% while
the other films have reasonably decreased the electrical conductivity of the substrate
(10-40). This may be attributed to the fact that a proportion of silicon atoms bonded to
nitrogen atoms keep some positive holes within the structure of the formed silicon
nitride molecules as the majority carriers in p-type silicon are the positive holes [47-50].
These holes may trap electrons flowing through the thin film layers on both surfaces of
the aluminum substrate and hence the recombination current may contribute to the total
measured current.
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Figure 4: Effect of type of conductivity and gas mixing ratio on the electrical conductivity of
aluminum substrates coated with SisN,4 thin films where (blue columns before coating,
orange columns after coating).

On the other hand, using 70:30 gas mixture caused a reduction in the number of
nitrogen atoms available for bonding with silicon atoms. Therefore, the availability of
positive holes in the SizN, molecules would be higher than the previous case. Hence,
trapping rate of electrons by these holes is higher and reasonably consumes these
electrons with lower rate of recombination. Therefore, the total current would be lower.

In the case of SizN, thin films prepared from n-type silicon targets, in which the
majority carriers are electrons, these electrons are mostly consumed in the formation of
Si-N bonds, which are stronger than those in the SisN4 molecules formed from p-type
silicon targets. Therefore, the electrical resistance of the SizN, layer is increased due to
the increase in film density. Hence, the contribution to the total current is from the
electrons flowing from the DC power supply through the coated substrate. This current
is certainly reduced by the electrical resistance of the SizN4 films on both surfaces of the
aluminum substrate.

Fig. 5 shows the effect of the type of conductivity and gas mixing ratio on the
electrical conductivity of titanium substrates coated with SisN thin films. It is clear that
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the Si3N,4 thin films prepared using both types of Si targets and both gas mixtures
decreased the electrical conductivity of the titanium substrate. This may be initially
attributed to the fact that titanium has lower electrical conductivity than aluminum
(caR20cT;). Therefore, the ability of SizNg4 thin films — regardless of the conductivity
type of the Si target — is sufficiently high to restrict the flow of current through the
titanium substrate.

This result may be much more important than that of aluminum because titanium
and its alloys are intensively used in biomedical applications such as joint replacements,
dental bridges and implants, and coronary stents. Titanium is used for implants as it has
low density and good mechanical properties. Titanium evokes the minimum amount of
tissue reaction as it forms a tenacious oxide layer which resists further diffusion of
metal ions to oxygen gas at the interface.

Electrical conductivity (Q.cm)”!

p 50-50 p 70-30 n 50-50 n 70-30
SizN, sample
Figure 5: Effect of type of conductivity and gas mixing ratio on the electrical conductivity of
titanium substrates coated with SizN, thin films were (Blue columns before coating, orange
columns after coating).

4. Conclusions

In conclusion, the effects of the conductivity type of the silicon target and the
Ar:N, gas mixing ratio used for the preparation of silicon nitride thin films by DC
reactive sputtering technique have been introduced, and it has been found that the
electrical conductivity of metallic substrates such as titanium can be reasonably reduced
when this substrate is coated with SisN,4 thin films on both surfaces. This result is very
important and applicable in the biomedical fields where such metals are used for joint
replacements, dental bridges and implants, and coronary stents. This work represents
the first attempt in Iraq to study such effects, and it may represent a good starting point
for advanced studies in biomedical engineering.
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