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ABSTRACT

Reactive magnetron sputtering is widely used for deposition of compound coatings. Properties of these
coatings depend on the structure and composition of the films. Therefore, prediction of coating composition
is desirable to tailor the properties of the coatings. A mathematical model has been proposed to predict the
composition of the metallic constituents of the coatings deposited by reactive magnetron sputtering using two
metals mosaic target in the presence of a reactive gas (nitrogen) environment. In the model, percentage of
covered areas of the targets (target poisoning) vis-a-vis partial pressure of the nitrogen (N,) can also be
predicted. The model has been validated experimentally on Ti-Nb mosaic target in N, gas environment.
Coating composition was analyzed by energy dispersive X-ray analysis. A new term ‘nitridation coefficient’
was introduced during development of model, which is equivalent to sticking coefficient but under plasma
sputtering conditions. Relative nitridation coefficient on Nb/Ti mosaic target was found out experimentally
by replicating the actual sputter deposition parameters and using X-ray photoelectron spectroscopy for the
surface analysis of samples.
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INTRODUCTION

Magnetron sputtering is a widely used Physical Vapor Deposition (PVD) technique to deposit compound
films (Cubillos et al., 2013; Roman et al., 2011; Sarma et al., 2013; Shin et al., 2011; Wang et al., 2014;
Singh et al., 2005). When a reactive gas is added to the discharge, it is possible to deposit compound
coatings; and the process is called reactive magnetron sputtering. Binary, ternary or multi component
compound coatings, multilayer, duplex coatings, nano-crystalline coatings are increasingly being researched.
Synthesis of nano-composites and ternary compounds such as Ti-B-N, Ti-Si—N, Ti-Al-N, Ti-Nb-N, Ti-Cr-N
has been tried for various applications (Mao et al., 2002; Ren et al., 2000; Nah et al., 2000). Properties of
these coatings depend on the composition of the film and film structures. Therefore, the prediction of
composition is desirable since it will allow the synthesis of specific, tailor-made surface coatings. The
important process parameters involved in a reactive sputtering include the gas pressure, biasing voltage, the
ion current density and the voltage applied to the target (Petrov et al., 1992; Sundgren et al., 1983). The
control of the reactive gas is especially critical for the optimization of film properties.

In the past, approaches have been made to predict the coating composition deposited by different techniques.
Moller (Moller and Eckstein, 1984; Moller, 1991) developed a Monte Carlo code, which computes range
profiles of implanted ions, composition profiles of the target and sputtering rates for a dynamically varying
target composition. Carter et al., (1989) proposed and analyzed a model for ion assisted deposition under net
growth conditions. Hubler et al., (1990) and Vechten et al., (1990) presented a model to include the effects of
sputtering, reflection of ions, multiple species beam, charge exchange neutralization, and incorporation of
ambient gas atoms and analyzed the data for the composition of silicon nitride, boron nitride and titanium
nitride films as a function of the arrival ratio of nitrogen (N,) ions to evaporated atoms. Harper et al., (1985
and 1983) studied the modification of thin film properties by ion bombardment during deposition. Most of
these studies are concentrated for binary compounds. There are very few studies for prediction of coating
composition for ternary systems under dynamic conditions of reactive gas Dreer et al., 1999; Eltoukhy et al.,
1980). Dreer et al., (1999) presented a statistical process model for the description and optimization of a
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technological process and analyzed the data for AI-O-N and Si-O-N systems. Eltoukhy et al., (1980)
described a model for reactive sputtering of indium in N,-Ar and N,-O, plasma. Martin and Rousselot (1999)
presented a mathematical model of the sputtering process involving two separate targets with one reactive
gas. Berg et al., (1987 and 1988) presented a basic reactive sputtering model for binary compounds and
correlated deposition rate and film composition with flow rate.

In this paper, a mathematical model for ternary systems (such as Ti-Al-N & Ti-Nb-N) has been proposed to
predict the composition of the metallic constituents of the coating deposited by sputtering using two metals
mosaic target in the presence of a reactive gas (N,) atmosphere. The model is worked out utilizing first order
approximation and taking into consideration that there is no re-sputtering or ion bombardment effect at the
substrate. The model developed can also calculate the percentage of covered area (target poisoning) of both
the target surfaces with N, partial pressure (Py,). The model was validated experimentally on the Ti-Nb-N
system using Ti-Nb mosaic target.

In the present work, during development of the model, a new term ‘nitridation coefficient’ («) was coined
which is equivalent to ‘sticking coefficient’ but under plasma sputtering condition. ‘Sticking coefficient’ is
defined as the ratio of the number of adsorbate atoms that do adsorb, or stick, to a surface to the total number
of atoms that impinge upon that surface during the same period of time. For the convenience many
researchers have assumed the ‘sticking coefficient’ for adsorption of gases on metallic surfaces in the plasma
environment as unity (Berg et al., 1987; Sanchette et al., 1997; Hollmann and Zaitsev, 1993). There exists a
dynamic equilibrium between adsorption and desorption processes during sputtering, which depends upon
the partial pressure (flux) of the reactive gas, energy of the incident ions, probability of interaction of gaseous
specie with the surface atoms, ion implantation, type of reactive species and target material; and
thermodynamics and kinetics of compound formation between the target material and the reactive gas specie.
Various adsorption and desorption processes will compete depending upon the binding energy between
various species. However, if the energy of the striking ions is much higher, then all processes can take place
simultaneously.

‘Nitridation coefficient’ can be stated to be similar to the sticking coefficient, but would represent the
probability of nitrogen (a reactive gas specie) interacting with the metallic target surface in a dynamic
equilibrium plasma state during sputtering. Its value may vary from zero (i.e. there is no interaction of
reactive gas atoms with the target surface atoms) to one (i.e. adsorption of all the reactive gas atoms on the
target surface after interaction). Its value will depend on the nature of the target and adsorbing specie, energy
of the adsorbing specie, presence of other targets or species, heat of reaction for nitridation, activation energy
of the target atoms reacting with the gas atoms and surface coverage. For a binary mosaic target system, as
used in the present study, the relative nitridation coefficient in the plasma state during sputtering for Nb/Ti
system was determined experimentally replicating the actual sputtering conditions. For this, small coupons of
Nb and Ti were placed on to the mosaic target and were treated in the plasma by replicating the actual sputter
deposition conditions. X-ray Photoelectron Spectroscopy (XPS) technique was used to analyze the surface of
these coupons. Experimentally found value of relative ‘nitridation coefficient” was then used in the model for
accurate prediction of coating composition.

Mathematical Model

Sputtering: Dynamic Equilibrium

Schematic of a sputtering system is shown in Figure la. To understand and describe the sputtering, a
complete characterization and description of the sputter process is necessary e.g. the interaction between
target processes, plasma processes, the sputter process and subsequent collision and transport of the sputtered
particles through the gas phase and all substrate processes should be taken into account since all of them are
related to each other. Sputtering involves many components like target surface, substrate surface, various
ions, neutrals, molecular species, cluster particles and the chamber wall. Then there are parameters like ion

energy, incidence angle, target-substrate distance and presence of reactive gas molecules (N, in the present
case) everywhere in the chamber.
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Figure 1: Schematic of (a) magnetron sputtering system, (b) composite target

The chemical reaction between the reactive gas atoms/ions and the target material results in compound
formation at the target surface. Compounds have lower sputter yields than the original target material. This
results in a decrease in the rate of the target surface erosion, and consequently the surface concentration of
the reactive ion specie increases, further reducing the rate of erosion of the target surface. At a given reactive
gas mole fraction, the steady state target condition can be described as a target composed of two materials
having different sputter yields, i.e., the original target material with metal sputter yield and the compound
formed by reactive ion with compound sputter yield. It has been reported that the transient time needed to
complete the transition from the metallic target to the compound-covered target mode in Ti-O, reactive
sputtering varies from few tens of sec to sometimes longer than a few minutes and that the time needed to
reach a steady state depends both on pumping speed and on inert to reactive gas partial pressure ratio in the
plasma (Kusano and Kinbara, 1996; Kusano and Kinbara, 2000). Maniv and Westwood (1980) in Al-O,
reactive sputtering formulated, in terms of time and O, partial pressure, derivation of the exponential or
parabolic time dependence of target oxidation rate for O, partial pressure. Kusano and Kinbara (2000)
studied the time-dependent O, mass balance change among the amounts injected into the chamber, pumped
out from the chamber, gettered by sputtered Ti metal, residing in the chamber, and consumed to oxidize the
target surface, as a function of time elapsed after the discharge ignition in Ti—O, reactive sputtering. They
observed that as the target oxidation progressed, the process became stable after about 50 sec. At the steady
state no further decrease in Ti sputtering yield occurred. The coverage obtained even at 600 sec seems to be
close to that of the steady state. Surface coverage on the target surfaces during sputter deposition, therefore,
can be said to be in the dynamic equilibrium where chemi-sorption and sputter desorption occur
simultaneously. Giittler et al., (2004) in their study on the mechanisms of target poisoning during magnetron
sputtering as investigated by real-time in situ analysis for nitrogen on Ti target, using the **N(d, 2)**C nuclear
reaction, confirmed after comparing the target nitrogen content during magnetron operation and after
switching off the magnetron, that there was no nitrogen loss observed within the experimental errors in any
of the experiments. This indicated the absence of a significant mobile fraction of incorporated nitrogen in
addition to the chemically bound one. Therefore, if the temperature, flux and kinetic energy of the incident
ions are fixed, dynamic equilibrium establishes between adsorption (nitridation) and sputter desorption (due
to the ions bombardment) on the target surface.
Assumptions

During proposition of mathematical model various assumptions were made. These are
e Sputtering of higher order particles (clusters) is neglected.
e Because of the low energy of argon ions (Ar*), sputtering occurs only from the topmost atomic layer.
lon current density is uniformly distributed over the plasma zone on target surfaces.
Deposition of metal atoms with nitrogen takes place at substrate.
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e There is no resputtering effect at the substrate.
Proposition
o Let mosaic target consists of 2 metals Ma & Mg (M;) of equal surface areas (Figure 1b).
e Sputtering gas is Ar & Reactive gas is N,
e Species at the target surface :
Towards target: Ar'; N, N,
From target: M; (Ma, Mg); MiN (MaN, MgN); N
o Species at the substrate surface : Ar’; N;*; No; Mi (Ma, Mg); MiN (MaN, MgN); N
o Cluster particle emission Mi;N, MiN; etc are at least one order of magnitude lower than the flux density of
nitrogen (Benninghover et al., 1987. Neglecting higher order particles, resulting major particles are,
therefore,
: Ar™; Ny" towards target (N, is present)
: M; (Ma, Mg) from target to substrate (N, is present)
e At substrate the presence of Ar*, N," play the role of biasing / resputtering, which is ignored here.
o o+ >> I\o+; the energy of N, molecule further reduces to half when it breaks down to N atom (N,=N+N).
Sputtering with N, ™ is, thus, ignored (Malherbe and Hofmann, 1980; Hofmann and Zalar, 1979).
Therefore, as a first order approximation, the following processes take place -
e Sputtering due to Ar™ at the target surface (N, is present).
o Deposition of metal atoms with nitrogen at the substrate.
Processes at the target surface
(i) Nitrogen adsorption at the target surface
At any point of time (Figure 2a) -
Let, surface area of metal M; covered with nitrogen = 6y Mi
Therefore, surface areas of metal M; not covered with nitrogen = 0.5 - aM
At any point of time the flux adsorption on metal M; can be given by:
Fa = Fro2 o (0.5-6\™) - @)
Where, ayi = Nitridation coefficient for metal M;, Fy2 = N, Flux, factor 2 is due to diatomicity of N, gas.
(i) From Kkinetic theory of gases the N, flux (Fy; ) is given by (Berg et al., 1987; O’Hanlon, 1980)
Fno = P / \/ (272' kTm) = kl Py - (2)
Where, k = Boltzmann constant, T = Temperature, m = wt of N, molecule,
Pn2= Partial pressure of N, gas and Factor K= 1/ \/(27rkTm)
(iii) Nitrogen desorption from surface of the target metal M; can be given by
Fis"' =" ™ ®3)
Where, Jr =ion flux at target =1/(A:xq){numbers of ions per unit area per second} and
Swmin = Sputter yield of compound for metal M;
(iv) Metal sputtering flux (F™) from targets
FM=sMJ. 05-4") - (4)
Where, SM =Sputter yield of metal M;
Nitride coverage on target surfaces
At steady state from eql = eg3, we get
Fre 2 o (05— 6'™) = "™ Jr 4
A" =1UR2+{S" I/ (amiFn2)}] )
Replacing Fn, from equation (2) in equation (5), we get
M = 1/ [2 +{S"™ I1 / (amiki Pn2)}] - (6)
This gives the coverage of nitride formation on the target surfaces with respect to Py,. Therefore, the nitride
coverage on the target surfaces can be predicted with respect to Pyg.
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Figure 2: (a) Sputter model: target surface areas, (b) Plasma zone

Flux from metallic portion of the targets
Putting the values from equation (6) in equation (4)
F M= 8™ 31 {0.5 - 1/ [2+(SM™ 1)/ (awmi ks Pr2)]} - (7)
Equation (7) represents the metallic fluxes leaving from the targets M; (Ma & Mg)
Total Flux from metallic and nitrided portion of the targets
Equation (7) accounts for only metallic fluxes. When compound fluxes sputtered from the targets are also
taken into consideration, total flux from target metal M; can be given by
FTMi - FMi + FMiN ______ (8)
FTMi: SMiJT (O:S*QNMi) + SMiNJTeNMi ______ (9)
Replacing 6" from equation (6), we get total flux
Fr"'=Jr{S™(0.5-1/[2+(S""™ I7)/(amikiPr2))+SMNL/[2+(SM™I7)/ (amikiPra)]} - (10)
Metallic constituents of coating
Fraction of metal constituent
XM=pgM/ Mo (11)
Equations (10) and (11) give the composition prediction of metallic constituents of sputtered coating with
respect to Py.

MATERIALS AND METHODS

The experimental system consisted of a planar and circular magnetron sputtering system (Figure 1). For
testing the model titanium niobium nitride (Ti-Nb)N coatings were deposited at various N,/Ar flow ratios
(fno/far). A Ti/Nb mosaic (composite) target having a design as shown in Figure 1b was used to deposit Ti-Nb-
N films on AISI 304 stainless steel substrates. The coating system consists of a vacuum chamber supported
by a diffusion pump backed by a rotary pump which can give a base pressure of 2x10™ Pa. Water cooled
magnetron was attached beneath the copper cathode on which a 160mm target was screwed and the chamber
was grounded. An adjustable height substrate holder was situated 60mm away in front of the target on which
planar substrates were mounted. The substrates of size 40x25x3 mm?® were polished, cleaned thoroughly and
degreased in alkaline solution, methyl alcohol and acetone prior to deposition. All the cleaning steps were
performed ultrasonically. Gases after passing through moisture and oxygen traps were introduced in to the
chamber via flow meters. The substrate holder was insulated from the chamber and can be kept either
floating or can be connected to a biasing power supply. The total pressure of the deposition chamber was
kept constant at approximately 5x10™ Pa. The target current was kept at 0.6 ampere and the N, to total gas
(N2+Ar) flow ratio was varied from 0-40%. The power to the target was supplied by a stabilized d.c. power
supply (0-1000V, 6 Amperes maximum). No external heating or biasing was applied to the substrate.
Coating thickness obtained was 1.8 um + 10%.
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Sputter yields of Ti, Nb and their nitrides were found out experimentally using the empirical formula
(Laegreid and Wehner, 1961) for 500ev Ar™ ions.
S=10°(W/Alt)y - (12)
Where, W=weight loss (gm), A=atomic weight, I=ion current (amp), t=sputtering time (sec)
Elemental composition of the coated substrates was analyzed by Energy Dispersive X-ray (EDX) analysis
technique. For finding out the ‘nitridation coefficient’ experimentally, Ti and Nb coupons of 10mmx10mm
size were placed on to the mosaic target (cathode) and experiments were carried out to replicate the actual
sputter deposition conditions. The coupons were washed with soap solution, cleaned in alkaline solution,
methyl alcohol and acetone ultrasonically, before treating them in the plasma environment of Ar and N..
After loading of the coupons, chamber was evacuated to a base pressure of 2x10™ Pa created with the help of
a diffusion pump backed by a rotary pump. The coupons were then cleaned in-situ by ion etching under Ar
plasma at 500mA for 10 minutes. Two sets of experiments were carried out. In one set of experiments, N,
flow was varied from 5 to 40sccm, keeping the treatment time constant at 5min each. In another set of
experiments, the N, flow was kept constant at 20sccm and the duration of treatment was varied from 1min to
30min. The plasma treated samples were analyzed by X-ray Photo electron spectroscopy (XPS) for the
surface analysis of nitrogen, carbon, oxygen and the respective metals. XPS spectra were recorded using
AlK, (1486.6eV) source and a MAC-2 electron analyzer. The binding energy scale was calibrated to Au 4f;,
line of 83.95eV.
Validation of Model
ky=1/v 27k Tm)
ky= 1/ v ( 2x3.14x1.38x10%x300x28x1.66x102")
= 2.876 x 10% sec / (kg.m)
Jr=1/(Aexq) Where, | = Target current (Amp), q = electronic charge
A.=Effective sputter area (Figure 2b) = mx(R:*R,%); with R; and R, radii of the plasma zone
Jr =0.6 Amp/ (94.25 x 10 m?x 1.6 x 10™ Amp.sec)

=3.98 x 10%° /m?.sec
Partial pressure of N (Py2) has been calculated as
Pn2 = N, flow x Operating pressure / [N, flow + Ar Flow]

=1.219x10” Pa
Similarly other values have been calculated and are shown in Table 1.

Table 1: Nitride coverage (By) on targets, sputtered flux from metallic portion and total flux from
targets (ari=1, any=1) at various N,/Ar flow ratios and Py,

NL/Ar flow  Py» oy o \P Metallic Flux Total Flux
(%) (10 Pa) ar=1 onp=1 Fr FNb Fr FNP
(10*¥/m?.sec) (10*¥/m?.sec)

25 1.219 0.4731 0.4681 5.45 6.85 24.28 29.21
5 2.381 0.4859 0.4831 2.86 3.62 22.20 26.69
10 4.545 0.4925 0.4910 1.52 1.93 21.12 25.38
15 6.522 0.4947 0.4937 1.06 1.35 20.75 24.93
20 8.333 0.4959 0.4950 0.83 1.06 20.57 24.70
25 10.000 0.4965 0.4959 0.69 0.88 20.46 24.57
30 11.538 0.4970 0.4964 0.60 0.77 20.38 24.48
35 12.963 0.4973 0.4968 0.54 0.68 20.33 24.41
40 14.286 0.4976 0.4971 0.49 0.62 20.29 24.36
Nitride coverage (6) at target: 6" & &’

O =1 2+(S™ I/ (ari ki Pnz)] e (13)

o= U [2+(S"N I (ano ke Pro)] - (14)

Sputter yields of Ti, Nb and their nitrides were found to be

© Copyright 2014 | Centre for Info Bio Technology (CIBTech)



International Journal of Applied Engineering and Technology ISSN: 2277-212X (Online)
An Open Access, Online International Journal Available at http://www.cibtech.org/jet.htm
2014 Vol. 4 (2) April-June, pp.25-41/Kulwant

Research Article

S™=0.51, sV=055 ~ S™=010&S“™=0.12
The values also matched with the available literature (Laegreid and Wehner, 1961; Wehner, 1975; Chapman,
1980; Mahan, 2000; Rauch et al., 2002).
Assuming ‘nitridation coefficient” values to be unity as ‘sticking coefficient’ has been assumed unity in the
literature (Berg et al., 1987; Berg et al., 1988; Sanchette et al., 1997; Hollmann and Zaitsev, 1993)—

ari=1 and anp = 1
The nitride coverage, sputtered fluxes from metallic portions of the targets and total flux (from metallic as
well as nitrided portion of the targets) at different N, flows are shown in the Table 1.
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Figure 3: Nitride coverage on Ti and Nb targets with respect to Py (ari=1, any=1) (@) Pn2 range 10 to
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Figure 4: Composition prediction of metallic constituents of coating Vs Py, considering fluxes from

metallic portion of targets and total fluxes

Theoretical value for sputtered coating using equal surface areas of Ti and Nb targets without N, is predicted
to give 47at% Ti and 53at% Nb. Figure 3 shows the nitride coverage of Ti and Nb metals with increasing Py,
for the wide range (10 to 10° Pa) as well as for the current experimental range (1x107? to 15x102 Pa). Both
the metals show a similar trend of increasing poisoning area of target surface with the increase in Py,. Figure
4 graphs the composition of Ti and Nb in the coatings vis-a-vis Py, for the sputtered fluxes emanating from
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the metallic portion of the targets as well as the total fluxes which include sputtered fluxes from metallic
portion and nitrided portion of the targets.

RESULTS AND DISCUSSION
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Figure 5: Experimental coating composition with Py,
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The experimental values obtained for Ti and Nb in the coatings deposited at various N,/Ar flow ratios are
also shown in Figure 5. There was variation in experimentally obtained values vis-a-vis theoretically
predicted values. It is known that nitrogen adsorption is expected to be different on different metallic
surfaces. However, for the convenience the nitridation coefficient was assumed to be unity for both the
metals. According to thermodynamic data, the values of 4G, standard Gibbs free energy for formation of
TiN and NbN are —309.2 and —213.4 KJ/mol, respectively (Chase, 1998). 4G is the thermodynamic
consideration that gives an idea on whether or not a reaction is possible. If the value of AG¢ is negative, the
reaction is said to be feasible. Typically the share of two thermodynamically possible reactions will be
determined by their kinetics. However, the comparison of the Gibbs free energies of formation for various
species gives the preference for a particular reaction. For example, comparing the Gibbs free energies for the
formation of TiO, and TiN, since the AG? is more negative for TiO,, it can be expected that in the
competitive reactions for Ti with O, and N,, the oxide formation is more favourable. AG;° for TiN is more
negative than NbN. Therefore, it can be expected that nitrogen would react first with Ti than Nb.

Let us now consider the reaction of nitrogen with Ti and Nb.

Ti(s)+% N, (@ > TiNGS) - (15)

Nb(s) +% N,(@ =>NbN(s)  -—-- (16)

For Reaction 15

Equilibrium constant ~ Kyriny = [alrin / {[a]ni Pn2"?} - (17)

Equilibrium constant has been correlated with free energy as
AG°=-RTInK, e (18)

Where R = gas constant = 8.314 J/mole K and T = temperature (in K)
Corresponding expressions for the equilibrium constants are, therefore:
Kp(riny = €XP ('AGOTiN IRT) = [a]rin/{[a]ri Psz} """ (19)

Kpnony = EXP (‘AGONbN IRT) = [a]non /{[@]nb PNzllz} """ (20)

Where, AG' is the standard Gibbs free energy change of the reaction,
The activity of nitrogen is defined as Py,™.

© Copyright 2014 | Centre for Info Bio Technology (CIBTech)



International Journal of Applied Engineering and Technology ISSN: 2277-212X (Online)
An Open Access, Online International Journal Available at http://www.cibtech.org/jet.htm
2014 Vol. 4 (2) April-June, pp.25-41/Kulwant

Research Article

Equations 19 and 20 can be used to calculate the equilibrium partial pressure corresponding to the formation
of the pure nitrides. Setting the activities of the solid phases equal to unity and substituting the values of AG®
for TiN and NbN, we get:
Prno, (TIN) =4.33x 10" ®atm (21)
Puz, (NDN) =114 x 10" atm - (22)
The data indicates a remarkable difference in the thermodynamic stability of the two nitrides; though
condition is quite favourable for formation of both the nitrides, TiN is the much more stable compound as
compared to NbN.
The weight gain kinetics for nitridation of Ti, Nb, Ti-Nb alloys have been shown to follow the parabolic law
according to the equation (Buscaglia et al., 1999; Buscaglia et al., 1995) —

We=v2Kt) e (23)
Where, W, is the weight gain per unit area (g/cm?) measured after a time t and K, is parabolic rate constant.
The values of parabolic rate constant K, (gm?%cm‘/sec) for nitridation have been found experimentally as
4.5x10™ for pure Ti and 0.71 x10™ for pure Nb [42, 43] at the similar temperature and pressure of study. In
Ti-10wt%Nb and Nb-10wt%Ti alloys study the parabolic rate constant K, for nitridation at the same
temperature and pressure was found experimentally as 4.2x10° for 90wt%-Ti alloy and 3.2x10™ for 90wt%-
Nb alloy (Buscaglia et al., 1999). Kinetically, this demonstrates more reactivity of nitrogen towards Ti than
Nb. It was observed that TiN had almost constant composition - close to the stoichiometric one for the
nitrogen pressures and temperatures utilized in the study (Lengauer, 1995). On the contrary, composition of
&NbNy, was strongly dependent on the applied pressure (Brauer and Kern, 1983; Linde et al., 2009; Joguet
etal., 1997).
Even in the Ti-10wt%Nb and Nb-10wt%Ti alloy studies as expected, the nitrogen pick up in the outer layer
was more at 26-58 wt% for 90%-Ti alloy than 18-24 wt% nitrogen in 90%-Nb alloy treated at various
temperatures (Buscaglia et al., 1999).
This difference in reactivity of nitrogen towards Ti and Nb affects the coverage areas on the targets during
sputtering. Since reactivity is different, we could consider that if Nb and Ti both are present, then the Ti and
N reaction would be preferred as compared to Nb and N reaction. If we assume different values for this
fraction, we can arrive at values, where there is convergence. Therefore, assuming the different values of
onlari = 1, 0.5 and 0.1, hypothesis was tested. Hypothesis has been tested above with the values of ar=1,
onp=1. Hypothesis with two other sets of nitridation coefficient values namely (ati=1, any=0.5) and (ati=1,
onp=0.1) was therefore also tested.
Nitride coverage on Ti target and sputtered Ti Flux will remain same. However, nitride coverage on Nb target
and Nb flux for different values of ay, Will vary. Data for nitride coverage and total sputtered flux for Nb
target (emanating from both metallic and nitrided portions of the targets) for nitridation coefficient values of
onp=0.5 and anp=0.1 have been recalculated and shown in Table 2.

Table 2: Nitride coverage (0y) and total flux from Nb target at various Py, using an,=0.5 and on,=0.1

Pnz anp = 0.5 onp = 0.1
(102Pa) o o o Fr
(10"*/m? sec) (10"/m?.sec)

1.219 0.4400 33.90 0.2974 57.74
2.381 0.4674 29.33 0.3707 45.49
4,545 0.4824 26.82 0.4227 36.79
6.522 0.4876 25.95 0.4435 33.32
8.333 0.4902 25.51 0.4547 31.45
10.000 0.4918 25.24 0.4616 30.29
11.538 0.4929 25.06 0.4664 29.49
12.963 0.4936 24,93 0.4699 28.91
14.286 0.4942 24.84 0.4725 28.47
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Figure 6: Coating composition prediction considering total flux at ay,=0.5 and 0.1
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Figure 7: Nitride coverage for Nb target (an,=1, 0.5 and 0.1)
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Figure 6 depicts the theoretical composition of Ti and Nb obtained using nitridation coefficient values of
(=1, onp=0.5) and (eri=1, anp=0.1). Figure 7 illustrates the nitride coverage for Nb target with Py, at
nitridation coefficient values of an,= 0.5 and 0.1; for comparison values obtained at ay, =1 are also included
in the figure. Figure 8 compares the experimental composition values of Ti content in the coatings with the
theoretical values obtained using an,=0.5 and 0.1. It was observed that experimental values follow closely
the theoretical prediction calculated using the an,=0.5.

Consequently, it was decided to find out the actual nitridation coefficient (o) on the Ti/Nb system
experimentally. The experimental data in the literature was not available. Therefore, the actual conditions as
in target sputtering were replicated to generate experimentally the relative nitridation coefficient for Nb/Ti
system. XPS was carried out for the all the Ti and Nb samples treated in N,+Ar plasma in the two sets of
experiments. However, some typical spectra are only shown. Figure 9 shows the survey XPS spectra for Nb
and Ti samples treated at 20% N, flow for 2 min. Figure 10 shows the XPS spectra for nitrogen peak in Nb
and Ti samples treated at 20% nitrogen for 2min duration. Figure 11 displays the XPS spectra for Ti peak in
Ti and Nb peak in Nb samples treated at 20% nitrogen for 20min duration.
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Figure 9: XPS spectra of Nb and Ti targets treated in plasma for 2 min (fy/fa=0.2)
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Figure 10: XPS Spectra of N peak in (a) Nb and (b) Ti samples (t=2min, fy,/fa=0.2)
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Figure 11: XPS Spectra of (a) Ti peak in Ti and (b) Nb peak in Nb samples (t=20min, fy,/fa=0.2)

Areas under the curve for different peaks of oxygen, carbon and nitrogen for Ti and Nb samples were
calculated for all the treated samples. The % element was calculated using the formula —

% Element = (Ai/S) /2 (A/S) — -—--- (24)

Where, Aj is the element present and S; is the sensitivity factor for that element.

Relative nitridation coefficient was calculated by taking the ratio of nitrogen in Nb sample to the nitrogen in
Ti sample -

Relative nitridation coefficient

onolari = % N(Nb) / % N(TI) = (25)

The relative nitridation coefficient for Nb/Ti was found to vary from 0.662 to 0.598 (Table 3) when treatment
duration was increased from 1min to 30min (N, flow fixed at 20%). Table 4 shows the relative nitridation
coefficient varied from 0.596 to 0.652 with the increase in No/Ar flow from 5% to 40% (duration was fixed at
5min). To find out the combined equation i.e. dependency of nitridation coefficient on duration as well as N,
flow a log scale graph was generated for both the sets of values (Figure 12).
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Figure 12: Relative Nitridation Coefficient with N,/Ar flow ratio and duration of treatment. Linear fit
and linear equations are also shown
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Table 3: Relative nitridation coefficient on Nb/Ti samples treated as target for different duration at
20% N, plasma

Treatment time (min) Nitridation coefficient ratio aww/ori = N(Nb)/N(Ti)
1 0.662
2 0.651
5 0.642
10 0.630
20 0.614
30 0.598

Table 4: Relative nitridation coefficient on Nb/Ti samples treated as target at different N, flow for
fixed duration of 5 min

No/Ar Flow (%) Nitridation coefficient ratio aww/oiri = N(Nb)/N(Ti)
5 0.596

10 0.612

15 0.626

20 0.638

30 0.648

40 0.652

Following linear equations fitted the two sets of relative nitridation coefficient data.

Log (anv/ori) = -0.25704 + 0.04568 Log X~ ------ (26)

Log (onv/or) =-0.17673 - 0.02793 Logt - 27)

Where, X = flow ratio of No/Ar (%) and t = duration (min)

Combining and solving the two above equations we get

anplor = 10—0.217(X0.02284/t0.01396) ______ (28)

Equation (28) represents the relative nitridation coefficient in terms of N, flow ratio and duration both.

For finding out the theoretical composition values, an approximate average value of 0.63 for the relative
nitridation coefficient on Nb/Ti (i.e. anp= 0.63 and ati=1) was taken for further calculations. The calculations
in the model for prediction of the coating composition were re-performed using the experimentally found
value of relative nitridation coefficient. Table 5 shows the nitride coverage on Nb target; and total sputtered
flux from Nb target at various Pyg.

Table 5: Nitride coverage (0y) and total flux from Nb target at various Py, using ar=1 and o,=0.63

Pn2x107Pa On\P Nb Flux F{"°
onp=0.63 10*8/m?.Sec
1.219 0.4512 32.23
2.381 0.4737 28.37
4.545 0.4859 26.29
6.522 0.4901 25.57
8.333 0.4922 25.21
10.000 0.4935 24.99
11.538 0.4943 24.85
12.963 0.4949 24.74
14.286 0.4954 24.66

Coating composition with Py,, as predicted using experimentally found value of nitridation coefficient of
ari'=1 and an,"=0.63 has been graphed in Figure 13 together with the experimentally found coating
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composition values. The experimental composition values matched closely with the theoretical predictions.
Slight local slight variations could be due to the following reasons - the average relative nitridation
coefficient value ayy/ari=0.63 was used at all the partial pressures though experimental value varied between
0.596-0.652 for different processing parameters; and nitride coverage (6) depends on the N, and therefore
variation would lead to divergence at certain partial pressures. The mathematical model proposed is, thus,
able to predict the composition of the metallic constituents of the coatings obtained at various partial pressure
of a reactive gas (nitrogen) utilizing mosaic target during sputtering. However, more realistic values of
nitridation coefficient must be taken in to account rather than assuming them to be unity for both the metals
being used in the mosaic target.
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Figure 13: Theoretical (at an,=0.63) & experimental coating composition Vs Py,

Conclusions

A mathematical model has been proposed to predict the composition of the metallic constituents of the
coatings deposited by sputtering using two metals mosaic target in the presence of a reactive gas (N,)
atmosphere. The model has been worked out utilizing first order approximation and taking into consideration
that there is no re-sputtering or ion bombardment effect at the substrate. The model developed can also
calculate the percentage of covered areas of the target surface (target poisoning) as a function of the Py,. The
model was validated experimentally for the Ti-Nb system under N, gas environment. Analysis of the coatings
was performed by EDX. During development of model a new term ‘nitridation coefficient’ was coined which
is equivalent to sticking coefficient but under plasma sputtering conditions. Sticking coefficient has most
often been assumed to be unity in the literature. However, since Ti (in comparison to Nb) is more reactive to
nitrogen thermodynamically and kinetically, it was decided to test the model at three different nitridation
coefficient values of Nb, fixing the nitridation coefficient values of Ti as unity. The values used were ari =1
and onp =1, 0.5 and 0.1. It was found that the model is in good agreement with the experimental values when
onp = 0.5 was selected. However, the values were still based on assumptions. Consequently, the relative
nitridation coefficient on Nb/Ti was generated experimentally. For this, small coupons of Ti and Nb were
placed on the mosaic target and actual sputtering conditions were replicated. N, flow and treatment time was
varied. Experimentally found value of relative nitridation coefficient was found to vary between 0.596 -
0.662. An empirical formula for relative nitridation coefficient in terms of N, flow and duration of treatment
has been found out. The approximate average relative nitridation coefficient value (any/ari=0.63) for Nb/Ti
was used for further theoretical calculations and it was found that experimentally obtained coating
composition values match closely with the theoretical predictions. The model is, thus, able to predict the
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coating composition, however, more realistic values of nitridation coefficient should be taken in to account
for the system being studied.
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