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ABSTRACT

A metalloid Ti,;Cug; target was sputtered by reactive DC magnetron sputtering at various substrate temperatures in an
Ar-N, mixture ambient. The sputtered species were condensed on Si (111), glass slide and Potsssium bromide (KBr)
substrates. The as-deposited films were characterized by X-ray diffraction (XRD), Fourier transform infrared (FTIR)
spectroscopy, Scanning electron microscope (SEM), energy dispersive X-ray spectroscopy (EDX), optical spectropho-
tometry and four point probe technique. The as-deposited films present composite structure of nano-crystallite cubic
anti-ReO; structure of Ti inserted CusN (Ti:Cu;N) and nano-crystallite face centre cubic (fcc) structure of Cu. The tita-
nium atoms and sequential nitrogen excess form a solid solution within the Cu;N crystal structure and accommodate in
crystal lattice and vacant interstitial site, respectively. Depending on substrate temperature, unreacted N atoms inter-
diffuse between crystallites and their (and grain) boundaries. The films have agglomerated structure with atomic Ti:Cu
ratio less than that of the original targets. A theoretical model has been developed, based on sputtering yield, to predict
the atomic Ti:Cu ratio for the as-deposited films. Film thickness, refractive index and extinction coefficient are ex-
tracted from the measured transmittance spectra. The films’ resistivity is strongly depending on its microstructural fea-

tures and substrate temperature.
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1. Introduction

Various researches demonstrated the possibility of ob-
taining a large variety of non-equilibrium microstructure
and phase compositions in thin films produced by DC
magnetron sputtering. Particularly, several studies were
focused on the production of metal alloys made of partly
miscible or immiscible elements, deposited in chemically
inert (Ar) or in reactive (e.g. Ar-N;) atmosphere. The
potential interest in magnetron sputter process rely on the
possibility of producing thin films with new properties,
markedly different from those of corresponding equilib-
rium bulk phases when one considers a nano-composite
that can be formed, e.g. by combining nano-crystalline
phases or by embedding nano-crystalline domains in an
amorphous matrix. It is now demonstrated that co-depo-
sition of elements (from different targets or from a mixed
target) whose phase diagram presents a wide miscibility
gap is a prerequisite for forming non-equilibrium nano-
crystalline or amorphous phases. This tendency to form
non-crystalline phase is further increased by sputter
deposition in a reactive atmosphere [1-9].

Copper nitride has been attracted much attentions due
to its low decomposition temperature and sequential ap-
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plications as write-once optical recording media [10-12],
as micrometric conductive lines [13], as an insulating
barrier in magnetic tunnel junctions [14]. Although, cop-
per nitride has been widely studied, but little information
is available in the literature concerning CusN based com-
posite thin films. In this study, a titanium copper bi-
component target was reactively sputtered at Ar-N, am-
bient at various substrate temperatures. The aims of this
communication are to investigate micro-structural, mor-
phological, chemical, some electrical and optical proper-
ties of reactive DC magnetron sputter deposited and ni-
trided Ti-Cu films.

2. Experimental Methods

A sintered Ti-Cu target (13 at.%Ti, 76 mm in diameter
and 4.5 mm thickness) was reactively sputtered at Ar-N,
gas mixture, and the sputtered species were deposited on
ultrasonically pre-cleaned Si (111), glass slide and KBr
substrates. The deposition conditions were listed in Ta-
ble 1.

The films structure was studied by X-ray diffraction
(XRD) in 6/26 scan mode with CuK « radiation
(1.5418A). The crystallites size was estimated from the
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full width at half maximum (FWHM) of strongest XRD
peak using Scherrer formula. The chemical bonding was
characterized by Fourier transform infrared (FTIR) spec-
troscopy (FTIR spectrometer Bruker Tensor 27). Films
morphology and their chemical composition were deter-
mined using scanning electron microscope and energy
dispersive X-ray spectrometer (SEM/EDX, Philips XL
30). Also, an estimation of the atomic ratio was made in
according to sputtering yield. Optical studies were per-
formed by measuring transmittance in the wavelength
region 360 - 1100 nm using spectrophotometer (Shima-
dzu, UV-1700 Pharma Spec) at room temperature. These
measurements allowed obtaining refractive index, ex-
tincttion coefficient and meaning film thickness. The
electrical resistivity of the films at room temperature was
deduced from measurement using four point probe meth-
od.

3. Results and Discussion
3.1. Structural Properties and Chemical Bonding

Figure 1 shows the effect of substrate temperature on X-
ray diffraction (XRD) pattern of nitrided Ti-Cu thin films
deposited on Si (111) substrate. The films are amorphous
at lower substrate temperature (i.e. 45°C), but at higher
substrate temperature (70°C, 110°C, 150°C and 180°C),
they are composed of nano-crystallite cubic anti ReO;
structure of Ti inserted Cu;N (Ti:CuzN) and nano-crys-
tallite fcc structure of Cu.

Copper nitride has a cubic anti-ReO; type structure
and exhibits a vacant site at the centre of the cell [15]. Ti
atoms cannot exclusively be positioned at the centre of a
stoichiometric Cu;N cell. The lattice constant has been
estimated from the position of the (100) diffraction peak
of CusN structure. Table 2 indicates the lattice constant
of Ti inserted CusN (Ti:Cu;N) at various substrate tem-
peratures. Indeed, the value of the lattice constant of
Ti:CusN crystallites (except for samples prepared at sub
strate temperature of 150°C) is still lower than the cal-
culated value of Cu;MN (M = Cu, Zn, Pd, Ag) [16].
Since titanium atom exhibits a higher radius than M = Cu,
Zn, Pd and Ag ones, substitution of the vacant site by
titanium atoms in a Cu;N cell centered by titanium may
not be further considered. Here, the formation of copper
vacancies in Cu;N cell substituted by Ti atoms was con-
sidered to explain the measured lattice constant. Lattice
constant for sample prepared at substrate temperature of
150°C has lower value than stoichiometric Ti-free CusN
(i.e. 0.3815 nm [17]). In most works, the stoichiometry
of CusN thin films has been deduced from XRD data
(having a change in the lattice parameter) [17-23].

The evolution of the film lattice constant is due to the
variation in nitrogen stoichiometry [24-26]. However,
there is no information about the position of excess ni-
trogen in the CuzN unit cell [24]. Due to sensitivity of
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Table 1. The deposition conditions.

Sputtering power 200 W
Base pressure 2x107*Pa
Substrate temperatures 45°C-180°C
Total gas pressure 0.6 Pa
Target-substrate distance 19 cm
Deposition time 50 min
Ar flow rate 25 scem
N, flow rate 15 sccm

Table 2. Deposition conditions, deposition rate, lattice con-
stant and mean crystallite size of Ti:Cu;N, atomic Ti:Cu
ratio and resistivity of the nitrided Ti-Cu films at different
substrate temperature.

temls)::);tt;:::e(“C) (am/min) * @™ D (nm) Ti:Cu R(e:}ii'.f,')ty
45 12.83 - - 0049 3100
70 1344 03841 21 0057 1875
110 1221 03840 23 0088 1145
150 1213 03789 12 0065 1523
180 1457 03821 21 0062 984

chemical composition to characterization method, lattice
constant of CusN revealed good qualitative criterion for
composition determination. The samples prepared at
substrate temperature of 70°C, 110°C, 180°C are N rich
or over-stoichiometric, but the sample prepared at sub-
strate temperature of 150°C is N poor or substoichiomet-
ric. Addition of titanium to Cu;N films does not change
the cubic anti ReOj; structure of Cu;N (Figure 1). Within
the deposition conditions tested in this study (except the
samples prepared at substrate temperature of 150°C), the
both of Ti:Cu;N and Cu phases are detected by XRD. No
metallic titanium or titanium nitride diffraction lines are
exhibited. Figure 2 depicts FTIR spectra of nitrided Ti-
Cu films deposited on KBr substrate at various substrate
temperature, the infrared absorption of which has been
deduced. Typical absorption bands occurred around 667
and 1037 cm™' are attributed to Cu-N and Ti-N stretch
vibrations, respectively [13,27,28]. The Ti-N bond for-
mation shows, titanium addition accommodates N excess
in vacant interstitial lattice site of Ti free Cu;N structure.

Using the broadening of the peaks, it is possible to de-
termine mean crystallite size, from Scherrer formula
(Warren) [29]. The mean crystallite size (D) of any phase
may be determined by the equation:

0.941

D= 5 b)Cost, )
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16 Nitrification of Reactively Magnetron Sputter Deposited Ti-Cu Nano-Composite Thin Films

where, £ is the FWHM of the diffraction peak, 4 is
the wavelength of the incident CuK « X-ray and 6,

is Bragg diffraction angle. b is standard instrumental
broadening (0.08°). The mean crystallite size of Ti:Cu;N
is calculated by using strongest peak namely (100) peak
(Table 2).

The presence of N neutrals reflected [30] from the sin-
gle TiCu bi-component surface and impinging on the
growing film with sufficient energy (due to large throw
distance) can produce atomic scale heating in addition to
substrate temperature which decompose the metastable
Ti:CuzN nano-crystallites to copper and escaped nitro-
gen [31]. This phenomenon becomes more significant at
substrate temperature of 150°C), because unbound N
atoms out-diffuse from Ti:CusN crystallite into intercry-
stallite boundaries. The mean crystallite size of Ti:Cu;N
for the samples prepared at substrate temperature of
150°C has minimal value. It is due to N precipitation
around the crystallites and suppression of their growth.
As substrate temperature increases from 150°C to 180°C,
extra N concentration at inter-crystallite boundaries pro-
duces driving force to transport N into Ti:Cu;N crystal-
lite. As it is seen, the lattice constant and mean crystallite
size of Ti:CuzN increases up to substrate temperature of
180°C.

3.2. Surface Morphology and Chemical
Composition

Surface morphology of the nitrided Ti-Cu thin films

T I:'Cu';N 7.5 a1 Teverl | '180°C_

—~
(=]
=1

Si (100)

Intensity (a. u.)

20 (deg.)

Figure 1. XRD pattern of nitrided Ti-Cu films at various
substrate temperatures.
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Figure 2. The FTIR spectra of nitrided Ti-Cu films depos-
ited at various substrate temperatures.

deposited at substrate temperature are shown in Figure 3.

The films have granular structure with clear grain struc-

ture and sharp grain boundaries. The extra nitrogen at-

oms that are not located at vacant interstitial site of

Ti:Cu3N crystal structure or not trapped at crystallite

boundaries diffuse into grain boundaries. This mecha-

nism suppresses the agglomeration of grain because of N

precipitation around them. Surface roughness of the films

increases with increase in substrate temperature [32-35].

In order to estimate the atomic Ti:Cu ratio in films, we
make the following assumptions:

o difference in throw distance of any sputtered compo-
nent in target-substrate spacing;

e difference in nitriding kinetics on target surface of
any component;

o (difference in sticking coefficient of any sputtered
component on substrate;

e re-sputtering contribution in altering the chemical
composition due to the reflected N neutral and the
sputtered Ti and Cu atoms collide with the growing
film are excluded. The atomic Ti:Cu ratio can roughly
be calculated by [25].

Ti r yv N, r oy Ar
Ti:Cu = Cbl PNZYTi +PArYTi

- Ti * pr yv N, r oy Ar
l-¢, PNZYCu +PLY,

@

where ¢, is Ti concentration in target surface. P ;s
relative partial pressure of jth gas, j = N, and Ar. Y/ is
sputtering yield of ith atom due to jth species, / = Ti, Cu.
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Figure 3. SEM images of the nitrided Ti-Cu films prepared
at (a) 45°C; (b) 70°C; (¢) 110°C; (d) 150°C; (e) 180°C.

Copyright © 2013 SciRes.

We assume N, ion bombardment acts as same as two
separate N* ions with half energy. Sputtering yield is
depending on energy and angular such as

Y(E,0)=Y(E)-S(0) 3

where E is the energy of incident ions and is approxi-
mately equal to 0.75 eVd [36]. 6 is the ejection angle of
sputtered atoms with respect to the surface normal. En-
ergy dependent part is given by Eckstein ef al. [37] as

(1
Y(E) = g5, (6)—"—— )
A+(—-D*
th

q, Ey, pand A, which are material dependent pa-
rameters, listed in Table 3 for pairs of incident ion and
target atom. Ej and S, () are threshold energy for

sputtering and nuclear stopping power, respectively.

Angular distribution of sputtered atom is proposed by
Yamamura et al. [38] as heart shape

5(0)= cosH(l + ,Bcosza) (5)
where [ is a fitting parameter. The fitting parameter

depends on the mass and binding energy of the target
material, mass and ion energy. It may be expressed as

B =BLnQ-B,
_ ME (6)
0= ME,

where M, is the mass of the sputtered atom, £y, is binding
energy of the sputtered material (Table 3). The values of
B and B, were respectively approximated as 0.488 and
2.44. The near normal ejection (& =~ 0) of Ti:Cu atomic
ratio is nearly calculated 0.073 through Equation (2) for
different substrate temperature. There is a good agree-
ment between the calculated and experimental values for
Ti:Cu atomic ratio (Table 2).

The atomic Ti:Cu ratio is shown in Table 2. As the
substrate temperature increases, the atomic Ti:Cu ratio of
the deposited films on Si (111) increases until 0.088 at
110°C and then decreases. It seems by increasing sub-
strate temperature to 110°C, surface adsorption of Ti at-
oms increases. Afterward, re-evaporation of Ti atoms
occurs (due to lower mass in comparison to Cu) from
liquid phase in gas-liquid-solid growth mechanism of
films that developed by Shaginyan ef al. [39]. The Ti:Cu
ratios are generally lower than atomic Ti:Cu ratio of
original Ti;3Cuyg target, namely 0.15. It was known that
the near normal sputtering yield ratio of Ti to Cu is cal-
culated 0.487 through Equation (4). Also, when Ti is
sputtered in an Ar-N, mixture atmosphere, the sputtering
yield is decreased because a part of Ti on the target surface
is nitrided [40]. This effect is weaker for the Cu because
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Table 3. Materials dependent parameters presented by
Eckstein et al. [37] for Ti and Cu target atoms bombarded
by N and Ar ions.

Incident Target
ion or atom q H En (eV) Egw(eV)
atom
N* Ti 0.2321 1.8168 2.0297 16.5403 4.89
N* Cu 0.1595 3.4102 2.1567 15.6557  3.52
Ar* Ti 0.3152 4.8957 1.8291 25.019 4.89
Ar’ Cu 1.9417 14.8712 23907 129166  3.52

it is more difficult to nitride Cu than Ti due to weaker
Cu-N bonding. After being sputtered for some time the
Ti:Cu ratio on the target surface will reach an equilib-
rium so that the ratio of the sputtered yield of the two
materials are less than their ratio in the bulk target. Thus,
it is likely that the difference between the composition in
the target and film is caused by their different throw dis-
tance, nitriding kinetics, angular distribution of any sput-
tered component and different absorption rates on the
film surface.

3.3 Optical Properties

There is an easy method for determination of optical
constants, which depends on single transmittance meas-
urement. The refractive index n and the extinction coef-
ficient £ as well as the thickness d of polycrystalline ni-
trided Ti-Cu thin films on thick quartz substrate were
studied. They were determined from transmittance data
only using PUMA approach and code described by Bir-
gin et al. [41] used in our previous work [25,26,31].
Poelman et al. [42] have reviewed and tested PUMA ap-
proach and shown it to produce excellent estimate of
optical constants of thin films.

The experimental transmittance data are compared
with theoretical values, in PUMA code. The difference
between the two values is minimized until a best solution
is achieved for the refractive index n, the extinction coef-
ficient £ and the film thickness d. Deposition rate (R) has
been calculated from the average film thickness at given
deposition time (Table 2). The deposition rate is weakly
depending on substrate temperature. Figures 4 and 5
show dispersion of the calculated refractive index » and
extinction coefficient k as functions of wavelength. The
absorption coefficient of Ti-Cu-N films is related to ex-
tinction coefficient through a = 4nk/4 (Figure 6).

The Ti:CusN lattice constant (Table 1) and the fun-
damental band-gap edge (from Figure 6) have the same
trend vs. substrate temperature. These behaviors simul-
taneously illustrate the effects of N content and Ti addi-
tion in changing the lattice constant and absorption process.

Copyright © 2013 SciRes.
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Figure 4. Dispersion of refractive index at various substrate
temperatures.
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Figure 5. Dispersion of extinction coefficient at various sub-
strate temperatures.
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Figure 6. Variations of absorption coefficient with photon
energy at various substrate temperatures.
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3.4 Films Resistivity

There have been reports that the resistivity of CuzN and
Cu are 20 pQcm - 2x 10° Qcem and 1.75 - 2 pQcem,
respectively [32]. The resistivity of nitrided Ti-Cu films
on glass slide at room temperature is presented in Table
2. The electrical conduction of films grown as the phase
mixture (composite) of Ti:Cu;N nano-crystallite and Cu
nanoparticle might follow the effective medium theory.
Three simultaneous conduction mechanisms Ti:Cu;N se-
miconducting conduction, Cu metallic conduction and
tunneling through crystallite boundary play important
roles in carrier transport [31]. The nanocomposite resis-
tivity is correlated to scattering dislocation inside crystal-
lite (intra-crystallite boundary effect), scattering from
potential barrier due to intercrystallites boundary effect
and scattering through nanocrystallite boundary (size ef-
fect) [31].

4. Conclusion

Nitrided Ti-Cu thin films were grown on Si (111), glass
slide and KBr substrates by reactive DC magnetron sput-
tering of a sintered Ti-Cu bi-component target. The as-
deposited films on Si (111) substrate have composite
structure of Ti:CusN nano-crystallite and metallic Cu
nano-particle. The titanium atoms are positioned in the
Cu;N crystal lattice and not segregated in other phases.
The Ti addition causes to nitrogen excess; located at va-
cant interstitial site of Ti:CuzN crystal structure, trapped
at nano-crystallite and grain boundaries. The films have
granular structure with clear grain boundaries. The ato-
mic Ti:Cu ratio of films is less than that of the original
target due to various differential sputtering yields, dif-
ferent throw distance and various sticking coefficient of
any component. Refractive index, absorption coefficient
and resistivity of the films are strongly dependent on sub-
strate temperature and microstructural properties.
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