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A sintered Ti;3Cugy composite target was reactively sputtered in
Ar-N, gas mixtures, and sputtered species were deposited on Si
(111) substrates. We study the pressure-dependent target mode
variation of the Ti;3Cug7—N2 system, by measuring the N> partial
pressure, deposition rate, target voltage, and Ti and Cu concentra-
tions for various reactive No gas flow ratios. The Ti;3Cug7 target
surface begins to be nitrided with increasing N2 flow ratio, which
is caused by the absorption and the implantation of N2 gas on the
Ti13Cug? target surface. Hence, the deposition rate was reduced
due to the lower sputtering yield and a higher scattering under the
mass transport between the target-substrate spacing. Secondary
electron emission yield of the nitride portion of target surface is
higher than that of the unnitrided portion. Therefore, at a con-
stant sputtering power, the target voltage decreases, as the N»
partial pressure increases. By means of the TRIM.SP Monte-Carlo
simulation, the particle reflection coefficients of reflected neutrals
was calculated. The initial energies of reflected neutrals and the
sputtered particles at the substrate were estimated using the sim-
ple binary collision model and the distribution-weighted averages,
respectively. Their final energies depend on the energy dissipation
during the mass transport through the gas phase. The energy and
angular characteristics of the sputtering yield were extracted from
the available literature to obtain a prediction about a final com-
position of films.

1. Introduction

When applying, for example, the pulsed laser deposition
or magnetron sputtering to grow multicomponent thin
films, a multielemental material source is used to avoid
the loss of compositional control. In the latter case, it is
clear that this approach does not guarantee the composi-
tional control due to the transport of sputtered particles
through the sputter gas and the preferential sputtering
by energetic particles during the thin film deposition.
Nevertheless, this technique is vastly used in the indus-
trial era. A simulation strategy may give an interesting
perspective to control and to predict the composition of
complex thin films.
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Reactive magnetron sputtering methods have been
widely used to form compound thin films [1-3]. As usual,
the formation of a compound layer on the surface of a
metal target (i.e. compound mode) is closely related
to the deposition of a compound thin film. Therefore,
sputtering parameters such as the partial pressure of a
reactive gas and the sputtering power are carefully con-
trolled to maintain the target surface in an appropriate
state [4-7].

In the present study, the pressure-dependent target
mode variation of the Ti;3Cug7;—N» system is investi-
gated by measuring the N, partial pressure, deposition
rate, target voltage, and Ti and Cu concentrations for
various reactive N gas flow ratios.

2. Methods

2.1. Ezperiments

A sintered Ti-Cu composite target (13 at. %Ti, 76 mm
in diameter and 4.5 mm in thickness) was reactively
sputtered in the Ar/ N, gas mixture, and sputtered
species were condensed on ultrasonically precleaned Si
(111) substrates. The working chamber of the sputtering
system was pumped down via a rotary pump and a tur-
bomolecular pump allowing a base pressure of less than
1.5 x 1072 Pa to be maintained. The distance between
the substrate and the target was fixed at 19.5 cm. The
argon and nitrogen flow rates regulated by MKS flowme-
ters were adjusted at Qa, = 25 and Qn2 = 0-22 sccm,
respectively. Under these deposition conditions, the to-
tal pressure varied between 0.12-0.82 Pa, and the sub-
strate temperature and the sputtering power were close
to 150 °C and 200 W, respectively.

The chemical composition of the films was determined
using an energy dispersive X-ray spectrometer coupled
with a scanning electron microscope (SEM/EDX, Philips
XL30). The mass of deposited films was measured by
a Sartorius balance with 107® g certainty. The films’
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deposition rate (R) was calculated as

Am

Am and p are the mass and the density of a deposited
film, respectively; S and ¢ are film’s cross section area
(2x0.5 cm?) and the deposition time, respectively.

2.2. Simulations and Models
2.2.1. Reflected particles and their energy

The particle reflection coefficient is defined as a fraction
of the impinging ion flux on the target that reflected.
It is estimated using the TRIM.SP Monte-Carlo simula-
tion [8]. The flux density of arrived N neutrals on the
substrate is determined by the flux density of reflected
N neutrals from the target and the relative area of the
substrate 4% to a racetrack on the target A®.

Wang et al. [9] proposed that the energetic N’s are
generated from NJ ions after these ions are accelerated
through the (cathode) sheath and are dissociatively re-
flected from the cathode. The energy reflection coeffi-
cient (Rg) is given by the energy of reflected neutral
N’s per that of impinging ions. The energy of impinging
ions is only 0.75 of the discharge voltage, eV [10]. Using
a simple binary collision model (collision between N and
each component of target, i.e. Ti and Cu atoms), which
predicts that the ratio of the reflected energy (E.ef) and
the energy of impinging ions (0.75eV;) is determined by
each target’s component mass (Mr; and Mc,), target
composition, and N atom mass (My):

. E M: — M;
Ry=—r_nfYy ¢2——, i=ArN, (2)
p

where c; is the mole fraction of each component, and
j = Ti, Cu. The factor f on the right-hand side of
Eq. (2) is one for the Ar reflection. But this factor
is 0.5 for the N reflection, N collision with the cathode
resembles that of two N atoms colliding with the cathode
independently with the half of NJ initial energy.

Table 1. Material-dependent parameters for Ti
and Cu target atoms bombarded by atomic nitrogen and
argon ions [11]

Incident |Target| A q t | Ewn (eV) |Egp (eV)
ion or atom | atom
Nt Ti 0.2321 1.8168 2.0297 16.5403 4.89
Nt Cu 0.1595 3.4102 2.1567 15.6557 3.52
Art Ti 0.3152 4.8957 1.8291 25.019 4.89
Art Cu 1.9417 14.8712 2.3907 12.9166 3.52
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2.2.2. Simulation of the sputtering process

The sputtering yield depends on the energy and the an-
gular distribution such as

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

where F is the energy of incident ions, and 6 is the ejec-
tion angle of sputtered atoms with respect to the surface
normal. The energy dependent part was calculated by
the semiempirical formula [11]

(-1
A+ (E%—l)w

where g, Ein, p and A are material-dependent parame-
ters listed in the Table 1 for pairs of an incident ion and
a target atom. The quantities Ei, and sX*C(e) are the
threshold energy for sputtering and the nuclear stopping
power, respectively.

The angular distribution of sputtered atoms with the
heart shape was proposed by Yamamura et al. [12] as

(4)

5(8) = cos (1 + B cos? §), (5)

where B is a fitting parameter. The fitting parameter
depends on the mass and the binding energy of a target
material and the mass and the energy of ions. It can be
expressed as

M,E
M,Eg,’

B=B'LnQ - B. and Q= (6)
where M; is the mass of the sputtered atom, Eg, is the
binding energy of the sputtered material (Table 1). The
values of B' and B! were respectively approximated as

0.488 and 2.44.

2.2.8. Simulation of the film composition

A rough estimation of the atomic Ti:Cu ratio in films is
given by

Ti r yAr 4 pr YN;r
Ti:Cu= Gy Ar'Ti NoLTi

a 1-— CTi r Ar s N;—
b PrYea + PR, Yo,

YT.AT Y‘l"N A8
X [1 - (RArPng—l + RxP;, H ) : (7)

rAr 2vrN | At
YCu YCu A

where cj ' is the Ti concentration on the target surface;

Y/ is the sputtering yield of the i-th atom due to the j-th
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species, i = Ti, Cu and j = N, Ar", reflected N and Ar
neutrals (rN and rAr). R; and P} denote the reflection
coefficient and the partial pressure of the j-th species.
Here, we suppose that the N;‘ ion bombardment acts
in the same way as two separate N ions. The second
and third terms are the re-sputtering contributions of
altering the chemical composition due to the reflected N
and Ar neutrals.

2.2.4. Transport of particles through the gas phase

As sputtered Ti and Cu and reflected N and Ar travel
from the target to the substrate, collisions with the back-
ground N, gas cause the energy of these superthermal
species to reduce. Because of the collisions with the
background gas, the deposited energy of sputtered Ti,
Cu atoms and the reflected neutrals decays exponentially
with pressure-distance products as

- Pd
E¢ = E;exp (—,um'r)kB—T> . (8)

where 7 is the collision cross-section for the momentum
transfer (exchange) between the sputtered particles or
reflected neutrals and the background gas [3], s, is re-
lated to the mass ratio (M = M,/M,) and is given by

3]

pmzl—{%}Ln{%}. (9)

The collision cross-section 7 is dependent on the energy
and physical properties of particles involving collisions,
i.e. the radius and the mass. The collision cross-section
can be approximated by an empirical power law [3]

B —0.29

1/2
where Ey = 1 eV and n(Ey) = m(r +7quasi)’ (1+ %) / ,
s = reflected N and Ar neutrals, Ti and Cu; rquasi is
the radius of a hard spherical quasiparticle that occu-
pies the same lateral area as N, molecule, and rquasi =
(%)1/ 2reov, Teov is the covalent radius of the N atom
(0.075 nm).
It is assumed that the energy distribution of sputtered
particles f(E) is [3]

(10)

f(Ein, E)dE x
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E vE;
L n f N+
(E + Eg,)25 n<E+Esb> or 2

(11)

and

(Esb + E)/vEin
E2(1+4+ Ew/E) ’

1—
f(E)dE x dE for Art, (12)

where E;, and 7 are the initial incident ion energy and
the energy transfer factor from collision theory. The
average initial energy FEy; of sputtered is determined as

Emax
[ Ef(E)dE

(13)

where maximal energy is sometimes taken from the re-
lation Emax = YEin — Esp and v = 4M M,/ (M, + M;)?.
During the transport, Ey; is degraded due to collisions
with the gas to Ejs, according to Eq. (8).

The throw-distance (TD) or pressure-distance charac-
teristic is expressed as

B ks (1, 2
TD = (PL) = B <3TS + 3Tc>.

where T, and T are the substrate and cathode temper-
atures, respectively. The transport factor (TF) is intro-
duced as

(14)

TF o |Ey; — Egg| TD. (15)
In order to include the effect of the mass transport mech-
anism on the composition, the atomic Ti:Cu ratio (7)
must be multiplied by the ratio of the titanium TF to
that of copper (Ti:Cu TF).

3. Results and Discussion

3.1. Plasma surface interaction

Species of plasma act on the target surface through a
number of collisional processes. The energy of the neu-
tral molecular or atomic nitrogen does not allow any
surface penetration, so that only the adsorption is con-
sidered for these species. Any incorporation of inert gas
neutrals is neglected. It should be noted that molecular
ions split into two atoms with half-energy when imping-
ing the target surface.

The subsurface depth, on which the ion bombard-
ment act, can be estimated by the range distribution
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Fig. 1. Evolution of the nitrided Ti—Cu film’s deposition rate and
the nitrogen partial pressure ratio vs the nitrogen flow ratio

of the involved ions as obtained from a static binary col-
lision simulation using the Monte Carlo TRIM (version
2006). The mean projected ranges are around 0.8, 0.8,
and 1.2 nm for Art, NJ, and N7 ions, respectively.

Due to the above atomic processes, an initially pure
metallic target surface becomes nitrided (poisoned), as
the fluence of the bombarding particles increases. At
a sufficiently large fluence, a dynamic stationary state
evolves with constant subsurface nitrogen profile, which
is given by the balance of the nitrogen removal by surface
sputtering and the nitrogen injection by ion implantation
and combined adsorption.

The particle reflection coefficient is defined as a frac-
tion of the impinging ion flux on a target that reflected.
It is estimated using TRIM around 0.06, 0.22, and 0.21
for Art, NI, and Nt ions, respectively.

3.2. N, partial pressure and deposition rate

The nitrogen partial pressure and the deposition rate
plotted vs the nitrogen flow rate (Fig. 1) are representa-
tive of the reactivity of nitrogen with the Ti component
of the Ti;3Cug; metalloid target, because of a low reac-
tivity of Cu with nitrogen. As N, flow ratio increases
to 0.12, N, partial pressure increases close to a linear
behavior. But, for Ny flow ratio more than 0.12, the N,
partial pressure represents the under linear and smooth
increase due to a significant getter on the target surface.
Moreover, the deposition rate indicates a catastrophic
poisoning of the target. The sharp decrease of the de-
position rate should be related either to the poisoning
of the target by a growing fraction of the reaction prod-
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Fig. 2. Discharge voltage vs the nitrogen partial pressure ratio

uct or to the increasing contribution of sputtering by
nitrogen, which is less efficient than argon.

3.3. Discharge characteristic

Figure 2 shows a variation in the target potential vs
the nitrogen pressure ratio, when the Ti;3Cug; bicom-
ponent target is sputtered in a constant power mode of
200 W. The absolute value of the target potential de-
creases, as the nitrogen pressure increases. This is gen-
erally attributed to the compound formation at the tar-
get surface and an increase of the ion-induced secondary
electron emission yield (yisgg). Here, visgr from the
nitrided target surface is more than that from an un-
nitrided multicomponent target surface. The discharge
current is I = I;(1+visgg), where I; is the ionic current.

3.4. Chemical composition

The atomic concentration of Ti (Cu) in deposited films
is generally lower (higher) than that of the original
Ti;3Cugy target. It is known that the sputtering yield
of Ti is less than that of Cu [14]. Also, when Ti is sput-
tered in an Ar/N, gas mixture, the sputtering yield is
decreased, because a part of Ti on the target surface is
nitrided. This effect is weaker for Cu, because it is more
difficult to Cu nitride than Ti one due to a weaker Cu—
N bonding. After being sputtered for some time, the
Ti:Cu ratio on the target surface will reach equilibrium,
so that the ratio of the sputtered yield of the two ma-
terials equals their ratio in the bulk target. Thus, it is
like that the difference between the compositions in the
target and the film is caused by their different throw
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Fig. 3. Ratio of Ti to Cu transport factors (Ti:Cu TF) vs the
nitrogen partial pressure ratio

distances and the different absorption rates on the film
surface.

3.5. Determination of atomic Ti:Cu ratio using
sputtering and mass transport
consideration

The atomic Ti:Cu transport factor is depicted in Fig. 3
and increases, as the nitrogen partial pressure ratio in-
creases due to a lower scattering from nitrogen species
than that of argon species in plasma during the mass
transport between the target and the substrate.
Rahmati et al. [14-16] deposited Ti:CusN thin films
using the reactive DC magnetron sputtering from a
Ti;3Cug; target and found that the atomic Ti:Cu ra-
tio in as-deposited thin films (= 0.07) was less than that
of the original target (=0.15). Also, they indicated a
good agreement between experimental results and the

T able 2. Atomic and molecular species taking part
in surface interaction at the target, with their approxi-
mate incident energies and the corresponding interaction
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Fig. 4. Simulated and experimental values of atomic Ti:Cu ratio
vs the nitrogen flow ratio

values calculated using the sputtering yield of each ele-
ment from the alloyed target.

Zhao et al. [17] prepared Ti-Cu-N thin films using
the pulsed biased arc ion plating from Cuj,Tigg and saw
that the content of Cu appeared to be < 4.5 at.%.

The experimental and simulated atomic Ti:Cu ratios
are plotted in Fig. 4. The simulated values with throw
distance (TD) consideration show a good agreement with
experimental values except at moderate and high pres-
sures. To reconcile the simulation results with experi-
ment, the complexity of the dynamical behavior (com-
pound formation and its removal) of the target surface
should be included in the two latter pressure regions.

4. Conclusion

In this study, the pressure-dependent variation of a
Ti;3Cugy target mode was investigated by measuring the

Table 3. Nitrogen and argon flowmetre, atomic Ti
and Cu concentration and films’ mass

processes Qn,:Qar (scem) | Ti (%) | Cu (%) | Film mass (10-° g)
Species | Approx. energy | Processes 0:25 5.93 94.07 60
N2 30 meV Adsorption 1:25 6.32 93.68 50
N 30 meV Adsorption 2:25 6.89 93.11 39.86
N 0.75eVy/2 (two N atoms) Implantation, 3:25 9.51 90.49 39.17
Reflection and sputtering 4:25 9.65 90.35 41.5
Nt 0.75eVy Implantation, 6:25 9.98 90.02 39.5
Reflection and sputtering 10:25 8.52 91.48 39
Art 0.75eVy Implantation, 15:25 8.57 91.43 33.33
Reflection and sputtering 22:25 6.85 93.15 39.17
646 ISSN 2071-0186. Ukr. J. Phys. 2012. Vol. 57, No. 6
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N, partial pressure, deposition rate, target voltage, and
Ti and Cu concentrations for various reactive No gas flow
ratios.

The deposition rate is reduced due to a lower sputter-
ing yield and a higher scattering under the mass trans-
port between the target and the substrate. Secondary
electron emission yield from the nitrided target surface
is greater than that for an unnitrided target surface.
Therefore, at a constant sputtering power, the target
voltage decreases, as the N, partial pressure increases.

By means of the TRIM.SP Monte-Carlo simulation,
the particle reflection coefficients of reflected neutrals
are calculated. The initial energies of reflected neutrals
and sputtered particles at the substrate are estimated us-
ing a simple binary collision model and the distribution-
weighted averages, respectively. Their final energies de-
pend on the energy dissipation during the mass trans-
port through the gas phase. Energy and angular charac-
teristics of the sputtering yield were extracted from the
available literature to obtain a prediction about the final
composition of films. The simulated atomic Ti:Cu ratio
shows the underestimated value of experimental atomic
Ti:Cu ratio.
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port of Iranian nanotechnology initiative. Also, A.R. is
grateful to Faculty of Physics, University of Tabriz.
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BIIJINB ITAPIIIAJIBHOT'O

THUCKY A30TY HA PEAKTUBHE

MATHETPOHHE PO3IINJIEHHS Tii3Cugy
MIITEHI: MOAEJIFOBAHHSA XIMIYHOTI'O CKJIAZLY

A. Pazmami, M. Xansaoe
Pezmome

Mimens i3 cregenoro kommo3uty Tijz3Cugy Oyii0 peakTUBHO PO3-
nopomrero B Ar—Ng armocdepi, i pO3HOpOMIeHy PEYOBHHY 0CaIKe-
HO Ha Si(111) migxnanku. JTocmifkeHo 3a/eXkKHy BiJ THCKy 3MiHY
pexumy po3nuneHHa s Ti13Cugy—N2 cucTeMu miasgxoM BHMIpEO-
BaHHS MapliajJbHOro TUCKY N2, MIBHOKOCTI OCAJKEHHS, HAIPYTH
Ha MmimeHi i kornesrpauii Ti ra Cu gust pi3HuX iHTEHCHBHOCTEH
peakTuBHOro razosoro noroky Na. IToBepxua Tii3 Cugy MmimreHi mo-
4HMHAE a30TYBATUCH i3 3POCTAHHAM IHTEHCHBHOCTI IIOTOKY MOJIEKYJI
a3ory. A30TyBaHHS BUKJIMKAHO abcopOIfi€ro i BHPOBaJKEHHAM MO-
neKysn a3oTy Ha noBepxHi Ti;3Cugy Mimeni. OTxe, MBUAKICTH Oca-
AXKEHHHA 3MEHINYETHCA 3aBAAKW 3HUXKEHHI0 BUXOAY DPO3NUJICHHA l
6iBIIOMY PO3CISHHIO IIPYU TPAHCIOPTYBAaHHI PEYOBHMHH BiJl MilIeHi
no migkiaanaku. Buxiz BTOpuHHOI €/IeKTPOHHOI eMicil 3 a30ToBaHik
moBepxHi MimreHi 6inbmre, Hixk 6e3 a3zoryBaHHA. ToMy 3a craJjol
[IOTY>KHOCTI PO3MMJIEHHSI HANPyra HA MiIIE€HI 3MEHIIYETHCS IIPHU
30inbIIeHH] mapiajgbHOro THCKY a3ory. Po3paxoBano koedirien-
TH BimburTa HeirpanbHuX YacTuHOK MeromoM TRIM.SP Moure-
Kapao. ITouarkosi exepril Bigo6parkeHnx HeUTPAJIbLHUX i PO3IIOPO-
UIEHUX YACTUHOK I00/IN3Y IMiAKJIaJKH OIiHEHO, BiZIIOBIAHO, B paM-
Kax IpocTol Mozesi GiHapHUX 3iTKHEHSD i 3 cepeHIiMU 3BaXKEHUMH 3
po3nozginom. KinieBi eHeprii 3asexaTh Bif Aucuramii eHepril mpu
MIPOXOKEeHHI KPi3b rasose cepemosumie. Bimomi 3 smiTepaTypu gaHi
3a EHEPreTUYHHUMU Ta KYTOBHMU XaPaKTEPUCTHUKAMU DO3NUJICHHA
BUKODHUCTAHO I Nepen0adeHHs CKJIAMY ILIiBOK.
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