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Abstract. The titanium thin films obtained by magnetron sputtering with the rotating substrate at
different distances between the substrate and magnetron centers were studied with regard to the unifor-
mity of the film thickness distribution. On the basis of the experimental data obtained, the model for
the magnetron film deposition during substrate rotation was developed. The analysis of the simulation
results shows that the model error is not greater than 10%.
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1. Introduction
Now magnetron sputtering is a more frequently used
method for the deposition of thin films [1]. In mi-
croelectronic this method is utilized not only for the
formation of metalization films, but also for the prepa-
ration of the oxide and nitride films, e.g., ferroelectric,
high-temperature superconductors, magnetoresistive
thin films, etc [2, 3]. It should be noted that the
development of microelectronic implies the constant
decrease in the component dimensions. This results
in the proportional decrease in the thickness of the
deposited films. At the same time, the diameter of the
silicon wafer increase to 300mm, and in the nearest
future they will grow to 450mm. Therefore, for the
thin film deposition the methods of the individual
substrate treatment are applied. For this reason, the
deposited thin films of high thickness uniformity are
of great demand.
During magnetron sputtering in order to increase

the uniformity of the film thickness distribution the
sputtering area is increased in most cases. To de-
posit films onto the large substrates, the magnetrons
equipped with several sputtering areas or magnetrons
of complex shape were designed [4]. However, it im-
plies the fabrication of the large targets, but some-
times it cannot be achieved. For the fabrication of
component and multicomponent targets the cost for
the initial materials and fabrication itself can be very
high. The large target can also crack during fabrica-
tion and operation.

Among others magnetron sputtering techniques, the
application of rotating substrates is one of the rela-
tively simple methods to increase the uniformity of
the deposited layers. For the small sputtering areas
this method allows for obtaining relatively uniform
in film thickness even onto the substrates that out-
measure the target in several times. However, often
at designing of such systems the relative positioning
of the magnetron and the substrate is selected em-

pirically. Herewith, the peculiarities of the different
sputtering materials do not take into account. The ap-
plication of the simulations can significantly decrease
the terms and costs for the development and exclude
the mistakes during design of the equipment for the
magnetron sputtering of thin films.
The majority of the modern methods for the cal-

culations of the thickness of the deposited films are
based on the principles suggested by Holland [5]. This
model is based on the integration of sputtered flow
from the each point of sputtered area. In the sequel
this model was applied for the variety magnetron types
and methods of substrate movement [6–9]. However,
these models do not consider the peculiarities of the
current density distribution in the sputtering area of
magnetron, space distribution of sputtered atoms, and
the data on the errors of these models are practically
absent.
So, the work deals with the investigation of the

thickness uniformity of the deposited films obtained
by magnetron sputtering onto the rotating substrate
in order to develop the method for computation of
the systems.

2. Experimental
Schematic diagram of the magnetron sputtering sys-
tem with rotating substrate is shown in Figure 1. The
chamber of the vacuum setup VU–1 was equipped
with magnetron sputtering system with target of di-
ameter of 80mm and end-Hall ion source. The ion
surface pretreatment was carried out by ion source.
In the experiments substrate holder rotating rate was
kept constant of about 24.5 rpm. The substrate area
was located at the distance of 100mm from the target
surface. The substrate–target distance was controlled
by the magnetron shift.
During the experiments, the substrate from

monocrystalline silicon wafer Si(100) with the diame-
ter of 150 mm was placed on the rotating substrate
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holder. The chamber of the vacuum setup was evacu-
ated to the base pressure of 10−3 Pa and in order to
increase the film adhesion then ion beam cleaning of
the substrates was carried out. For this, high-purity
argon gas was introduced into the ion source up to
the working pressure of 10−2 Pa (QAr = 6 sccm). The
cleaning took place at rotating substrate. All exper-
iments were carried out at a constant cleaning time
of 3min, discharge voltage of 240V, and discharge
current of 3.5A.
For the sputtering of Ti target (99.9%) the mag-

netron sputtering system MARS.080.011 was used.
The working gas was introduced into the gas distribu-
tion system. The gas flow was of about 35 sccm. The
pressure was at about 0.06 Pa in the chamber. Dur-
ing depositing process the discharge current was kept
constant and was about 2.0A; discharge voltage was
360-375V and depositing time was 180 s. The thick-
ness uniformity of the deposited films was determined
by optical interferometric profilometer POI-s08.

3. Results and discussion
The processes of the deposition of thin films onto the
rotating substrate during magnetron sputtering of
Ti target were studied. The profile of the thickness
distribution was obtained at different shift of the sub-
strate center relative to the target center (Figure 2).
At discharge current of 2.0A the deposition rate was
about 1.1 nm s−1 on the magnetron axis and about
0.8 nm s−1 on the substrate edge. With increasing
distance between the substrate and target centers, the
deposition rate decreased, but at the same time the
uniformity of the layers increased.
On the basis of the data obtained the model for

magnetron deposition of the films onto the rotating
substrate was developed. In Figure 3 the schematic
diagram of the model is shown. The rotating substrate
is placed on the axis of vacuum chamber. The mag-
netron sputtering system is positioned at the bottom
of the chamber, in such a way, that the target surface
is at the distance h from the substrate surface and
is parallel to it. The magnetron center is not coinci-
dent with that of the substrate. The coordinates for
magnetron center are (xm; ym).
The deposition rate V (r2, t) at the time t of the

substrate surface point situated at the distance r2
from the substrate center can be computed by Eq.(1)

V (r2, t) = 1
π

Rmax∫
Rmin

2π∫
0

(
r1υt(r1) cos2 ϕ(r1, r2, θ, t)

l2(r1, r2, θ, t)

)
dr1dθ

(1)
where Rmin and Rmax are the minimum and maxi-
mum radii of erosion area; ϕ is sputtering and conden-
sation angle; θ is polar angle; l the distance from the
sputtering point to the condensation point; v1(r1) the
sputtering rate of the target material in the radius r1

Figure 1. Schema of the magnetron sputtering setup
with rotating substrate.

Figure 2. The profiles of the thickness distribution
of the Ti films obtained at different shift from target
center to that of magnetron: a — 0mm; b — 30mm;
c — 54mm; d — 75mm.

υt(r1) = Y
jt(r1)A

NAeρ(1 + γ) . (2)

where Y is the sputtering yield of the target material
atoms; e is the electron charge; jt(r1) the discharge
current density in the radius r1; A atomic mass of
the sputtering material; ρ the density of target; γ
the coefficient of ion-electron emission of the target
material; NA Avogadro’s number.
The distribution of the discharge current density

jt(r1) was fitted by double-Gaussian fit. In this dis-
tribution the real parameters of sputtering area and
discharge current are used so this model allows us
to formulate mathematically the distribution of the
density of ion current with high accuracy. For this
simulation the profile of distribution of ion current is
set analytically by the following equation

jt(r1) = It
π(Rmax +Rmin)

f(r1)
∞∫
0
f(r1)dr1

, (3)
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Figure 3. Schematic diagram of the magnetron sput-
tering system with rotating substrate.

where It is magnetron discharge current; f(r1) the
distribution function that is double semi-Gaussian

f(r1) =


1√
2πσ exp

[
− (r1−R̄)2

2σ2
1

]
for r1 ≤ R

1√
2πσ exp

[
− (r1−R̄)2

2σ2
2

]
for r1 > R

σ1 = R̄−Rmin

3 σ2 = Rmax − R̄

3 σ = Rmax −Rmin

6 ,

(4)

where R̄ is maximum radius of erosion area. At the
same time the distribution function must satisfy the
following equation

∞∫
−∞

jt(r1)dr1 = It. (5)

During the process time tdep the thickness of the
deposited film of the point located in radius r2 from
the substrate center can be described by

W (r2) =
tdep∫
0

V (r2, t)dt (6)

The space distribution of the sputtering atoms is
believed to follow the cosine distribution in the Eq.
(1). However, Ti belongs to the materials for which
the emission maximum during sputtering does not
coincide with the direction of the normal to the surface
(Figure 4) [10]. Therefore, for simulate the space
distribution of the sputtered Ti particles the following
function was applied

F (ϕ) = cosϕ
α2 sin2 ϕ+ cos2 ϕ

. (7)

where α is the coefficient on which the shape of the
deposited particles depends. If α > 1 the function

Figure 4. The space distribution of the sputtered par-
ticles during magnetron sputtering of Ti [10].

has the shape of over cosine distribution, if α < 1 has
under cosine distribution, and if α = 1 the function
has usual cosine distribution.
The distance from sputtering point to that of con-

densation and sputtering angle can be determined
from geometry constructions. So the coordinates of
the sputtering point at the target surface during inte-
gration can be computed as

xt(r1, θ) = r1 cos(θ) + xm,

yt(r1, θ) = r1 sin(θ) + ym.
(8)

The angular rotation rate of the surface is

vs = 2πNs60 , (9)

where Ns is the substrate rotation rate in rpm. The
rotation angle of the substrate at the time point t is

γ(t) = vst. (10)

Then, the coordinates for surface point in radius r2
at the time point t can be determined from

xs(r2, t) = r2 cos(γ(t)),
ys(r2, t) = r2 sin(γ(t)).

(11)

The sputtering angle

ϕ(r1, r2, θ, t) = arcsin
(

h

l(r1, r2, θ, t)

)
, (12)

where

l =
√

(xs − xt − xm)2 + (ys − yt − ym)2 + h2. (13)

Utilizing the profile of the distribution of film thick-
ness at different distance between centers of the sub-
strate and magnetron, we calculated the uniformity
of the film thickness (Figure 5). During calculations
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Figure 5. The computed (a1, b1, c1, d1) and experi-
mental (a, b, c, d) profiles of the thickness distribution
of Ti film at different shift from target center to that
of magnetron: a, a1 — 0mm; b, b1 — 30mm; c, c1 —
54mm; d, d1 — 75mm.

Figure 6. The dependence of nonuniformity of the Ti
film thickness on the shift distance between centers of
substrate and magnetron at different substrate-target
distance: a — 100mm; b — 60mm.

we used the following parameters: target material Ti,
sputtering yield YTi = 0.221, α = 0.55, γTi = 0.01,
ρTi = 4.54 g cm−3, ATi = 47.87 a.u., Rmin = 4.5mm,
Rmax = 32.5mm, R̄ = 19.5mm. The distance target-
ssubstrate was of 100 mm. The substrate rotation
rate was of 24.5 rpm, the discharge current of 2.0A,
depositing time 180 s.
For comparison the experimental results for film

thickness distribution are also shown in Figure 5. As
can be seen, the computed profiles agree with experi-
mental data. The error does not exceed 10%. So, the
developed model can be used for forecasting of the
film thickness distribution at magnetron sputtering
onto the rotating substrate.
Utilizing the developed model, we calculated the

uniformity of film thickness in Ø150mm substrate at
different distances between centers of the substrate
and magnetron (Figure 6). As can be seen, with
increasing distance the nonuniformity is decreasing

Figure 7. The dependence of the average deposition
rate of Ti film on the shift distance between centers of
substrate and magnetron at different substrate–target
distance: a — 100mm; b — 60mm.

and when the shift is 75mm the films nonuniformity
less than 10% can be obtained. However, it implies
the decrease in the average depositing rate in about 2
times (Figure 7). The decrease in the deposition rate
can be compensated by the decrease in the distance
target–substrate (see Fig. 7, curve b). However, it
results in the significant increase in the nonuniformity
(see Fig. 6, curve b), and it can be clearly seen at
small distance between target.

Besides, this model does not take into account the
thermalization effect for the sputtered atoms. With
increasing shift distance, the distance from sputtering
point to condensation one also increases. At distance
shift of 75mm the maximum distance from sputter-
ing point to the condensation one can reach 150mm.
At the same time, the probability of thermalization
of sputtered flow and its interaction with atoms of
residual gases increases [11].
As is known, the direct path length of the sput-

tered atoms depends on the nature of the sputtered
material and working pressure [11]. Therefore, for
the determination of the process configuration the
working pressure, distance substrate–target and shift
distance between centers of substrate and magnetron
should be chosen, in such a way, that the distance of
the direct path for the sputtered atoms exceed the
maximum distance from the point of the sputtering
to the condensation point.

4. Conclusions
The titanium thin films obtained by magnetron sput-
tering with the rotating substrate were studied. It
was established that the increase in the shift distance
between the centers of substrate and target allows for
improving the uniformity of film thickness at decreas-
ing deposition rate.
On the basis of the experimental data obtained,

the model for the magnetron layer deposition during
substrate rotation was developed. The error does not
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exceed 10%. So, the developed model can be used
for forecasting of the film thickness distribution at
magnetron sputtering onto the rotating substrate.
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