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Technological parameters of magnetron sputtering have great influence on the
transmittance and thickness of titanium dioxide coating. Traditional technology for single
factor method ignores the parameters correlation. Novel grey relational quantitative
model involves the construction of data absolute position difference and the difference
of changing rate. Combined with sputtering temperature, background vacuum pressure,
sputtering pressure and sputtering voltage, experiments were carried out. The optimal
parameters were obtained from experiment. The transmittance and thickness of titanium
dioxide films with different data were analyzed and calculated. The experimental study

shows that compared with the traditional grey relational model, the detection accuracy of
our proposed model improves 5-10%, and the model is more suitable for transmittance

detection.

1. INTRODUCTION

With the increasing demand of domestic optical film
products, the requirements for high refractive index, wear
resistance, and corrosion resistance performance are higher
and higher. Titanium dioxide has a great influence on the
coloring and spectral properties of glass [1]. It has high
chemical and thermal stability, excellent photocatalytic
activity [2-4]. So it is widely used in the medicine, solar cell
electrode and self-cleaning [5, 6]. Magnetron sputtering is
usually used for titanium dioxide. This method has the
advantages of high sputtering rate, high bonding strength, easy
control of composition and good repeatability [7-11].

During magnetron sputtering, technological parameter
including the background vacuum pressure, sputtering
pressure, oxygen argon nitrogen ratio, sputtering voltage,
sputtering current, sputtering power, sputtering temperature,
deposition time and power type have great influence on the
properties of titanium dioxide films. To find the correlation of
technological parameters, it is necessary to make multi-
attribute objective decision, optimize process conditions and
select the optimal process. Li [12] studied the effects of
magnetron sputtering parameters on the film thickness,
adhesion and surface roughness by single factor orthogonal
test. The effects of magnetron sputtering parameters on the
morphology, structure and properties of nickel plated samples
were studied by orthogonal test. Most papers used single factor
test method to study the effect of parameters on the
microstructure and properties of titanium dioxide films [13-
17].

During the process parameters of titanium dioxide coating,
the gas flow ratio, power, deposition time and pre-sputtering
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time in the cavity are constant. The main parameters affecting
the transmittance and film thickness are the voltage,
background vacuum, sputtering temperature and air pressure.
If the voltage increases, the impedance of the plasma in the
circuit and the current will change in the gas. The changing
current can produce more ions, and the sputtering rate can be
controlled by the ion colliding with the target. The increase of
air pressure can improve the ionization rate, but it shorts the
average free path of sputtered atoms and reduces the sputtering
rate. However, the increase of temperature can not only
improve the ionization rate, but also improve the sputtering
rate. Therefore, the sputtering temperature has the greatest
influence on the coating thickness and transmittance. The
background vacuum pressure affects the oxygen content on the
film surface and the purity of titanium dioxide coating, but it
has little effect on the coating thickness and transmittance.
Therefore, during production process of titanium dioxide
vacuum coating, the process parameters such as temperature,
voltage, air pressure and background vacuum will affect the
film thickness and transmittance.

About the traditional grey relational analysis, some
researchers analyzed the theories of absolute relational degree,
grey generalized absolute relational degree, T-type relational
degree and grey slope relational degree [18]. Recently
researchers combined grey relational analysis with entropy
weight method and the separation coefficient weighting
method to improve the weight value to evaluate different
objects [19-24]. Liu et al. [25] used the improved grey slope
relational analysis method to optimize the reliability model of
hydraulic system. Yin et al. [18] established a computation
model of grey incidence degree-Evolvement Model. In sum
most papers focus on improving the weight of traditional grey
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relational analysis in different degrees. However, these studies
do not provide much attention to practical application and
analysis.

According to optical titanium dioxide coating, the aim of
this paper is to provide methods to construct grey relational
quantitative model. Novel model of dynamic parameters is
established and applied to evaluate the influence of sputtering
temperature, background vacuum pressure, sputtering
pressure and sputtering voltage on the transmittance and
thickness of titanium dioxide thin films. The results are
compared with traditional grey relational model. The data-
frame-moving method is used to make the correlation
coefficients of the two models continuous. The accuracy of the

improved model is verified based on the correlation coefficient.

2. MAGNETRON SPUTTERING VACUUM COATING

Magnetron sputtering titanium dioxide vacuum coating is to
make target material from titanium deposited and fix target

material on the magnetron cathode. Coating system comprises
following steps. The substrate is placed on the anode directly
opposite to the target surface with constant distance [26].
When the vacuum pressure reaches 0.0031-0.004 Pascal, the
system is filled with 200ml/min Argon and 20ml/min Oxygen.
At the same time, 0.7-0.75Pascal pressure range, 295-304V
DC voltage, 6.6-6.8A current and 2000w constant power is
adjusted between the cathode and anode.

The positive ions produced by the discharge fly to the
cathode in the electric field. Ions collide with Argon atoms and
ionize to produce Argon particles and new electrons. Argon
particles fly to the cathode target and bombard the target
surface with high energy to make the target sputter. The
sputtered atoms escape from the target surface and deposit on
the surface of the substrate to form titanium dioxide film. The
sputtering temperature in the sputtering chamber requires
34.8-35.2°C, the deposition time and the pre-sputtering time
are done with 120 and 38 seconds separately.

Figure 1 shows the working principle of titanium dioxide
thin film by magnetron sputtering.
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Figure 1. Schematic diagram of magnetron sputtering vacuum coating machine

3. MAGNETRON SPUTTERING EXPERIMENT
BASED ON GREY RELATIONAL ANALYSIS

Select experiment data by grey relational analysis. Data is
consistent with the empirical results. Taking the background
vacuum, air pressure, voltage and temperature obtained by
orthogonal experiment as sub-factor sequence, taking
transmittance and film thickness as the parent-factor sequence.
Change the resolution coefficient in turn, the grey relational
degree between sub-factor sequence and parent-factor
sequence is calculated.
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Figure 2. Comparison of gray relational degree (a.
transmittance b. film thickness)

Adding temperature can increase the ionization rate and the
sputtering rate. So, the sputtering temperature has the greatest
influence on the film thickness and transmittance. Background
vacuum pressure affects oxygen content of the film surface
and the purity of titanium dioxide coating. It has little effect
on the film thickness and transmittance. From experience and
analysis, the influence factors is sorted by:
temperature>voltage>air pressure>background vacuum.



In Figure 2, the abscissa is the resolution coefficient and the
ordinate is the grey correlation degree, no matter how the
resolution coefficient changes, the order of correlation
between transmittance and film thickness is always constant,
namely  temperature>voltage>air  pressure>background
vacuum. With the increase of resolution coefficient, the
correlation degree of each factor is also increasing in a positive
correlations. When the resolution coefficient varies by 0.1 to
0.3, correlation degree changes obviously. When it is varying
by 0.4 to 0.9, correlation degree tends to be stable. When the
resolution coefficient is 0.5, not only the correlation degree is
stable, but also the discrimination interval of process
parameters is significant. In conclusion, the resolution
coefficient is 0.5.

4. NOVEL GREY RELATIONAL QUANTITATIVE
MODEL

4.1 Model construction

In order to make the formula in reference [26] representative,
novel grey relational quantitative model coefficient is given by:
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where, 41,45, A1 > 0,4, + A, + -+ A1 =1, Ais the
weight of absolute position difference, A,,:- A,.; are the
weights of the difference in the rate of change. ¢ is absolute
position difference identification coefficient, 7, -=-17,_, are
the identification coefficients of the difference between the
first and k-2 order rate of change, £&=0.5.

Ax,; (k) = xo(k) — x;(k) is the
difference of sequence xo(k) and xi(k) at point . Axgil) (k) =
xél)(k) —xi(l)(k) is the change rate difference of the first

(k=2) ;1N _ L (k=2) (k—2) .

order sequence. Ax,; (k) =x; (k) —x; (k) is the
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absolute  position

change rate difference of k-2 order sequence. xi(l) (k) =
x;(k) —x;(k — 1) is the rate of change of the first order
sequence, xl.(k_z)(k) = xl.(k_3)(k) — xi(k_s)(k — 1) is the rate
of change of k-2 order sequence. i =0,1,2,---,nk =
2,3, ,m.

Both sequences curves are similar when |Ax,; (k)| is
smaller at this moment. The direction of both series curves is
more similar when |xl.(1) (k) — xél)(k)| is smaller. The change
rate of the development speed is more similar when
|xi(2) (k) — xéz)(k)| is smaller.

The formula for grey relational degree has the form:
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The above formulas are the novel grey relational
quantitative model. The model can be proved to meet the grey
relational degree of standardization, integrity, even pair
symmetry and proximity.

(D Standardization:

Obviously, 0 < §(xo(k), x;(k)) < 1, for 44,45, 441 > 0,

§(xo(k), x;(k)) =1 & [axEPU)| =0, k =23,--,m

ol

& 4l 0) = [P0 - Pl =0, k=
(k-2) (k—2) _ =

2,3,,m ex, (k) —x T(k) = =x(k) —

xi(k) =0

S xo(k)=x(k) , k=23,--,m , namely 0<

8(xo(k), x;(k)) =1 and 8(xo(k), x;(k)) =1 X; = X, ,
X, ={x;(k),k=23-m,i=12-n}, Xg ={x,(k), k=
2,---mj}, it means sequences X; and Xj are parallel.

@) Integrity

If X ={xMk),k=2,-mi=02--n} , X;=
{x,(k), k= 2,---m}

Then, §(xo(k), x;(k)) # 6(xo(k), x0(k))

Even pair symmetry

Obviously, &(xo(k), x;(k)) = 6(x;(k),xo(k)) , i=
1,2-n

@ Proximity

When denominator of novel model |Ax,; (k)| = |xq(k) —

x; (k)| decreases, §(xy(k),x;(k)) becomes lager. So novel
model can be called novel grey relational quantitative model.
In order to simplify the calculation, the model is defined as:
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5. EXPERIMENTAL RESULTS AND ANALYSIS

The flow chart of the experiment is shown in Figure 3. The
purpose is to optimize the selection of parameters, quantify the
experimental data and simplify the steps.

5.1 Obtain optimal model parameters by changing ¢ and
7

¢ increases from 0 to 1, 71 decreases from 1 to 0. 4,;=0.5,
1220.5.

x1(k)={background vacuuml, background
vacuum2, ... background vacuumnNG};
xo(ky={pressurel, L. pressureN};
x3(ky={voltagel, .. voltageN};
x4(ky={temperaturel, ... temperatureN};
Xo1(k)={transmittancel, ..... transmittanceN};  xo2(k)={film
thicknessl, .....film thicknessNV}.
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Figure 3. Flow chart of the experiment
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In Figure 5, as A; and A, are changing continuously, most into 10 groups. Correlation algorithm, traditional grey

orders are consistent with the original algorithm: relational algorithm (&=0.5) and novel grey relational
temperature>voltage>pressure>background vacuum. Whether algorithm (&=0.5, #,=0.5, ,,=0.4, A,=0.6) are compared.
groups selected are 6 or 14, the order is keeping change. So ‘A’,‘B’, °)C’, ‘D’, ‘E’ and ‘F’ represent ‘a>b’, ‘a>c¢’, ‘a>
0.2<0<0.5, 0.5<0,<0.8 are the perfect parameters. Further d’, ‘b >c¢’, ‘b > d” and ‘c > d ’respectively. ‘a’ stands for
analysis shows that the difference between voltage and sputtering temperature, ‘b’ stands for voltage, ‘c’ stands for
pressure is also expanding with the increase of the value. So pressure, ‘d’ stands for background vacuum. The first level
Ai=0.4, 1>=0.6 is selected to narrow the margin of error. detection accuracy is defined as the ratio of correct quantity to
total quantity in the case of ‘A’ to ‘F’. The second level
5.3 Comparison results detection accuracy is defined as the ratio of correct quantity to

total quantity in the case of ‘a > b > ¢ > d’ (indicated by ‘T’).
60, 80, 100, 120, 140, 160 groups of data are randomly Figures 6-7 shows the comparison of the accuracy of

selected from the database, and each group is equally divided transmittance and film thickness detection.
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) ‘ ‘ ) M ‘ | ) ‘ ‘ ‘
B 10111001 I 11 N
ABCDEFT ABCDEFT BCDEFT
@ ()
100 100 100
) |N ‘ M N ) ‘ | | ) N | ‘M | N
L il 0 L, i i
ABCDEFT ABCDEFT ABCDEFT
(d) (e) ®

Figure 6. Comparison of film transmittance detection accuracy (a. 600 groups b. 80 groups c. 100 groups d. 120 groups e. 140
groups f. 160 groups)
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Figure 7. Comparison of film thickness detection accuracy (a. 600 groups b. 80 groups c. 100 groups d. 120 groups e. 140 groups
f. 160 groups)

The evaluation of technological parameters is based on the lower than the improved one.

secondary accuracy. In order to explore the relationship among The experimental results show that compared with the
different technological parameters, this paper also counts the correlation algorithm, the novel grey relational algorithm and
first level accuracy. Compared with the traditional algorithm, the traditional grey relational algorithm have higher first and
the larger the amount of data, the higher the accuracy of second level detection accuracy. The novel grey relational
secondary detection of film thickness, but it only reaches about algorithm is superior to the traditional grey relational
55%. When the data reaches 160 groups, the improved algorithm in the accuracy of film transmittance detection and
algorithm is lower than the traditional one. It shows that 160 it has little correlation with the number of groups, generally,
groups of data have redundancy. For the transmission rate, 60 groups can meet the requirements (The second level
when the data reach 60 groups, the primary and secondary accuracy of the grey relational reaches 90%, and the novel
detection accuracy of the improved algorithm reach 98%. grey relational reaches 100%). The accuracy of the novel grey
When the number of groups increases, the detection accuracy relational algorithm is better than that of the traditional one,
remains basically constant, and the traditional algorithms are but the overall detection accuracy is only 60%.
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6. CONCLUSION

In this paper, multi-factors technological parameter analysis
method is used to observe the change of coating performance
which is more realistic than the experimental data. The novel
grey relational algorithm involves the absolute position
difference and the change rate difference from data. Detection
accuracy is better than the traditional gray relational and
correlation algorithm. The second level detection accuracy is
10% higher than the traditional grey relational algorithm.
Although the novel algorithm of titanium dioxide coating
thickness also has advantages, the overall detection accuracy
of the three algorithms are low. It is necessary to find a more
suitable algorithm to study the influence of technological
parameters about film thickness.
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