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Abstract. The correlation of deposition parameters with output functions when using a novel rotating
cryostat (RC) system to produce magnetic materials has been investigated here. In order to do this,
an orthogonal design technique was applied for magnetic material production using a resistively heated
furnace. The results of orthogonal analysis indicate that the thickness uniformity across the film was not
greatly improved, due to the large standard deviation, but an optimum deposition rate was obtained
by appropriate choice of control parameters. Furthermore, the orthogonal design process was applied to
systematically optimise the production of low coercivity in iron films. The results indicate that the process

can be easily optimised.

PACS. 81.15.Ef Vacuum deposition — 81.15.Aa Theory and models of film growth — 75.50.Bb Fe and its

alloys

1 Introduction

Magnetic thin film and multilayer science has now de-
veloped into major industries including the sensors and
magnetic media sectors. This growth has occurred partly
through improvements in the fundamental understanding
of magnetic film behaviour and developments in thin film
processing. For example high performance magnetic heads
utilising soft magnetic thin films along with continuous
developments in magnetic media is leading to rapid in-
creases in magnetic recording densities. To improve the
properties of magnetic materials careful control of input
parameters is necessary during deposition. This has been
demonstrated in this study by investigating the influence
of input parameters on the coercivity in iron films.

A novel rotating cryostat (RC) system previously [1]
used to prepare organic layers has been developed to pro-
duce magnetic materials. The main features of this system
is its high speed rotating (up to 2000 rpm) liquid nitrogen
cooled cylindrical drum 80 cm? (2 cm wide), and multiple
evaporation sources see Figure 1. The aim of this extensive
investigation was to deposit thin iron films using a resis-
tively heated furnace in order to systematically evaluate
the deposition process and parameters, and their corre-
sponding output functions for producing low film coerciv-
ities. Orthogonal design technique was applied for process
optimisation of film deposition without having to perform
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Fig. 1. A schematic of the vertical cross-section through the
main body of the RC system.

the large number of experiments required by the full fac-
torial design. The correlations between deposition param-
eters and the output functions have been discussed and
presented in the first part of this paper. This is followed,
in the second part of this investigation, by an assessment
of the feasibility of producing low coercivity iron films.

2 Experimental method

The thin iron films were deposited from iron vapour on
to a polyimide (kapton™) substrate. The substrate was
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Table 1. The input parameters and level settings used for
evaporating thin iron films. Furnace shape is denoted as
[width x length] mm?.

Input parameters

Level  Furnace Mass of Furnace Gap
setting  shape  material power  (mm)
3 (mm?) (mg) (watt)
1 4 x4 060 330 20
2 2x4 090 355 24
3 4 x2 120 380 28

attached to the drum of the RC which was filled with
liquid nitrogen and rotated at 1300 rpm during deposi-
tion. Iron powder (99.0% pure, 1 to 450 micron in di-
ameter) was vaporised from a resistively heated tungsten
furnace which was placed in one of the ports around the
RC. The deposition time was half an hour for each exper-
iment. The structural analysis of the films was done using
X-ray diffraction which concluded that the films have a
bee a-iron crystalline structure.

The orthogonal design is based on studying the rela-
tionship between input parameters and their correspond-
ing output functions by selecting certain representative
combinations of the input parameter level settings. These
level settings fit into certain orthogonal tables [2]. The
maximum amount of information can be gained using the
least number of experiments, by following the orthogonal
tables. In the case of 4 factors at 3 levels, only 9 exper-
imental runs are required, instead of 81 runs needed to
achieve the optimised condition in the full multidimen-
sional space [3]. The theory and application of orthogo-
nal design technique are outside the scope of this paper
and can be found in detailed elsewhere [4]. It has broad
application areas such as; optimisation of thin film depo-
sition equipment, plasma etching, photoresist processing,
and optical stepper development.

3 Results and discussion

3.1 Optimisation of input parameters with the output
functions of the RC system

In the RC system, it is possible to vary the furnace shape,
the mass of the iron powder, the power of furnace, and the
gap between substrate and source. Therefore, these four
variables serve as our input parameters. Starting with a
baseline process using (2 mm wide X 4 mm long) furnace
shape, 90 mg of iron powder, 355 watt furnace power,
and 24 mm gap between the furnace and the substrate,
a level variation using one higher and one lower level was
selected, yielding 3 level settings for each input parameter.
The level settings and input parameters chosen are shown
in Table 1.

The output functions are thickness uniformity across
the film and deposition rate. The thickness uniformity
is expressed as a percentage and is given by ((z/total
width of film)x100%), where = refers to film width at
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which the thickness varies within +5%. In the case of
run 5, x = 6.14 mm, therefore the thickness uniformity =
(6.14/20) x 100, which is 30.7%. The deposition rate was
calculated from the average thickness value divided by
run-time. For example, for run 5, the deposition rate is
0.120 nm/s. In the experimental set-up, four input pa-
rameters, each of them with three level settings, fit the
orthogonal matrix Lg3* [5,6].

Table 2 shows that the results for each of the 9 exper-
iments required by the Lg3* matrix are listed, plus two
extra experiments labelled 1’ and 1”. These experiments
are the repeats of the first experiment and give a useful
gauge of the random variation in the process.

For example, run 1 in Table 2, the conditions cho-
sen were level setting 1 for each of the input parameters,
(4 x 4) mm? furnace shape, 60 mg iron, 330 watt fur-
nace power, and 20 mm gap. These conditions resulted in
a thickness uniformity of 13.9% and a deposition rate of
0.057 nm/s in Table 2. Similarly, the data for each of the
other experimental conditions in Table 2 and the corre-
sponding results in Table 4 are listed.

Using the formulae in Table 3, the first order data anal-
ysis, which is sufficient in the vast majority of process op-
timisation and characterisation work, has been done as
follows: the output function average (arithmetic means)
for each level setting and for each input parameter are
determined and listed in Table 4. Therefore, the thick-
ness uniformity average for (4 x 4) mm? furnace shape
setting 1 (runs 1, 2, and 3) is given by the average of
U1(28.4%), Ua(44.3%), and Us(31.7%). This is denoted
as Us, and is 34.8%. The average of the same three runs
[U1(13.9%), U1/ (38.1%) U1+ (33.2%)] is taken as Uy (28.4%)
for run 1. Similarly, the thickness uniformity average for
furnace shape setting 2, (2 x 4) mm?, is given by the av-
erage of the thickness uniformity for the experiments 4,
5 and 6 and is Uy, = 33.0%. The thickness uniformity
average for furnace shape setting 3 is Uy, = 23.4%.

As can be seen in Table 4, the first order effect of
changing the furnace shape (4 x 4) mm?, (2 x 4) mm?,
and (4 x 2) mm? is to decrease the thickness uniformity
from 34.8%, 33.0% and finally to 23.4%, respectively. Us-
ing the formulae given in Table 3, the output function
averages for each of the input parameter levels can be
calculated for the thickness uniformity and the deposition
rate. This has function averages (AU, AD). The thickness
uniformity difference for furnace shape, AU, is Us, — Us,,
or 11.4%. Similarly the thickness uniformity difference for
mass is given by AUy, = Up,, — Uny, or 15.3%. In our case,
it can be seen that the largest difference for the thick-
ness uniformity (AUg) is 20.7% that is due to the gap
between the substrate and furnace. The calculated values
of the output function differences are shown in Table 4.
By comparing the four differences, it is possible to quan-
tify the relative effect of each input parameter on thick-
ness uniformity over the level setting range chosen for that
parameter. It should be emphasised that this approach to
data analysis is the simplest approach; more sophisticated
statistical approaches can be found elsewhere (6,7).
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Table 2. The orthogonal experimental results for thickness uniformity (%) and deposition rate (nm/s).

Input parameters

Output functions

Furnace Mass Power Gap Thickness Deposition
Run shape (mm?) (mg) (watt)  (mm) uniformity (%)  rate(nm/s)
1 1) 4x4 (1) 060 (1)330 (1)20  Us =139 Dy = 0.057
2 (1) 4x4 (2) 090 (2) 355 (2)24  Up =443 Dy =0.013
3 (1) 4 x4 (3)120 (3)380 (3)28  Us=3L7 D3 = 0.075
4 (2)2x4 (1) 060 (2)355 (3)28  Uy=129 Dy = 0.010
5 (2) 2 x 4 (2) 090 (3)380 (1)20  Us=30.7 Ds = 0.012
1 (1)4x4 (1) 060 (1)330 (1)20 Uy =381 Dy =0.052
6 (2) 2 x4 (3)120 (1)330 (2)24  Us=55.4 Ds = 0.163
7 (3) 4 x 2 (1) 060 (3)380 (2)24  Ur=258 Dy = 0.024
8 (3) 4 x 2 (2) 090 (1)330 (3)28  Us=188 Ds = 0.094
9 (3) 4 x 2 (3)120 (2)355 (1)20  Us =258 Dy = 0.152
1" (1) 4x4 (1) 060 (1)330 (1)20 Uy =332 Dy = 0.077

Table 3. Formulae for output function averages and output function differences for the orthogonal table Lg3*. (The subscripts
used are: s for furnace shape, m for mass, p for furnace power, g for gap between the substrate and resistively heated furnace.)

Us, = 1/3(Ur + Uz + Us)
Us, = 1/3(Us + Us + Us)
Us, = 1/3(Ur + Us + Uy)
AUy = Us(max.) —

Us(min .)

Um, =1/3(U1 + Us + Ur)
Um2 = 1/3(U2 + Us + Ug)
Um; = 1/3(Us + Us + U9)

AUy = Um(max.) — min .)

Up, = 1/3(U1 + Us + Us)
Up, =1/3(Uz + Us + Uy)
Upy =1/3(Us + Us + U7)

p(max

AU, =1, .) — Up(min .)

Unm(

Ug, = 1/3(Ur + Us + Us)

Ug, = 1/3(U2 4 Us + Ur)

Ugy = 1/3(Us + Us + Us)
(max

AUg = Uy .) = Ug(min .)

Table 4. The corresponding analysis of Table 3 for output function averages and output function differences, and standard

deviations.

Analysis of the results

Run F. shape (mm?) Mass (mg) Power (watt) Gap (mm) Standard deviations
U, U, =348 Um, =223 Up, =342 U, = 28.3

Us U, =330 Uny, =313 Up, =276 U, =418

Us U, =234 Unmg =376 Up, =294 Uy, =21.1

AU  AU; =114 AUy =153 AU, =72 AUy =20.7  Std Devy = 12.8
Dy D, =005 Dm, =003 Dp, =011 Dy =0.11

Dy Ds, =0.10 Dm, =0.08 Dy, =0.06 Dy, = 0.07

Ds Do, =0.09 Dmy =013 Do, =007 Dy, = 0.06

AD  ADs =0.05 ADy, =0.10 AD, =0.07 ADg =0.05 Std Devp = 0.01

It is now easy to determine a process that will yield the
highest thickness uniformity. Table 4 shows that the maxi-
mum thickness uniformity for each input parameter occur
for the (4 x 4) mm? furnace shape, the largest amount
of material, the lowest power and a gap of 24 mm. The
process is optimised for maximum thickness uniformity at
these level settings. This recipe, represented by level set-
tings 1, 3, 1, 2 for furnace shape, mass, power, and gap
respectively, is not one of the experiments included in the
original Lg3* orthogonal matrix. Going back to the RC
system and running this recipe is expected to give a higher

thickness uniformity than any of the thickness uniformi-
ties obtained in the 9 original experiments. However, in
this case, the output function differences for furnace shape
and furnace power is less than the standard deviation of
the thickness uniformity, which means the furnace shape
and the power do not affect thickness uniformity greatly
therefore only the mass and gap have an effect on it.

Furthermore, in practice, due to the limitation of the
RC system it cannot exceed those values used in the ex-
perimental system for the input parameters. For exam-
ple, in the case of furnace power, 330 watt represents the
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Table 5. The orthogonal experimental results for coercivity (top), and the corresponding analysis (bottom).

Input parameters

Output function

Run Furnace Mass (mg) Power Gap (mm) Coercivity
shape (mm) (watt) H.: (kA/m)

1 1) 4x4 (1) 060 (1) 330 (1) 20 C1 = 03.78
2 (1) 4 x 4 (2) 090 (2) 355 (2) 24 Cs = 16.90
3 (1) 4 x 4 (3) 120 (3) 380 (3) 28 Cs = 05.45
4 (2) 2 4 (1) 060 (2) 355 (3) 28 Cy = 12.80
5 (2) 2 x4 (2) 090 (3) 380 (1) 20 Cs = 04.60
i (1) 4x 4 (1) 060 (1) 330 (1) 20 Cy = 11.80
6 (2) 2 x4 (3) 120 (1) 330 (2) 24 Cs = 07.40
7 (3) 4% 2 (1) 060 (3) 380 (2) 24 Cr = 14.40
8 (3) 4 x 2 (2) 090 (1) 330 (3) 28 Cs = 10.80
9 (3) 4 x 2 (3) 120 (2) 355 (1) 20 Co = 03.20
17 (1) 4x4 (1) 060 (1) 330 (1) 20 Cir = 06.10
Ci Coy=00.86 Cm, =1148 Cp, = 0848 Cy = 05.01

Co  Cuoy=0827 Cm,=1077 Cp, = 1097  Cy, = 12.90

Cs Oy =0947 Cmy =05.35 Cp, =08.15  Cy, = 09.68

Cs ACs =01.59 ACn =06.13 AC,=0282 AC; =07.89 Std. Deve = 04.50

optimised furnace power settings, and a greater rate could
be achieved by going to a power of more than 380 watt
however this would melt the pouch.

Finally, the redundant experimental runs, 1, 1’ and 1”,
can be used to calculate the standard deviation. The rela-
tive significance of the output function averages can then
be determined by comparison to the standard deviation.

In this work, the thickness uniformity has been the sole
subject of the discussion, but the deposition rate is also
important in developing an optimal process. In examining
the averages and differences for thickness uniformity and
deposition rate shown in Table 4, with the goal of having
the best thickness uniformity and fastest deposition rate,
the following recipe would be chosen, as 1, 3, 1, 2 and 2,
3, 1, 1 respectively.

The best thickness uniformity is gained at furnace
shape level 1, while the fastest rate is at furnace shape
level 2. However, the effect of furnace shape on thickness
uniformity is less than the standard deviation (see Tab. 4),
therefore not significant over the furnace shape studied.
Thus optimum process can operate at furnace shape set-
ting 2, resulting in the best deposition rate with no impact
on thickness uniformity. Even though the effect of mass on
thickness uniformity is almost equivalent to the standard
deviation and the effect of power is less than the standard
deviation, the best deposition rate for mass is 3 and for
power is 1. The gap setting is chosen by again comparing
the strengths of the output function averages, and the dif-
ferences of the output function compared to the standard
deviation. Gap has almost the same effect on thickness
uniformity and on deposition rate, but for the application
of thin iron film, it is important to have the more uniform
thickness in film than the faster deposition rate. There-
fore, the optimum output parameters would be: 2, 3, 1, 2.

The subsequent thickness uniformity and deposition
rate results derived using this recipe are 40.1% and

0.424 nm/s. These results are a substantial improvement
over the results seen in the eleven experimental runs re-
quired by the orthogonal matrix.

3.2 The effect of deposition in producing
low coercivity iron films

The same four input parameters with 3 level settings for
each input parameter are shown in Table 1. The coerciv-
ity, H. (kA/m) of the thin iron films and measured by
a vibrating sample magnetometer (VSM) is the output
function. Table 5 shows the input parameters and output
functions together with analysis of the results for each of
the 9 experiments required by the Lg3* matrix together
with two extra experiments labelled 1’ and 1”.

The conditions chosen for run 1 were level setting 1 for
each of the input parameters, (4 x 4) mm furnace shape,
60 mg iron, 330 watt furnace power, and 20 mm gap. These
conditions resulted in a coercivity value of 3.78 kA/m.
Similarly, the data for each of the other experimental con-
ditions and the corresponding results are listed in Table 5.

Using the first order data analysis, the output function
average for each level setting and for each input parame-
ter are determined. The coercivity average for (4 x 4) mm
furnace shape setting 1 (runs 1, 2, and 3) is given by
the average of C1(7.23), C2(16.90), and C5(5.45). This
is denoted as Cs, and is 9.86. The average of the same
three runs [C7(13.9), C1/(38.1), and Cy~(33.2%)] is taken
as C1(7.23) for run 1. Similarly, the coercivity average for
furnace shape setting 2, (2 x 4) mm, is given by the aver-
age of the coercivity for the experiments 4, 5, and 6 and
is Cs, = 8.27. The coercivity average for furnace shape
setting 3 is Cy, = 9.47. The first order effect of chang-
ing the furnace shape to (4 x 4) mm, (2 x 4) mm, and
(4 x 2) mm is to change the coercivity to 9.86, 8.27 and
9.47 respectively.
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The coercivity difference for furnace shape, ACj, is
Cs, — Cs, = 1.59. Similarly the coercivity difference for
mass is given by ACy, = Cp, — Cry, = 6.13. The largest
difference for coercivity (ACy) is 7.89 that is due to the
gap spacing. By comparing the four differences, it is possi-
ble to quantify the relative effect of each input parameter
on coercivity over the level setting range chosen for that
parameter.

Table 5 shows that the low coercivity for each input
parameter occur at the (2 x 4) mm furnace shape, the
largest amount of material, the highest power, and the
smallest gap. The process is optimised at these level set-
tings with the goal of attaining an iron film with the low-
est coercivity. The lowest coercivity is gained at furnace
shape level 2. However, the effect of furnace shape on co-
ercivity is less than the standard deviation, therefore not
significant for the furnace shapes studied. Even though the
optimum process can operate at any of the furnace shape
settings, it would be logical to chose the level setting 2.
The effect of mass on coercivity is slightly bigger than
the standard deviation and the effect of power is less than
the standard deviation, the lowest coercivity for mass is
3 and for power is 3. The gap setting is chosen by again
comparing the strengths of the output function averages,
and the differences of the output function compared to the
standard deviation. The gap has the biggest influence on
coercivity, the obvious choice is setting 1. Therefore, the
optimum output parameters for reducing coercivity would
be 2, 3, 3, and 1 for furnace shape, mass, power, and gap
respectively. This configuration is not one of the experi-
ments included in the original Lg3* orthogonal matrix.

The subsequent coercivity derived using this recipe is
1.2 kA/m. This result is an improvement over the results
seen in the eleven experimental runs required by the or-
thogonal matrix. By comparing the output function dif-
ferences (ACy, ACy,, AC,, and ACy) with standard devi-
ation for coercivity, only the mass and gap is expected to
have an influence on the coercivity. Further information
can be gained from the orthogonal matrix by plotting the
level averages as a function of level setting in Figure 2.
As seen in Figure 2, if the level settings are extended be-
yond the chosen for original matrix, it should be possible
to achieve even lower coercivity. In practise, due to the
limitation of the RC system it cannot exceed those values
used in the experimental system.

3.3 Structural analysis

The structural characteristic of the films was determined
using XRD. The X-ray measurements were made with
Cu Ka radiation in the range of 25° < 20 < 70° , where 6
is the Bragg angle. Bragg reflections were obtained for
20 = 45°, 65° as shown in Figure 3 which correspond to
the (110) and (200) reflections of the body-centred cu-
bic (bee) structure of a-iron. Transmission electron mi-
croscopy measurements also confirmed that the films have
a polycrystalline structure.
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Furnace Shape (mm) |Cs (kA/m)
4*4 9.86
2%4 8.27
4*2 9.47
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Fig. 2. A plot of the output function averages from Table 5
as a function of the input parameter level settings.
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Fig. 3. Typical X-ray diffraction traces showing the bce a-iron
structure of iron film evaporated by the RC system.

4 Conclusions

The magnetic material has been produced by a
novel RC technique, and its optimisation for magnetic
material production together with the low coercivity iron
film production was systematically investigated by using
a orthogonal design technique.
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The results of orthogonal analysis indicate that the
thickness uniformity across the film was not improved,
due to the large standard deviation, but the optimum de-
position rate was obtained, by using the chosen control pa-
rameters. The reason for this is simply that the relatively
small dimensions of the RC system imposes limitations on
its operation when depositing magnetic films i.e., the lim-
ited space inside the vacuum chamber makes it difficult to
vary gap between substrate and the evaporation source.

For the purpose of developing low coercivity iron film
the orthogonal process technique was applied. The results
of orthogonal analysis indicate that there is no effect of
the furnace shape, and power on coercivity, and only a
small effect on coercivity due the mass and the gap, how-
ever the process was optimised to reduce the coercivity by
using the chosen control parameters. The large standard
deviations over the optimised measurements are thought
to be in part due to the difficulty in maintaining consistent
deposition conditions.

A continuation of this work therefore requires a new
system that incorporates the novel features of the present
RC system but without its limitations.
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