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Abstract. Production parameters are important for the production of desirable type of magnetic materials.
The feasibility of low coercivity amorphous films production using a novel rotating cryostat (RC) tech-
nique for sensor application was investigated. Fegi Co13.5Si3.5C2 and Fegy Co18Sii1 B14 amorphous films was
vaporised using a resistively heated furnace on to a liquid nitrogen cooled polyimide Kapton™ substrate
rotated at the speed of 1300 rpm. The Orthogonal design process was applied in order to systematically op-
timise the deposition process and parameters over the output functions for the production of low coercivity
films. The results indicate that the process can be easily optimised at these level settings with the goal
of having the low coercivity amorhous films. By comparing the output function differences with standard
deviation for coercivity, the effects of all input parameters (furnace shape, furnace power, mass of material
and the gap between substrate and source) on coercivity values of films were analysed. Furthermore, the
amorphous nature of these films was confirmed by X-ray measurement.

PACS. 81.10.Bk Growth from vapor — 75.50.Bb Fe and its alloys

1 Introduction

A Novel Rotating Cryostat (RC) system can deposit ma-
terials onto surface of a substrate mounted on a rapidly
rotating (up to 2000 rpm) liquid nitrogen cooled cylindri-
cal drum under ~10~% mbar vacuum. The system has a
large deposition area of 80 cm? (40 cm in length and 2 cm
wide) and up to ten target sources can be placed around
the RC. The details of the RC system can be found else-
where [1-4].

Amorphous materials are most commonly produced in
the form of ribbons, wires and have generally a number
of superior properties over crystalline materials such as
higher electrical resistivity, flexibility without loss of hard-
ness, high tensile strength and better corrosion resistance.
The iron-based alloys ribbons such as FegiBi3.55i3.5C5
and Feg7Co18Si1B14 combine high saturation induction,
very high permeability and relatively high magnetostric-
tion with low loss hysteresis [5]. Magnetic properties of the
evaporated iron-based amorphous thin films were widely
investigated for magnetoelastic sensor applications [6,7].
Using RC system Feg1Co13.55i3.5C2 and FegrCo185i1B14
amorphous films evaporated on plastic kapton substrate
exhibits a coercivity variation of 2.3 kA/m and/or higher
in our previous study [8]. The coercivities of these films
are very high as compared to those of the equivalent bulk
materials; in some cases are over 2000 larger than their rib-
bon counterparts. Other researches [9] have also indicated
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very high coercivities for sputtered and laser-deposited
Feg7Co18511B14 amorphous films.

The aim of this work was to investigate the feasi-
bility of producing low coercivity FegiCo13.55i3.5Co and
Feg7Co15511B14 amorphous films using a novel RC system.
100 nm thick films were produced from a resistively heated
furnace. Orthogonal design process was applied in order
to systematically evaluate the deposition process and pa-
rameters, and their corresponding output functions. The
correlations between deposition parameters and the out-
put functions have been discussed and presented in this

paper.

2 Experimental details

Amorphous ribbons of atomic composition
F681C013,5Si3_5C2 and F667C018811B14 were used as
source material. The thin films were deposited on to
a polyimide (KaptonTM) substrate. The substrate was
attached to the drum of the RC at ambient temperature,
which was later filled with liquid nitrogen and rotated
at 1300 rpm. The RC system was operated for an hour
for each experiment. The structural analysis of the films
was done using a Philips PW1820 X-ray diffractometer.
A purpose built Magneto-Optic Loop Plotter (MOKE),
operating in transverse Kerr mode, is used to measure
the coercivity of the films.
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The orthogonal design [10] is based on studying the
relationship between input parameters and their corre-
sponding output functions by selecting certain represen-
tative combinations of the input parameter level settings.
These level settings fit into certain orthogonal tables [11].
The method can be used for process optimisation without
having to perform the large number of experiments re-
quired by the full factorial design. The simplest method of
process optimisation is the one-dimensional research. The
other extreme is a full dimensional research exemplified by
factorial designs. A number of fractional factorial design
approaches have been developed in which certain subsets
of the full dimensional search are used to optimise the
process. One such approach is orthogonal design, which
was developed by Taguchi [12]. The maximum amount of
information can be gained by following orthogonal tables.
In this case, 4 factors (furnace shape, mass of materials,
furnace power and gap between source and the substrate)
with 3 levels requires only 9 experimental runs, instead
of 81 runs needed to achieve the optimised conditions in
the full dimensional space. The theory and application of
orthogonal design technique are outside of the scope of
this paper and can be found in detailed elsewhere [10-12].
It has a broad application areas such as; optimisation of
thin film deposition equipment, plasma etching, photore-
sist processing, and optical stepper development.

3 Results and discussion

In the RC system, it is possible to vary the furnace shape,
the mass of material, the power of furnace, and the gap
between substrate and source. Thus, these four variables
serve as our input parameters. Starting with a baseline
process using (2 mmwide x 4 mmlong) furnace shape,
90 mg of material, 355 Watt furnace power, and 24 mm
gap between the furnace and the substrate, a level vari-
ation using one higher and one lower level was selected,
yielding 3 level settings for each input parameter. The in-
put parameters and level settings chosen are summarised
in Table 1. The output functions of interest in this work
are the coercivity of Feg;Co13.55i3.5Cs film, denoted as
H (A/m), and the coercivity of FegzCo15511B14 film, de-
noted as H (A/m), respectively. In the experimental set-
up, four input parameters, each of them with three level
settings, fit the orthogonal matrix Lg3* [13,14]. In Ta-
ble 2, the results for each of the 9 experiments 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.

Looking at the experiment listed in Table 2, run 1, the
conditions chosen were level setting 1 for each of the in-
put parameters, (4 x 4) mm? furnace shape, 60 mgiron,
330 Watt furnace power, and 20 mm gap. These conditions
resulted in a coercivity of 136 A/m for Feg; Co13.5Si3.5C2
amorphous film and of 220 A /m for Feg; Co15Si1B14 amor-
phous film 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.
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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 4x2 120 380 28

The first order data analysis, which is sufficient in the
vast majority of process optimisation and characterisa-
tion work, proceeds as follows: The output function av-
erage (arithmetic means) for each level setting and for
each input parameter are determined and listed in Ta-
ble 4. Thus the coercivity average of FegiCoq3.55i3.5C2
film for furnace shape setting 1 of (4 x 4) mm? (runs 1,
2, and 3) is given by the average of H;(213 A/m),
H>(589 A/m), and H3(193 A/m). This is denoted as Hs;
and is 348 A/m. The average of the same three runs
[H1(136 A/m), Hy/(268 A/m), Hy+(236 A/m)] is taken
as Hy (213 A/m) for run 1. Similarly, the coercivity aver-
age of FegyCo13.5513.5C2 film for furnace shape setting 2,
(2x4) mm?, is given by the average of the coercivity for ex-
periments 4, 5 and 6 and is Hsy = 287 A/m. The coerciv-
ity average of Fegy Co13.55i3.5Cs film for furnace shape set-
ting 3 is Hss = 229 A/m. The formulae used in calculating
the output function averages are given in Table 3. 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 coercivity of Feg; Co13.55i3.5Cs film from
348 A/m, 287 A/m and finally to 229 A /m, respectively.

Continuing in the same vein, the output functions
averages for each of the input parameter levels can be
calculated for the coercivity of FegiCoi3.55i3.5Co and
Feg7Co018Si1B14 amorphous films. This was done and
shown in Table 4. The simplified approach to quantify the
effect of each input parameter on the output function is to
calculate the difference between the maximum and mini-
mum values for each set of output function averages (AH,
AC). The coercivity difference of Fegi;Coi35Si55Ca film
for furnace shape, AHs, is Hs; — Hss, or 118 A/m. Simi-
larly the coercivity difference of Feg; Co13.55i3.5C5 film for
mass is given by AHm = Hmi — Hms or 201 A/m. In our
case, it can be seen that the smallest coercivity difference
for F6810013_5Si3_502 film (AHg) is 101 A/m that is due
to the gap between the substrate and furnace. These out-
put function differences formulae are shown in Table 3.
The calculated values of the output function differences
are shown in Table 4. By comparing the four differences,
it is possible to quantify the relative effect of each in-
put parameter on the coercivity of Fegy Co13.55i3.5Co film
over the level setting range chosen for that parameter. It
should be emphasised that this approach to data analy-
sis is the simplest approach; more sophisticated statistical
approaches can be found elsewhere [14,15].
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Table 2. The orthogonal experimental results for coercivity of films (A/m).

Input Parameters

Output Functions

F. Shape  Mass Power Gap Coercivity of Coercivity of

Run (l’an) (mg) (Watt) (mm) Fes1Co013.5513.5C2  FegrCo18Si1B14
H, (A/m) C, (A/m)
1 (1)4x4 (1)060 (1)330 (1)20 H, =136 C1 =220
2 (1)4x4 (2)09 (2) 355 (2)24 Hsy = 589 C2 = 1031
3 (1)4x4 (3)120 (3)380 (3)28 Hs; =193 Cs =330
4 (2)2x4 (1)060 (2)355 (3) 28 Hy =425 C4 =750
5 (2)2x4 (2)09 (3) 380 (1) 20 Hs =168 Cs =320
1 (1)4x4 (1)060 (1)330 (1)20 H,» =268 Cy1 =550
6 (2)2x4 (3)120 (1)330 (2)24 Hg = 504 Ce = 745
7 (3)4x2 (1)060 (3)380 (2)24 H7 =59 Cr =175
8 3)4x2 (2)09 (1) 330 (3) 28 Hg =125 Cs = 300
9 (3)4x2 (3)120 (2)355 (1)20 Hy =411 Cy = 652
1” (1)4x4 (1)060 (1)330 (1)20 Hyn = 236 Cyn =413

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.)

Hsy = 1/3(Hl + H> + Hs)
Hsy = Y/3(Hy + Hs + Hp)
Hsy ="'/3(H7 + Hg + Hy)

AHs = Hs(max.)—H s(min.)
Hp1 ='/3(H1 + He + Hg)
Hps ='/3(H2 + Hy + Hy)
Hps ='/3(Hs + Hs + Hy)

AHp = Hp(max.)— Hp(min.)

Hm, = 1/3(Hl + H, + Hr)
Hmg = 1/3(Hs + Hs + Hs)
Hmgs = '/3(Hs + Hg + Hy)

AHm = Hm(max.)—Hm(min.)

Hgy = "/5(H1 + Hs + Hy)

Hgs = '/3(Hs + He + Hy)

Hgs = '/3(Hs + Hy + Hs)
AHg = Hg(max.)—H g(min.)

Table 4. The corresponding analysis of Table 3 for Output Function Averages and Output Function Differences, and Standard

Deviations.

Analysis of the results

F. Shape Mass (mg) Power Gap (mm) Standard
Run (mm?) (Watt) déviations
H, Hs1 =348 Hmi1 =396 Hp: =196 Hg, =56
Hy  Hsp =287 Hmp=272 Hpy; =380 Hgs =157
H3 H83 =229 ng =195 Hp3 = 288 Hgg =120
AH AHs=118 AHm =201 AHp=184 AHg=101 Std Devyg =49
Ch Cs1 = 596 Cmy = 641 Cp1 =351 Cg1 =83
CQ CSQ = 540 CWZQ = 475 sz = 694 ng = 242
Cs Css =373 Cms = 393 Cpg = 465 C’g3 = 238
AC  ACs=223 ACm =248 ACp=343 ACg=160 Std Devc =76

It is now easy to determine a process that will yield the
lowest coercivity of Fegy Co13.55i3.5Co film. Table 4 shows
that lowest coercivity of Feg; Co13.55i3.5Co film for each in-
put parameter occurs at the (4x2) mm? furnace shape, the
largest amount of material, the lowest power and a small-
est gap of 20 mm. The process is optimised at these level
settings with the goal of attaining an FegyCo13.55i3.5C2
film with low coercivity. This recipe, represented by level
settings 3, 3, 1, 1 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 lower coercivity value than any of the coercivity val-
ues obtained in the 9 original experiments. By compar-
ing the output function differences (AHs, AHm, AHp
and AH g) with standard deviation for coercivity, the out-
put function differences for all input parameters is higher
than the standard deviation of the coercivity values for
Feg1 Co13.55i3.5C5 films, which means all input parameters
have a variation effect on coercivity values.

Moreover, the redundant experimental rums, 1, 1’/
and 1”, can be used to compute the random variation
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Fig. 1. A plot of the output function averages from Table 4 as a function of the input parameter level settings,

(a) F6810013,5Sig_502 ﬁlm and (b) F6670018811B14 ﬁlm

in the process. This is done by using the results from 1,
1’ and 1” to calculate the standard deviation. The rela-
tive significance of the output function averages can then
be determined by comparison to the standard deviation.
Without going into the details of statistical comparison
techniques, it can be stated that for experiments of this
type, with relatively few repetitions, an output function
difference of 2 to 3 standard deviations will be needed
before the results begin to be significant.

In this work, the coercivity of FegiCo13.55i3.5Co film
has not been the sole subject of the discussion, but coer-
civity of FegrCo185i11B14 film is also important in devel-
oping an optimal process. In examining the averages and
differences for the coercivity of FegyCo185i1B14 film is also
shown in Table 4, with the goal of having the lowest coer-
civity of the films, the following recipe would be chosen,
as 3,3, 1, 1.

The lowest coercivity values for both films are gained
at furnace shape level 3, mass of material 3, power of fur-
nace 1 ant the gap between substrate and source 1. There-
fore, the optimum output parameters would be; 3, 3, 1, 1.
The subsequent coercivity of Feg;Co13.55i3.5C2 film and
Feg7Co18Si1B14 film results derived using this recipe are
12 A/m and 28 nm/s. These results are a substantial im-

provement over the results seen in the eleven experimental
runs required by the orthogonal matrix.

Further information can be gained from the orthogonal
matrix by plotting the level averages for Feg; Co13.55i3.5Co
film and Feg7Co185i1B14 film as a function of level setting
in Figure 1a and Figure 1b, respectively. As it can be seen
in Figure la and Figure 1b, if the level settings are ex-
tended beyond the chosen for original matrix, it should be
possible to achieve even lower coercivity for both films. In
practice, due to the limitation of the RC system it cannot
exceed those values used in the experimental system. Such
as in the case of mass of material, the lowest coercivity is
obtained at 120 mg, and a greater rate could be achieved
by going to a mass of more than 120 mg. However, due to
the limitation of volume of the furnace it cannot exceed
those values used in the level settings for the mass of the
iron powder.

Although the results indicate that the process can be
easily optimised; there is more effect of some production
parameters by looking at the standard deviation values.
Furthermore, the large standard deviations over the opti-
mised measurements are thought to be in part due to the
difficulty in maintaining consistent deposition parameters.
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Fig. 2. X-ray diffraction pattern for an amorphous film de-
posited using Feg1 Co13.5S5i3.5C2 ribbon as the source material.

Figure 2 shows the X-ray diffraction trace for a film
deposited on Kapton using Feg; Coi3.55i3.5Co ribbon as
the source material. To check the validity of the mea-
surement, a reference film also measured along with an
uncoated Kapton substrate. The iron reference gives a
strong Bragg diffraction peak, confirming the presence of
a polycrystalline a-Fe phase. The amorphous film pro-
duces an almost identical trace to hat of blank Kapton
substrate indicating the absence of a crystalline phase
and hence, an amorphous structure. Compositional anal-
ysis obtained using Inductively Coupled Plasma Atomic
Emission Spectrometry (ICP-AS) and Scanning Electron
Microscopy (SEM) indicated only small variations of film
composition from the original amorphous ribbon source
material.

4 Conclusion

The orthogonal process technique was applied for
the purpose of producing low coercivity amorphous
thin films for the sensor application. The opti-
mum low coercivity films production process was
obtained, by using the chosen control parameters.
The results of orthogonal analysis indicate that there
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is an effect of all input on coercivity, depending on the
standard deviation values. The large standard deviations
over the optimised measurements are thought to be in part
due to the difficulty in maintaining consistent deposition
condition.
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