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Abstract

As technology gets smaller, the need to understand how the mechanical as well as functional
properties of thin magnetic films change as a function of thickness and substrate is required. This
then allows for better material selection for applications, as thin amorphous and nanocrystalline
magnetic films are used in micro-electromechanical systems (MEMS), such as actuators, field and
strain sensors. This work used the nanoindentation technique to study the mechanical properties
(hardness, Young’s modulus and yield strength) of amorphous FeGaSiB and FeSiB thin films to
determine how the thickness, substrate and composition influence these properties. Along with
understanding how the addition of Ga changed the amorphicity of the films with thickness. It was
found that the Young’s Modulus and hardness decreased by ~15% with the addition of Ga, plus the
films were less elastic compared to the FeSiB films. The yield strength was 30% higher for the films
grown on glass compared to silicon, while the hardness and Young’s modulus of both FeSiB and
FeGaSiB films increased with decreasing film thickness. Further, these results helped to gain
understanding on the role of film thickness to the amorphicity of the film.

1. Introduction

Technology is rapidly getting smaller and smaller, with micro-electro-mechanical systems (MEMS) devices
such as sensors and actuators now incorporating nano-scale structures and designs. Sensors such as field and
strain types, both use magnetostrictive thin films within their design [1, 2]. How the functional properties such
as magnetostriction constant and saturation magnetization change with film thickness is well documented
[3-5], but less work has been done on how the mechanical properties, such as Young’s modulus and hardness
change with thickness, and how much the substrate influences these mechanical properties. To fully utilize
magnetostrictive films in applications, a full understanding of the structural, magnetic and mechanical
properties is required. One form of magnetostrictive film often used in the applications have an amorphous
morphology [6], as they tend to have good magnetostriction constants [7, 8], along with the excellent soft
magnetic properties required for the sensing applications. For example, in [9], the authors showed that by
controlling the residual stress-state within amorphous FeSiB films, the films could be used for stress impedance
sensing systems. While in [10], they looked at the inductance behaviour of thicker FeSiB films under tensile
loading for the development of a micro force sensor. Further FeSiB films have been used within sensors to
detect highly contagious diseases within a flexible magnetoelastic composite film [11] and within laminated
magnetoelastic heterostructures used in magnetic field sensors to map the magnetic field of the heart [12].
These magnetoelastic heterostructures [12, 13] are being designed for applications such as wearable antennas
and tuneable inductors, using the coupling between piezeoelectric layers and magnetostrictive films, including
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FeGa[14], FeGaB[15, 16] and FeSiB [17]. The magnetostrictive films within these devices tend to be thicker
than 500 nm, and used on flexible substrates, hence the mechanical properties become of interest.

The majority of the research on the mechanical properties of amorphous magnetic alloys has been done on
melt-spun ribbons [18—20]. Lashgari et al [ 19] studied the mechanical properties of amorphous as-grown and
heat treated Fegg 75SigB1; 5 ribbons. They found that the heat treatment helped to increase the hardness from
10 GPato 11.2 GPaand increased the reduced elastic modulus from ~160 GPa to ~238 GPa. Further they
studied the addition of Cu to FeSiB ribbons [20], along with the annealing temperature. For the as-spun amor-
phous ribbons, the hardness and the reduced elastic modulus decreased with the increased addition of Cu into
the ribbon from 12 GPato ~10 GPaand ~120 GPa to ~60 GPa respectively. After annealing, crystallites started
to form in the ribbons, which lead to an increase in hardness by over 35% and in the reduced elastic modulus by
over 40% for all the samples studied.

For thin magnetostrictive films, Jen et al [21] studied the mechanical properties of polycrystalline 250 nm
Feg; ,Co,Ga;o (0 < x < 19) films grown on Corning 0211 glass. They determined that the hardness of the films
increased from 6.5 GPa (x = 0) to 7.7 GPa (x = 11) with the addition of Co, then decreased with further Co
concentration. While the Young’s modulus decreased with increasing Co concentration from 130 GPa (x = 0)
to 115 GPa (x =7), then increased again up to 140 GPa with further Co addition. No discussion on the substrate
influence was given. Baco et al [22] investigated the mechanical properties of polycrystalline 600 nm FeCoCr, (0
< x < 9) films grown onssilicon substrates. They found that their films were thick enough, such that the silicon
substrate did not influence the mechanical properties. They also determined that the addition of Cr to FeCo
decreased the Young’s modulus from 167 GPa (x = 0) to 156 GPa (x = 7.2) and decreased the hardness from
14.8 GPa (x=0) to 12.2 GPa (x = 7.2), but did increase the yield strength by 20%. While Nicolenco et al [23]
investigated the mechanical properties of magnetostrictive Fe-Ga films, as a function of Ga concentration, and
determined that the reduced elastic modulus and hardness both decreased with increasing Ga content. For
example, the 2% Ga film had a hardness of 5 GPa and reduced modulus of 134 GPa, while the 15% Ga film the
hardness was 3.35 GPa and the reduced modulus was 128 GPa. Other work on the mechanical properties of
magnetic thin films, includes studies on the shape memory alloy, Ni-Mn-Ga [24, 25], which investigated the
localised plastic deformation on the martensitic transformation [25] and found the thickness strongly influ-
enced the pseudoelastricity and the bulk martensitic transformation [24]. While investigations into soft magn-
etic thin films such as CoFeDy [26], and CoFeSm [27], determined the hardness of these film decreased with
increasing film thickness.

The motivation for adding Ga atoms, which have a nonmagnetic property, within FeSiB films included: i. to
decrease the magnetization of these films to be suitable for use them in low magnetic field sensors, which has
been done in previous work [28], ii, to produce new type of magnetic films and study their properties, which
was achieved previously [29], and iii, to study the effect of Ga on the magnetostriction coefficient [29], which
depends on the magnetoelastic and elastic coefficients. For these films to be used within applications such as
low magnetic field sensors, it is important to study the mechanical properties to determine whether Ga causes
any detrimental problems, along with any links to their magnetic properties.

Previous work has focused on the structural and magnetic properties of amorphous FeSiB and FeGaSiB
thin films [28, 29], where it was determined that the addition of Ga did not change the morphology but increas-
ing the Ga concentration decreased the magnetization by 10%. Both sets of films had soft magnetic properties
as a function of film thickness and Ga concentration. While the magnetostriction constant decreased with
increase in thickness for the FeSiB films, it remained roughly constant for the FeGaSiB films. Therefore, to gain
a full understanding of these films for applications, the mechanical properties have been investigated using the
nanoindentation technique. This work has studied how the film’s thickness, composition and substrate influ-
ence the elastic modulus, hardness, and yield strength. These mechanical properties are important, as the
Young’s modulus of magnetic thin films is used within the calculation of the magnetostriction coefficient [30],
which is the main property for MEMS strain sensors. While the yield strength gives an indication of the max-
imum stress that can be applied to the film before plastic deformation occurs. This again is important when
designing MEMS devices.

2. Research hypothesis

Asboth FeSiB and FeGaSiB are amorphous, understanding the role of Ga in the alloying is important.
Amorphicity in alloy systems can be understood through semi-empirical parameters such as the atomic size
difference and enthalpy of mixing [30]. Biplots of atomic size difference can adequately describe the change in
the structural stability of the system. In such a biplot, the regions of structural stability may be characterized and
determined through statistical means such as cluster analysis [32]. One such example is the biplot (mixing
enthalpy versus atomic size difference) shown in [33] where the centroids for each phase (amorphous, multi-
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Figure 1. Enthalpy of mixing values for FeSiB and FeGaSiB [31]. The individual alloying elements are colour coded according to the
average enthalpy of mixing values they have with the other elements.

phase, and single-phase) may be determined using the cluster analysis method. The coordinates the amorphous
phase is (—20kJ mol ', 12 ); the enthalpy of mixing of multi-component alloy (more than 2 components) can
be approximated using the sub-regular solution model [31] while the atomic size difference can be obtained as
defined in [34]. These values for FeSiB and FeGaSiB are (—32.67 k] mol ™}, 0.205) and (—22 k] mol %, 0.325)
[16]. Considering that the centroid of the amorphous phase is (—20 k] mol ', 12), it is reasonable to assume
that the further away from this centroid an alloy sits in the biplot, the less amorphous it would tend to be. A
Euclidean distance function was used to compute the distance away from the amorphicity cluster centre and for
equimolar FeSiB and FeGaSiB it was found to be 17.31 and 22 units respectively. This means that FeSiB is more
‘amorphous’ than FeGaSiB. The individual enthalpy of mixing for each element pair is given in figure 1. Itis
observed that the Ga-B value is positive, meaning it is not a favourable mixing, and therefore may cause
segregation of the elements within the film.

For thin films, an increase or change in structural stability can be achieved by judicious selection of the
substrate in polymers [35] as well as alloys [36] by tuning the interfacial energy. According to classical nuclea-
tion theory [37], nucleation is driven by a driving force that can be characterized by the chemical potential—
this chemical potential is intimately related to the enthalpy of mixing. Enthalpy of mixing values are more
negative for amorphous-forming systems, and the chemical potential is higher for these systems as well, which
means that sufficient entropy is required to maintain the amorphicity of the system (in the form of the atomic
size difference as represented in the semi-empirical biplots).

Thus it stands to reason that: (1) Entropy reduces the further away from the energy providing edge. There-
fore, a thicker film means that the top of the film would have a higher yield strength and hardness [38, 39] due to
reduced crystallinity, ceteris paribus. (2) A more amorphous alloy system would have a lower change in hard-
ness by varying thickness. To test this hypothesis, FeGaSiB and FeSiB film of different thicknesses and grown on
different substrates were tested.

3. Materials and methods

All the films were fabricated using a co-sputter-evaporation deposition system [40], which allows control of the
concentration of Ga within the films. Before growth, the substrates (either Si (100) or glass) were washed using
acetone and isopropanol (IPA). For each film growth, three substrates were used and attached to a glass slide
using polymethyl methacrylate (PMMA). The film thickness was monitored via the Fe rate monitor above the
Fe gun within the sputter-evaporation chamber [40]. This gives a good estimate of the film thickness during
growth, which is then measured after the growth. To determine the actual film thickness, a PMMA blob was
placed on one substrate before deposition using a toothpick. After deposition, the PMMA blob was removed
using acetone, to leave a sharp edge, allowing the film thickness to be determined using an atomic force
microscopy (AFM). For both film sets, Metglas 2605SA1 foil with composition FegsSi;oBs was used as a sputter
target. The FeSiB films were grown at a chamber pressure of 4 mbar, sputter power of 20 W and with the Ga
evaporation set to off. While the FeGaSiB films were grown at the same sputter power (20 W) and chamber
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Figure 2. XRD of (a) FeSiB films and (b) FeGaSiB films for the different film thicknesses.

pressure (4 mbar), with the Ga being evaporated at a constant arbitrary rate of 0.2. From previous work [28, 29],
these parameters gave the ‘best’ soft magnetic properties. For each composition, three different film thicknesses
were fabricated. For the FeSiB films, these were 290 nm, 425 nm and 668 nm, and the FeGaSiB films, these were
240 nm, 450 nm, and 640 nm. The film thicknesses were chosen to be ~200 nm different to allow for any
changes in the mechanical properties with thickness to be observed and to determine when the substrate
stopped influencing the measurements. From previous work [22], it was determined that for 600 nm FeCoCr
films, the silicon substrate did not influence the mechanical results, and therefore the thickest films studied in
this work were thicker than 600 nm.

To verify the compositions of the films, x-ray photo spectroscopy (XPS) was used. The measurements were
carried out on a Thermo Fisher Scientific NEXAS spectrometer, using a micro-focused monochromatic Al
x-ray source, with energy 1486.6 e V and power 19.2 W, over an area of approximately 100 microns. The data
were analysed at pass energies of 150 eV for survey scans and 40 eV for high resolution scans, with 1 eV and
0.1 eV step sizes respectively. For the FeSiB films, the composition was determined to be FegsSi;Bg, and for the
FeGaSiB films, it was Feg,Ga;SisBg. The composition was determined by taking three measurements in three
different places on the film surface area and then taking an average. The XPS spectra was analysed by the
CasaXPs software. To determine the films’ thicknesses, the AFM technique was used in tapping mode, to mea-
sure the height of the step created during fabrication. For both film sets, three different film thicknesses were
studied: <300 nm, ~450 nm and >600 nm.

The morphology of the films was determined using x-ray diffraction (XRD) on a Bruker D2 phaser system.
The x-ray generator was at 30 kV and 10 mA. The 20 range was from 32 to 55° to avoid the silicon peak at 61.7°,
with a step size of 0.02° and a scan speed of 0.1 deg min~". The crystallite size was determined using Scherrer
equation [41]. Nanoindentation measurements of the FeSiB and FeGaSiB films were carried out using the
nanoindentation technique with a Berkovich diamond tip [42, 43]. The load was applied perpendicular to the
surface. Arrays of four indents were made at distances 5 jum and 2 pm respectively with a maximum load of
10 mN for 50 cycles, this was repeated at least 14 times per film, with the error bars determined from the
standard deviation of the results. The data were analyzed using the Oliver and Pharr method [44, 45], at room
temperature.

4. Results

The results are presented for the structural and mechanical properties of FeSiB and FeGaSiB films on silicon
and glass substrates as a function of thickness.

4.1. Structural properties

As the films studied in this work are thicker than previous studies [28, 29], the morphology was determined
using XRD. Figure 2 presents the XRD for both film sets (FeSiB and FeGaSiB) for the different film thicknesses.
Itis observed that all the films had a very broad peak around 26 ~ 44°, which indicated the absence of any
periodical atomic arrangement. The FeGaSiB diffused peaks shift to lower angles compared to the FeSiB peaks,
which suggests lattice expansion within the FeGaSiB films due to the addition of Ga (table 1). The magnitude of
these peaks increased with increasing film thickness. This increase could be due to the formation of
nanocrystalline grains within the amorphous matrix in the thicker films. Also as no sharp crystalline peaks were
observed, this confirms the amorphous or nanocrystalline nature of all the films studied. Plus the ability to
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Table 1. Structural properties of the FeSiB and FeGaSiB films determined from the XRD data.

20(°) 26 peak height Full width at half max (FWHM) (°) Crystallite Size (nm)
290 nm FeSiB 44.5 3.85 5.51 1.6
425 nm FeSiB 45 5.85 5.01 1.7
668 nm FeSiB 44.4 9.07 4.97 1.7
283 nm FeGaSiB 44.3 4.73 5.41 1.6
450 nm FeGaSiB 43.9 9.79 4.81 1.8
640 nm FeGaSiB 43.8 14.79 4.56 1.9

maintain amorphicity at larger thicknesses for these compositions. From the XRD data for each thickness
(figure 2), the Scherrer equation [41] was used to determine the average crystallite size within each film, by
fitting a Gaussian to the large amorphous peak in Fityk [46]. From table 1, itis observed that the crystallite size
for all films was less than 2 nm, hence the films can be taken to have nanocrystallites within an amorphous
matrix.

The 20 peak height can be in part taken as an indicator of the amorphicity of the films, as the lower the
height, the more amorphous the film, as there will be fewer nanocrystallites within it. Therefore, as predicted
from the enthalpy of mixing, the FeSiB films are more amorphous than the FeGaSiB films, as their comparable
peak heights are about ~60% smaller. This is roughly the same percentage as the difference in the enthalpy of
mixing between the two compositions. Further from table 1, the 20 peak shifts to a lower angle as a function of
thickness for the FeGaSiB films. Converting the 20 into a lattice constant using Bragg’s law and assuming a BCC
phase, gives values of ~2.89 A for 283 nm film, ~2.91 A for the 450 nm film and ~2.92 A for the 640 nm film,
while the FeSiB films have a lattice constant ~2.88 A. Thus, the FeGaSiB lattice is expanding as the thickness is
increased, which is due to the reduction in inhomogeneous stress within the films [29]. The lattice constants are
slightly larger than the crystalline lattice constant of heat-treated BCC FeGaSiB films (~2.89 A) [47] and the
lattice constant of 800 nm Fe-Ga films (range 2.88 to 2.9 A) [48], likely to be due to the amorphous morphology
and the Ga and B having a positive enthalpy of mixing, so causing an expansion in the lattice. For the FeSiB
films, there is no trends within the 26 peak and hence the lattice constant (all ~ 2.88 10\), this is likely to be due to
the films being more amorphous. This also suggests that the large Ga atoms in the FeGaSiB films plays an
important role in the amorphicity and structure of the films. The crystallite size decreases with decreasing
thickness for both FeSiB and FeGaSiB. A reduction in entropy with increasing thickness means that the films
would be more crystalline with increasing thickness and hence possess a larger crystallite size—this agrees with
the experimental results.

4.2. Mechanical properties: effect of film thickness
Figure 3 presents the experimental load-displacement curves for the two thickest films and a silicon substrate.
The differences between the three curves are due to the differences in the mechanical properties of the three
materials. The three curves have different indentation depths (given by the displacement in figure 3), which
increase with increasing applied load up to the maximum value (h,,,,). For the three materials, the Si substrate
had the lowest penetration depth of ~210 nm, followed by the FeSiB film of ~300 nm, with the FeGaSiB film
having the largest penetration depth of ~370 nm. Thus, there is a difference between the maximum penetration
depths of the FeSiB and FeGaSiB films of ~70 nm, which is likely to be due to the Ga addition. Adding the Ga
within the FeSiB films changes the distribution of the atoms within the film, due to the Ga atoms having a large
radius (136 pm) compared to Si (111 pm) and B (87 pm), and Ga having a less negative enthalpy of mixing with
the other elements. This leads to a lower amorphicity of the film, which hasled to a larger penetration depth.
Figure 4 compares the hardness, H, and the Young’s modulus, E; of both the FeSiB and FeGaSiB films as a
function of displacement for the different thickness films. It is observed that there are three different behaviours
observed as a function of thickness. For the thinnest FeSiB (290 nm) film, both the hardness and the Young’s
modulus decreased with increasing indentation depth up to 100 nm, where the values plateau out to 10 GPa
and 155 GPa respectively. This decrease is due to the indentation size effect, hence the hardness and Young’s
modulus were determined from the displacement depths greater than 120 nm for all the measurements, to
avoid this effect. For the 425 nm FeSiB film, and the 283 nm and 450 nm FeGaSiB films, the hardness gradually
increased with increasing indentation depth, which was because of the substrate. For both the thickest films
(688 nm FeSiB and 640 nm FeGaSiB), after the initial indentation depth, the hardness and the Young’s modulus
were approximately constant with increasing displacement, meaning the properties were not affected by the
substrate or the indentation size. As the substrate seems to affect the thinner films, the mechanical properties of
the Sisubstrate were measured. Table 2 provides an overview of all these measurements. It is observed that the
Sisubstrate has a higher hardness and Young’s modulus than all the films studied. Also, the hardness and
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Figure 3. Experimental load-displacement curve of partial load function method with 50 cycles as a function of displacement
(indentation depth) for the Si substrate, 668 nm FeSiB film and 640 nm FeGaSiB film. The dashed coloured lines and arrows indicate
the hyand h,,, for the substrate and the films studied.
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Figure 4. Comparison of hardness and Young’s modulus of (a) & (b) FeSiB and (c) & (d) FeGaSiB films as a function of thickness and
displacement (indentation depth).

Young’s modulus decrease as the film thickness increases, confirming that the substrate does affect the mechan-
ical properties of thinner films. The addition of Ga also decreased the hardness and Young’s modulus with
respect to the FeSiB films, thus reducing the elasticity of the films.

Another parameter obtained from figure 3 is the ratio between the final indentation depth, hyand the max-
imum penetration depth at maximum load, /.. There is a natural limitation of this ratio between zero and
one (0 < i/ hyax < 1), and it can be used to determine the type of behavior i.e. elastic or plastic. When hy/hyy,ax
= 0, the deformation is fully elastic and when h/hyy,. = 1, the deformation is fully plastic. From figure 5, it is
observed that as the film thickness increased the ratio of 15/ by« increased. This means that the deformation
becomes more plastic as the film thickness increases. Also, the FeGaSiB films had greater plastic deformation
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Table 2. Mechanical properties of different thickness FeSiB and FeGaSiB
films, and the silicon substrate.

Hardness, H, Young’s Modulus, E,
(GPa) (GPa)
Silicon Substrate 12 160
290 nm FeSiB 9 155
425 nm FeSiB 8 150
668 nm FeSiB 6 140
283 nm FeGaSiB 7 140
450 nm FeGaSiB 6 130
640 nm FeGaSiB 5 120

compared to the FeSiB films for all thicknesses. The data presented in figure 5 is the average /1/ h,ax of the
14 nanoindentation measurements made on each film.

4.3. Mechanical properties: effect of substrate

Another important factor in thin film growth, is the substrate onto which the film is grown. Previous work has
shown that the substrate can affect both the structure and magnetic properties of amorphous films [49],
therefore itis important to determine whether the substrate also influences the mechanical properties. To study
this, the thickest FeSiB and FeGaSiB films were grown on silicon (a harder substrate) and glass (a softer
substrate), and the mechanical properties were determined.

Figure 6 shows how the hardness and Young’s modulus change as a function of displacement for the thicker
FeSiB and FeGaSiB films grown on silicon and glass substrates. For the hardness (figure 6(a)), the 668 nm FeSiB
films on silicon and glass had the same hardness of 6 GPa within error, for indentation depths greater than
50 nm. Similarly for the 640 nm FeGaSiB films the hardness was ~5 GPa for both films, within the error of the
measurement. From [50], the hardness of glass is 6.8 GPa, so slightly higher than both the amorphous films.
Thus the hardness of both FeSiB and FeGaSiB films were independent of the substrate they were grown on, due
to the thickness of the films being larger than the indentation penetration depth.

While for the Young’s modulus of the films, there is a strong dependence on the substrate (figure 6(b)), with
the values diverging from each other with increasing indentation depth and applied load. For both films grown
onsilicon, the Young’s modulus was approximately constant for indentation depths greater than 100 nm, with
the FeSiB/Si film Young’s modulus ~140 GPa and the FeGaSiB/Si film Young’s modulus ~120 GPa. However,
for both films grown on glass, the Young’s Modulus decreased with increasing indentation depth. For the
FeSiB/glass film the Young’s modulus decreased from 130 GPa to 80 GPa, and for the FeGaSiB/glass film, the
decrease was from 100 GPa to 70 GPa, then it was approximately constant for indentation depths greater than
200 nm. From [49], the Young’s modulus of glass is 73 GPa, thus the Young’s modulus of the FeSiB and
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FeGaSiB films grown on glass reduce towards the glass value. Hence the films were strongly affected by the
elastic properties of the glass substrate. This means that the amorphous films showed different elastic behaviour
depending on whether they were grown on an amorphous substrate (glass) or a crystalline substrate (Si).

Another parameter that can be determined from figure 3, is the elastic recovered part of the material. This is due
to part of the film moving back into position once the indentation tip has been removed from the film. It is defined as
the difference between the maximum indentation depth, k.., and the final indentation depth, . From figure 7(a), it
is observed that for both films the elastic recovered part decreased with increasing film thickness but was independent
of film composition. For the thicker films grown on glass, the elastic recovery is higher than those grown on silicon,
again demonstrating that the elastic behaviour of amorphous films strongly depends on the substrate.

Theyield strength [51] (figure 7(b)) was also determined for both film sets as a function of thickness and
substrate. From figure 7(b), it is observed that the yield strength decreases as the film thickness increases for
both film sets. Also, all the FeGaSiB films had alower yield strength than the FeSiB films, meaning that adding
Gato the films reduced the elasticity within the films. This is because the yield strength is the point, which
separates the elastic and plastic behaviour of the film. Again, the yield strength of both the FeSiB and FeGaSiB
films were strongly affected by the substrate, with the FeSiB and FeGaSiB films grown on glass having a yield
strength ~1.5 times larger than those grown on silicon. Thus the softer glass substrate increases the elasticity
within the amorphous films compared with the hard silicon substrate.

The hardness and elastic modulus can also be affected by the materials itself: either a pile-up or a sink-in or
both, which occurs on the sides of the indented edges. To study this, AFM images and cross-sectional lines were
taken (figure 8). For both the FeSiB films on silicon and glass, a small pile-up of material on three sides is
observed (shown by the arrows on figures 8(b) and (d)). The pile-up height of FeSiB/Si was in the range
12-19 nm and for FeSiB/glass was in the range 13—16 nm. Thus as they have similar pile-up heights, the sub-
strate has not influenced the measurement. Hence the pile-up is purely the behaviour of the FeSiB film, and due
to the lack of compressibility of the plastic deformation [20]. For the FeGaSiB film on silicon, the pile-up mat-
erial height on one side of the indent profile (black arrows in figure 8(f)) is 26 nm, which is double that of the
FeSiB film on silicon. While the FeGaSiB film on glass does not show a pile-up effect at all, as all the heights are
level (figure 8(h)) and parallel to the original surface. This means the substrate plays a role in the compressive
stress within the FeGaSiB films.
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2um

Figure 8. Indent surface features and section analysis, AFM image (2 x 2 pm) and section analysis of 640 nm FeSiB film on a Si substrate
(a) and (b) and a glass substrate (c) and (d) and 640 nm FeGaSiB film on a Si substrate (e) and (f) and a glass substrate (g) and (h).

5. Discussion

5.1. Hardness of the films

From table 2, it is observed that the hardness and Young’s Modulus decreased with increasing thickness for
both film sets, with the thinnest film values being closer to those of the silicon substrate. For the films with
thicknesses greater than 600 nm, the substrate did not influence the properties, while as the thickness got
thinner, the substrate effect got larger. Comparing the hardness with those measured for FeSiB ribbons [20], it
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is observed that the ribbons hardness was double (10 GPa) compared to the films (6 GPa). The reduced modulus
of FeSiB ribbons is given as ~160 GPa. The reduced modulus is measured in the nanoindentation measurement,
before being converted into the Young’s modulus. Thus the reduced modulus of the >600 nm films on silicon
were ~135 GPa (FeSiB) and ~115 GPa (FeGaSiB) [52], which again are lower than the ribbons. The main reason
why thin films mechanical properties are different to ribbons is due to the different in manufacturing method.
For thin films, sputtering can induce strain into the films, which influences the properties, while ribbons are
produced using rapid melt spinning. This means that it cannot be assumed that thin films of materials will have
the same properties as the bulk or ribbon samples.

For comparison with other magnetostrictive thin films, Nicolenco et al [23] investigated electrodeposited Fe-Ga
films (thickness >600 nm), as a function of Ga concentration. The hardness ranged from 5 GPa (2% Ga) to
2.93 GPa (35% Ga), while the reduced modulus ranged from 134 GPa (2% Ga) to 115 GPa (35% Ga). Comparing to
the amorphous FeGaSiB films, where the Ga content is 7%, the hardness for thinner films is higher than the poly-
crystalline Fe-Ga films, while the 640 nm FeGaSiB film hardness is in good agreement with the 2% Ga film. While
the reduced modulus for the 640 nm FeGaSiB film is closer to the higher content Ga films, with the 668 nm FeSiB
film having a reduce modulus the same as the 2% Ga film. Therefore, both amorphous FeSiB and FeGaSiB films
have comparable mechanical properties with polycrystalline Fe-Ga films. Further it suggests that amorphous
magnetostrictive films have higher hardness compared to polycrystalline magnetostrictive films, which is the same
behaviour as observed between bulk amorphous glasses and polycrystalline alloys [38]. While the reduced
modulus and hence the Young’s modulus is reduced for amorphous magnetostrictive films, compared to
polycrystalline films.

5.2. Effect of Ga addition

The addition of Ga to the FeSiB films, also changed the mechanical properties of the amorphous films. Previous
work on non-magnetic films, found that increasing the internal tensile stress leads to a decrease in both the
hardness and elastic modulus [40]. For example, increasing the internal stress by 1 GPaleads to a decrease in the
elastic modulus of about 13% [53]. While work by Qunito et al [54] and Mani et al [55] found that increasing
the compressive stress within the film increased the hardness. As the deposition of the FeSiB and FeGaSiB films
were carried out using the same growth conditions, any changes in the internal stress within the films, will be
due to the addition of the Ga, rather than the growth parameters (i.e. sputter power and pressure). From the
XRD data (table 1), it is observed that the estimated lattice constants increased with FeGaSiB film thickness,
which can be linked to an increase in tensile stress, which would then explain the decrease in the hardness and
elastic modulus measured.

Previous work on FeGaSiB films [29] determined that the addition of Ga to FeSiB films, decreased the
inhomogeneous stress within the films, due to the larger Ga atom increasing the spacing between the other
atoms within the film. This is also observed in these films (table 1). This reduction in stress within the FeGaSiB
films, is therefore likely to be the reason for the decrease in the hardness and Young’s modulus observed. The
addition of Ga to FeSiB reduced the elasticity of the films, as observed in figures 5 and 7(b). The reduction in
yield strength (figure 7(b)) and increase in plasticity (figure 5), is likely to be due to the Ga changing the short
range atomic spacing within the amorphous films.

5.3. Effect of substrate

From figures 6(b)—8, the effect of the substrate on the mechanical properties of the amorphous FeSiB and
FeGaSiB films is observed. It is important to understand the role the substrate plays in the overall properties of
the films if they are going to be used in MEMS applications. The thickest films were studied on the different
substrates, as the hardness and Young’s modulus were not affected by the silicon in the previous measurement.
The hardness (figure 6(a)) was also not affected by the substrate, as the values were the same for both substrates,
but the substrate the amorphous films were grown on did strongly influence the measured Young’s modulus
(figure 6(b)). Although it had been determined that the 600 nm films were not affected by the silicon substrate,
the growth on the glass substrate had a strong effect on the measured Young’s modulus. This means that the
mechanical behaviour of the amorphous films depends on whether the Young’s modulus of the substrate is
higher or lower than the film.

Previous modelling, [56] demonstrated that the mechanical properties of the substrates can influence the films
properties over different depth ranges. This is due to the substrate starting to elastically deform at smaller penetration
depths than expected. The larger the difference between the Young’s modulus of the film (Ey) and the substrate (Ey),
given by E/E, the greater the effect. If E/E; = 1, then no effect of the substrate is observed, while for harder substrates
(i.e. E/E; <1), the Young’s modulus tends towards the substrate value but does not reach it. For E/E, >2, i.e. softer
substrates, the Young’s modulus tends towards the substrate value and is a stronger effect. This is observed in our
films, where the >600 nm films on silicon showed no effect of the silicon properties, with E/E, = 0.875 (FeSiB) and
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0.75 (FeGaSiB), so both being close to one. While for the same thickness films on glass, there was a stronger depend-
ence on the glass substrate, with E/E,0f 1.92 (FeSiB) and 1.64 (FeGaSiB). Thus this larger ratio and the glass having
softer properties, caused a greater effect in the Young’s modulus measurement.

5.4. Effect of film thickness

The substrate and film thickness also affected the elasticity and yield strength of the films (figure 7). Previous
work on the yield strength (,) found that for Cu films grown on kapton substrate, the yield strength decreased
with film thickness, according to the relation [57]:

oy =0y + kd" + kK't™" €))

Where o, is the bulk yield strength, k and k” are gradients, d is the grain size, tis the film thickness and nand m
are exponents. As the FeSiB and FeGaSiB films are amorphous, they contain no grains, thus d = 0. This means
that the yield strength depends only on the film thickness. This is due to the dislocations in the film being
blocked either at the interface between the film and the substrate or at the film surface. Equation (1) was fitted to
the data in figure 7(b), and the bulk yield strength and exponent determined for the fitting, which gave the
coefficient of determination, R* closes to 1, due to there being only 3 data points. For the FeSiB films, the bulk
yield strength was 278 MPa and the exponent 1 = 1. While for the FeGaSiB films, the bulk yield strength was
242 MPa and the exponent m = 1. From previous analysis [58], and plasticity theory [59] it is expected that

m = 1 for thin films, with any variation due to a heavily stressed layer at the interface. The best fit for both films
were m = 1, meaning that both films are behaving according to the plasticity theory [59], where the interface
between the film and the substrate blocks the dislocations within the film, which produces an inhomogeneous
strain distribution at the interface. While the films on the glass substrate had a higher yield strength to those on
the silicon, this means that the glass was more of a barrier to the dislocations within the film, than the silicon
was, thus increasing the inhomogeneous strain distribution and therefore the yield strength.

5.5. Amorphicity and thickness variations

Since metallic glasses have a higher yield strength and hardness than their crystalline counterparts [38],
hardness at different depths can be taken to be representative of the crystallinity of the structure. To quantify
this difference and for adequate comparison between compositions, the change in hardness was computed for
both compositions at the film surface (displacement <10 nm) and a depth of 160 nm. Negative values show that
the material becomes softer the deeper it goes, i.e. more crystalline within the film, while positive values show
that the material becomes harder the deeper it goes, i.e. more crystalline at the surface. This naive analysis gives
an indication if for a particular thickness, the surface is more amorphous (or more crystalline) than at 160 nm
into the film. The fractional depth of the thin film can be represented as the ratio of the depth to the film
thickness. A biplot of the fractional depth against change in hardness is shown in figure 9, where the different
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behaviours between the FeSiB and FeGaSiB films is observed. For the FeGaSiB films, there is a small negative
change in hardness between the surface and the inside of the films, meaning the inside of the films has a slightly
lower hardness, but there is no real change in morphology from the surface into the film. For the FeSiB films,
the thinnest film has a large negative change from the surface compared to inside the film, suggesting that the
morphology is different between the two and the interface between the Si substrate and the film is still
influencing the growth. While the thicker two FeSiB films have a positive change, suggesting that the inside of
the films was more amorphous than the surface. For both the FeSiB and FeGaSiB films, the change in hardness
for the two thicker films is similar, which suggests that the interface has stopped influencing the film’s
morphology at thicknesses greater than 300 nm. For the thickest films grown on glass, both the FeSiB and
FeGaSi films had a larger positive change compared to the films grown on silicon, this suggests that both films
were more amorphous within the film than at the surface, and that the entropy associated with the glass-film
interface is still strongly influencing the film growth, especially for the FeGaSiB film.

6. Conclusions

The mechanical properties (hardness, Young’s modulus and yield strength) have been investigated for
amorphous FeSiB and FeGaSiB films, to determine how the film thickness, composition and substrate affect
these properties. The addition of Ga into the films changed the mechanical properties, with the films becoming
less elastic, this is likely to be due to the Ga changing the internal stress within the films, which is observed by the
change in the amorphous peak position in the XRD data. While the harder silicon substrate did not affect the
measurements of the thickest films, the softer glass substrates had a large influence over the measured values.
The FeSiB film hardness and Young’s modulus also differed from those of ribbons, meaning that the
mechanical properties of thin films used in MEMS applications must be fully characterised, rather than assume
that they are the same as the bulk/ribbon values.

Additionally, the amorphicity of the films was approximated using Scherrer crystallite size analysis, i.e.
nanocrystallites formed within an amorphous matrix. By comparing this to the hardness data obtained (as a
function of thickness) it was inferred that the FeGaSiB films were slightly more amorphous at the surface, while
the thicker FeSiB films were more amorphous within the film. Taken in combination, the data shows that (a)
film growing parameters can contribute to a staggered distribution of particle sizes that can affect thin film
physical properties, and (b) this characteristic can be used as an additional lever into the design and customisa-
tion of functional magnetic thin films.
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