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Abstract
As technology gets smaller, the need to understand how themechanical as well as functional
properties of thinmagnetic films change as a function of thickness and substrate is required. This
then allows for bettermaterial selection for applications, as thin amorphous and nanocrystalline
magnetic films are used inmicro-electromechanical systems (MEMS), such as actuators, field and
strain sensors. This work used the nanoindentation technique to study themechanical properties
(hardness, Young’smodulus and yield strength) of amorphous FeGaSiB and FeSiB thin films to
determine how the thickness, substrate and composition influence these properties. Alongwith
understanding how the addition ofGa changed the amorphicity of the filmswith thickness. It was
found that the Young’sModulus and hardness decreased by∼15%with the addition ofGa, plus the
filmswere less elastic compared to the FeSiB films. The yield strengthwas 30%higher for the films
grownon glass compared to silicon, while the hardness andYoung’smodulus of both FeSiB and
FeGaSiB films increasedwith 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, withmicro-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 usemagnetostrictive thin filmswithin their design [1, 2]. How the functional properties such
asmagnetostriction constant and saturationmagnetization changewith film thickness is well documented
[3–5], but less work has been done on how themechanical properties, such as Young’smodulus and hardness
changewith thickness, and howmuch the substrate influences thesemechanical properties. To fully utilize
magnetostrictive films in applications, a full understanding of the structural,magnetic andmechanical
properties is required.One formofmagnetostrictive filmoften used in the applications have an amorphous
morphology [6], as they tend to have goodmagnetostriction constants [7, 8], alongwith the excellent soft
magnetic properties required for the sensing applications. For example, in [9], the authors showed that by
controlling the residual stress-statewithin 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 amicro force sensor. Further FeSiB films have been usedwithin sensors to
detect highly contagious diseases within a flexiblemagnetoelastic composite film [11] andwithin laminated
magnetoelastic heterostructures used inmagnetic field sensors tomap themagnetic field of the heart [12].
Thesemagnetoelastic heterostructures [12, 13] are being designed for applications such aswearable antennas
and tuneable inductors, using the coupling between piezeoelectric layers andmagnetostrictive films, including
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FeGa [14], FeGaB [15, 16] and FeSiB [17]. Themagnetostrictive filmswithin these devices tend to be thicker
than 500 nm, andused on flexible substrates, hence themechanical properties become of interest.

Themajority of the research on themechanical properties of amorphousmagnetic alloys has been done on
melt-spun ribbons [18–20]. Lashgari et al [19] studied themechanical properties of amorphous as-grown and
heat treated Fe80.75Si8B11.25 ribbons. They found that the heat treatment helped to increase the hardness from
10GPa to 11.2GPa and increased the reduced elasticmodulus from∼160GPa to∼238GPa. Further they
studied the addition of Cu to FeSiB ribbons [20], alongwith the annealing temperature. For the as-spun amor-
phous ribbons, the hardness and the reduced elasticmodulus decreasedwith the increased addition of Cu into
the ribbon from12GPa to∼10GPa and∼120GPa to∼60GPa respectively. After annealing, crystallites started
to form in the ribbons, which lead to an increase in hardness by over 35%and in the reduced elasticmodulus by
over 40% for all the samples studied.

For thinmagnetostrictive films, Jen et al [21] studied themechanical properties of polycrystalline 250 nm
Fe81-xCoxGa19 (0� x� 19)films grown onCorning 0211 glass. They determined that the hardness of the films
increased from6.5GPa (x= 0) to 7.7GPa (x= 11)with the addition ofCo, then decreasedwith further Co
concentration.While the Young’smodulus decreasedwith increasingCo concentration from130GPa (x= 0)
to 115GPa (x= 7), then increased again up to 140GPawith further Co addition.No discussion on the substrate
influencewas given. Baco et al [22] investigated themechanical properties of polycrystalline 600 nmFeCoCrx (0
� x� 9)films grown on silicon substrates. They found that their filmswere thick enough, such that the silicon
substrate did not influence themechanical properties. They also determined that the addition ofCr to FeCo
decreased theYoung’smodulus from167GPa (x= 0) to 156GPa (x= 7.2) and decreased the hardness from
14.8GPa (x= 0) to 12.2GPa (x= 7.2), but did increase the yield strength by 20%.WhileNicolenco et al [23]
investigated themechanical properties ofmagnetostrictive Fe-Ga films, as a function ofGa concentration, and
determined that the reduced elasticmodulus and hardness both decreasedwith increasingGa content. For
example, the 2%Gafilmhad a hardness of 5GPa and reducedmodulus of 134GPa, while the 15%Gafilm the
hardnesswas 3.35GPa and the reducedmoduluswas 128GPa.Otherwork on themechanical properties of
magnetic thin films, includes studies on the shapememory alloy,Ni-Mn-Ga [24, 25], which investigated the
localised plastic deformation on themartensitic transformation [25] and found the thickness strongly influ-
enced the pseudoelastricity and the bulkmartensitic transformation [24].While investigations into softmagn-
etic thin films such asCoFeDy [26], andCoFeSm [27], determined the hardness of these filmdecreasedwith
increasing film thickness.

Themotivation for addingGa atoms, which have a nonmagnetic property, within FeSiB films included: i. to
decrease themagnetization of these films to be suitable for use them in lowmagnetic field sensors, which has
been done in previouswork [28], ii, to produce new type ofmagnetic films and study their properties, which
was achieved previously [29], and iii, to study the effect ofGa on themagnetostriction coefficient [29], which
depends on themagnetoelastic and elastic coefficients. For these films to be usedwithin applications such as
lowmagnetic field sensors, it is important to study themechanical properties to determinewhetherGa causes
any detrimental problems, alongwith any links to theirmagnetic properties.

Previouswork has focused on the structural andmagnetic properties of amorphous FeSiB and FeGaSiB
thin films [28, 29], where it was determined that the addition ofGa did not change themorphology but increas-
ing theGa concentration decreased themagnetization by 10%. Both sets of films had softmagnetic properties
as a function of film thickness andGa concentration.While themagnetostriction constant decreasedwith
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, themechanical properties have been investigated using the
nanoindentation technique. This work has studied how the film’s thickness, composition and substrate influ-
ence the elasticmodulus, hardness, and yield strength. Thesemechanical properties are important, as the
Young’smodulus ofmagnetic thin films is usedwithin the calculation of themagnetostriction coefficient [30],
which is themain property forMEMS strain sensors.While the yield strength gives an indication of themax-
imum stress that can be applied to the filmbefore plastic deformation occurs. This again is importantwhen
designingMEMSdevices.

2. Research hypothesis

As both FeSiB and FeGaSiB are amorphous, understanding the role ofGa in the alloying is important.
Amorphicity in alloy systems can be understood through semi-empirical parameters such as the atomic size
difference and enthalpy ofmixing [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 stabilitymay be characterized and
determined through statisticalmeans 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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phase, and single-phase)may be determined using the cluster analysismethod. The coordinates the amorphous
phase is (−20 kJmol−1, 12 ); the enthalpy ofmixing ofmulti-component alloy (more than 2 components) can
be approximated using the sub-regular solutionmodel [31]while the atomic size difference can be obtained as
defined in [34]. These values for FeSiB and FeGaSiB are (−32.67 kJmol−1, 0.205) and (−22 kJmol−1, 0.325)
[16]. Considering that the centroid of the amorphous phase is (−20 kJmol−1, 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 functionwas 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. Thismeans that FeSiB ismore
‘amorphous’ than FeGaSiB. The individual enthalpy ofmixing for each element pair is given in figure 1. It is
observed that theGa-B value is positive,meaning it is not a favourablemixing, and thereforemay cause
segregation of the elementswithin the film.

For thin films, an increase or change in structural stability can be achieved by judicious selection of the
substrate in polymers [35] aswell 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 ofmixing. Enthalpy ofmixing values aremore
negative for amorphous-forming systems, and the chemical potential is higher for these systems aswell, which
means that sufficient entropy is required tomaintain the amorphicity of the system (in the formof 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 filmmeans that the top of the filmwould have a higher yield strength and hardness [38, 39]due to
reduced crystallinity, ceteris paribus. (2)Amore amorphous alloy systemwould have a lower change in hard-
ness by varying thickness. To test this hypothesis, FeGaSiB and FeSiB filmof different thicknesses and grownon
different substrates were tested.

3.Materials andmethods

All the filmswere fabricated using a co-sputter-evaporation deposition system [40], which allows control of the
concentration ofGawithin the films. Before growth, the substrates (either Si (100) or glass)werewashed using
acetone and isopropanol (IPA). For each filmgrowth, three substrates were used and attached to a glass slide
using polymethylmethacrylate (PMMA). The film thicknesswasmonitored via the Fe ratemonitor above the
Fe gunwithin the sputter-evaporation chamber [40]. This gives a good estimate of the film thickness during
growth, which is thenmeasured after the growth. To determine the actual film thickness, a PMMAblobwas
placed on one substrate before deposition using a toothpick. After deposition, the PMMAblobwas 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 Fe85Si10B5was used as a sputter
target. The FeSiB filmswere grown at a chamber pressure of 4mbar, sputter power of 20Wandwith theGa
evaporation set to off.While the FeGaSiB filmswere grown at the same sputter power (20W) and chamber

Figure 1.Enthalpy ofmixing values for FeSiB and FeGaSiB [31]. The individual alloying elements are colour coded according to the
average enthalpy ofmixing values they havewith the other elements.
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pressure (4mbar), with theGa being evaporated at a constant arbitrary rate of 0.2. Frompreviouswork [28, 29],
these parameters gave the ‘best’ softmagnetic properties. For each composition, three different film thicknesses
were fabricated. For the FeSiB films, thesewere 290 nm, 425 nmand 668 nm, and the FeGaSiB films, thesewere
240 nm, 450 nm, and 640 nm. The film thicknesses were chosen to be∼200 nmdifferent to allow for any
changes in themechanical properties with thickness to be observed and to determinewhen the substrate
stopped influencing themeasurements. Frompreviouswork [22], it was determined that for 600 nmFeCoCr
films, the silicon substrate did not influence themechanical results, and therefore the thickest films studied in
this workwere thicker than 600 nm.

To verify the compositions of the films, x-ray photo spectroscopy (XPS)was used. Themeasurementswere
carried out on a ThermoFisher ScientificNEXAS spectrometer, using amicro-focusedmonochromatic Al
x-ray source, with energy 1486.6 eV and power 19.2W, over an area of approximately 100microns. 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 compositionwas determined to be Fe85Si7B8, and for the
FeGaSiB films, it was Fe82Ga7Si5B6. The compositionwas determined by taking threemeasurements in three
different places on the film surface area and then taking an average. TheXPS spectrawas analysed by the
CasaXPs software. To determine the films’ thicknesses, the AFM techniquewas used in tappingmode, tomea-
sure the height of the step created during fabrication. For both film sets, three different film thicknesses were
studied:<300 nm,∼450 nmand>600 nm.

Themorphology of the filmswas determined using x-ray diffraction (XRD) on a BrukerD2phaser system.
The x-ray generator was at 30 kV and 10mA.The 2θ rangewas from32 to 55° to avoid the silicon peak at 61.7°,
with a step size of 0.02° and a scan speed of 0.1 degmin−1. The crystallite sizewas determined using Scherrer
equation [41]. Nanoindentationmeasurements of the FeSiB and FeGaSiB filmswere carried out using the
nanoindentation techniquewith a Berkovich diamond tip [42, 43]. The loadwas applied perpendicular to the
surface. Arrays of four indents weremade at distances 5 μmand 2 μmrespectivelywith amaximum load of
10mN 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 datawere analyzed using theOliver and Pharrmethod [44, 45], at room
temperature.

4. Results

The results are presented for the structural andmechanical 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], themorphologywas determined
usingXRD. Figure 2 presents theXRD for both film sets (FeSiB and FeGaSiB) for the different film thicknesses.
It is observed that all the films had a very broad peak around 2θ ∼ 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 expansionwithin the FeGaSiB films due to the addition ofGa (table 1). Themagnitude of
these peaks increasedwith increasing film thickness. This increase could be due to the formation of
nanocrystalline grainswithin the amorphousmatrix in the thicker films. Also as no sharp crystalline peakswere
observed, this confirms the amorphous or nanocrystalline nature of all the films studied. Plus the ability to

Figure 2.XRDof (a) FeSiB films and (b) FeGaSiB films for the different film thicknesses.
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maintain amorphicity at larger thicknesses for these compositions. From theXRDdata for each thickness
(figure 2), the Scherrer equation [41]was used to determine the average crystallite sizewithin each film, by
fitting aGaussian to the large amorphous peak in Fityk [46]. From table 1, it is observed that the crystallite size
for all filmswas less than 2 nm, hence the films can be taken to have nanocrystallites within an amorphous
matrix.

The 2θ peak height can be in part taken as an indicator of the amorphicity of the films, as the lower the
height, themore amorphous the film, as therewill be fewer nanocrystallites within it. Therefore, as predicted
from the enthalpy ofmixing, the FeSiB films aremore 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 2θpeak shifts to a lower angle as a function of
thickness for the FeGaSiB films. Converting the 2θ into a lattice constant using Bragg’s law and assuming aBCC
phase, gives values of∼2.89Å for 283 nmfilm,∼2.91Å for the 450 nmfilm and∼2.92Å for the 640 nmfilm,
while the FeSiB films have a lattice constant∼2.88Å. 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-treatedBCCFeGaSiB films (∼2.89Å) [47] and the
lattice constant of 800 nmFe-Gafilms (range 2.88 to 2.9Å) [48], likely to be due to the amorphousmorphology
and theGa andBhaving a positive enthalpy ofmixing, so causing an expansion in the lattice. For the FeSiB
films, there is no trendswithin the 2θ peak and hence the lattice constant (all∼ 2.88Å), this is likely to be due to
the films beingmore amorphous. This also suggests that the largeGa 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 entropywith increasing thicknessmeans that the films
would bemore crystallinewith 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 themechanical properties of the three
materials. The three curves have different indentation depths (given by the displacement in figure 3), which
increasewith increasing applied load up to themaximumvalue (hmax). For the threematerials, the Si substrate
had the lowest penetration depth of∼210 nm, followed by the FeSiB filmof∼300 nm,with the FeGaSiB film
having the largest penetration depth of∼370 nm. Thus, there is a difference between themaximumpenetration
depths of the FeSiB and FeGaSiB films of∼70 nm,which is likely to be due to theGa addition. Adding theGa
within the FeSiB films changes the distribution of the atomswithin the film, due to theGa atoms having a large
radius (136 pm) compared to Si (111 pm) andB (87 pm), andGa having a less negative enthalpy ofmixingwith
the other elements. This leads to a lower amorphicity of the film,which has led to a larger penetration depth.

Figure 4 compares the hardness,Hr and the Young’smodulus,Es 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 decreasedwith increasing indentation depth up to 100 nm,where the values plateau out to 10GPa
and 155GPa respectively. This decrease is due to the indentation size effect, hence the hardness andYoung’s
moduluswere determined from the displacement depths greater than 120 nm for all themeasurements, to
avoid this effect. For the 425 nmFeSiB film, and the 283 nmand 450 nmFeGaSiB films, the hardness gradually
increasedwith increasing indentation depth, whichwas because of the substrate. For both the thickest films
(688 nmFeSiB and 640 nmFeGaSiB), after the initial indentation depth, the hardness and the Young’smodulus
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, themechanical properties of
the Si substrate weremeasured. Table 2 provides an overview of all thesemeasurements. It is observed that the
Si substrate has a higher hardness andYoung’smodulus than all the films studied. Also, the hardness and

Table 1. Structural properties of the FeSiB and FeGaSiB films determined from theXRDdata.

2θ (°) 2θ peak height Full width at halfmax (FWHM) (°) Crystallite Size (nm)

290 nmFeSiB 44.5 3.85 5.51 1.6

425 nmFeSiB 45 5.85 5.01 1.7

668 nmFeSiB 44.4 9.07 4.97 1.7

283 nmFeGaSiB 44.3 4.73 5.41 1.6

450 nmFeGaSiB 43.9 9.79 4.81 1.8

640 nmFeGaSiB 43.8 14.79 4.56 1.9
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Young’smodulus decrease as the film thickness increases, confirming that the substrate does affect themechan-
ical properties of thinner films. The addition ofGa also decreased the hardness andYoung’smoduluswith
respect to the FeSiB films, thus reducing the elasticity of the films.

Another parameter obtained fromfigure 3 is the ratio between the final indentation depth, hf and themax-
imumpenetration depth atmaximum load, hmax. There is a natural limitation of this ratio between zero and
one (0� hf/hmax� 1), and it can be used to determine the type of behavior i.e. elastic or plastic.When hf/hmax
= 0, the deformation is fully elastic andwhen hf/hmax= 1, the deformation is fully plastic. Fromfigure 5, it is
observed that as the film thickness increased the ratio of hf/hmax increased. Thismeans that the deformation
becomesmore plastic as the film thickness increases. Also, the FeGaSiB films had greater plastic deformation

Figure 3.Experimental load-displacement curve of partial load functionmethodwith 50 cycles as a function of displacement
(indentation depth) for the Si substrate, 668 nmFeSiB film and 640 nmFeGaSiB film. The dashed coloured lines and arrows indicate
the hf and hmax for the substrate and the films studied.

Figure 4.Comparison of hardness andYoung’smodulus of (a)& (b) FeSiB and (c)& (d) FeGaSiB films as a function of thickness and
displacement (indentation depth).
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compared to the FeSiB films for all thicknesses. The data presented in figure 5 is the average hf/hmax of the
14 nanoindentationmeasurementsmade on each film.

4.3.Mechanical properties: effect of substrate
Another important factor in thin film growth, is the substrate ontowhich the film is grown. Previouswork has
shown that the substrate can affect both the structure andmagnetic properties of amorphous films [49],
therefore it is important to determinewhether the substrate also influences themechanical properties. To study
this, the thickest FeSiB and FeGaSiB filmswere grown on silicon (a harder substrate) and glass (a softer
substrate), and themechanical properties were determined.

Figure 6 shows how the hardness andYoung’smodulus 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 nmFeSiB
films on silicon and glass had the same hardness of 6GPawithin error, for indentation depths greater than
50 nm. Similarly for the 640 nmFeGaSiB films the hardness was∼5GPa for both films, within the error of the
measurement. From [50], the hardness of glass is 6.8GPa, so slightly higher than both the amorphous films.
Thus the hardness of both FeSiB and FeGaSiB filmswere independent of the substrate theywere grownon, due
to the thickness of the films being larger than the indentation penetration depth.

While for the Young’smodulus of the films, there is a strong dependence on the substrate (figure 6(b)), with
the values diverging from each otherwith increasing indentation depth and applied load. For both films grown
on silicon, the Young’smoduluswas approximately constant for indentation depths greater than 100 nm,with
the FeSiB/Si filmYoung’smodulus∼140GPa and the FeGaSiB/Si filmYoung’smodulus∼120GPa.However,
for both films grown on glass, the Young’sModulus decreasedwith increasing indentation depth. For the
FeSiB/glass film the Young’smodulus decreased from130GPa to 80GPa, and for the FeGaSiB/glass film, the
decreasewas from100GPa to 70GPa, then it was approximately constant for indentation depths greater than
200 nm. From [49], the Young’smodulus of glass is 73GPa, thus the Young’smodulus of the FeSiB and

Table 2.Mechanical properties of different thickness FeSiB and FeGaSiB
films, and the silicon substrate.

Hardness,Hr

(GPa)
Young’sModulus,Es

(GPa)

Silicon Substrate 12 160

290 nmFeSiB 9 155

425 nmFeSiB 8 150

668 nmFeSiB 6 140

283 nmFeGaSiB 7 140

450 nmFeGaSiB 6 130

640 nmFeGaSiB 5 120

Figure 5.The ratio of hf/hmax for the FeSiB and FeGaSiB films grownon silicon as a function of thickness.

7

Mater. Res. Express 12 (2025) 096403 QAAbbas et al



FeGaSiB films grown on glass reduce towards the glass value.Hence the filmswere strongly affected by the
elastic properties of the glass substrate. Thismeans that the amorphous films showeddifferent elastic behaviour
depending onwhether theywere grown on an amorphous substrate (glass) or a crystalline substrate (Si).

Anotherparameter that canbedetermined fromfigure 3, is the elastic recoveredpart of thematerial.This is due
topart of thefilmmovingback intopositiononce the indentation tiphasbeen removed fromthefilm. It is definedas
thedifferencebetween themaximumindentationdepth,hmax and thefinal indentationdepth,hf. Fromfigure 7(a), it
is observed that forbothfilms the elastic recoveredpart decreasedwith increasingfilmthickness butwas independent
offilmcomposition. For the thickerfilms grownonglass, the elastic recovery is higher than those grownonsilicon,
againdemonstrating that the elastic behaviourof amorphousfilms stronglydependson the substrate.

The yield strength [51] (figure 7(b))was also determined for both film sets as a function of thickness and
substrate. Fromfigure 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 a lower yield strength than the FeSiB films,meaning that adding
Ga to 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
filmswere 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 comparedwith the hard silicon substrate.

The hardness and elasticmodulus can also be affected by thematerials 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 lineswere
taken (figure 8). For both the FeSiB films on silicon and glass, a small pile-up ofmaterial on three sides is
observed (shownby the arrows onfigures 8(b) and (d)). The pile-up height of FeSiB/Si was in the range
12–19 nmand for FeSiB/glass was in the range 13–16 nm. Thus as they have similar pile-up heights, the sub-
strate has not influenced themeasurement.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 filmon silicon, the pile-upmat-
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 filmon silicon.While the FeGaSiB filmon 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. Thismeans the substrate plays a role in the compressive
stress within the FeGaSiB films.

Figure 6.Comparison of (a) hardness and (b)Young’sModulus of 668 nmFeSiB and 640 nmFeGaSiB films deposited on Si and glass
substrates as a function of displacement.

Figure 7. (a)Elastic recovery and (b) yield strength of FeSiB and FeGaSiB films deposited on Si and glass substrates as a function of
film thickness.
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5.Discussion

5.1.Hardness of the films
From table 2, it is observed that the hardness andYoung’sModulus decreasedwith increasing thickness for
both film sets, with the thinnest film values being closer to those of the silicon substrate. For the filmswith
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 thosemeasured for FeSiB ribbons [20], it

Figure 8. Indent surface features and section analysis, AFMimage (2× 2μm) and section analysis of 640 nmFeSiBfilmon a Si substrate
(a) and (b) and a glass substrate (c) and (d) and640nmFeGaSiBfilmon a Si substrate (e) and (f) and a glass substrate (g) and (h).
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is observed that the ribbons hardnesswas double (10GPa) compared to the films (6GPa). The reducedmodulus
of FeSiB ribbons is given as∼160GPa. The reducedmodulus ismeasured in the nanoindentationmeasurement,
before being converted into the Young’smodulus. Thus the reducedmodulus of the>600 nmfilms on silicon
were∼135GPa (FeSiB) and∼115GPa (FeGaSiB) [52], which again are lower than the ribbons. Themain reason
why thin filmsmechanical properties are different to ribbons is due to the different inmanufacturingmethod.
For thin films, sputtering can induce strain into the films, which influences the properties, while ribbons are
produced using rapidmelt spinning. Thismeans that it cannot be assumed that thin films ofmaterials will have
the sameproperties as the bulk or ribbon samples.

For comparisonwithothermagnetostrictive thinfilms,Nicolenco et al [23] investigated electrodepositedFe-Ga
films (thickness>600nm), as a functionofGa concentration.Thehardness ranged from5GPa (2%Ga) to
2.93GPa (35%Ga), while the reducedmodulus ranged from134GPa (2%Ga) to 115GPa (35%Ga). Comparing to
the amorphousFeGaSiBfilms,where theGacontent is 7%, the hardness for thinnerfilms is higher than thepoly-
crystalline Fe-Gafilms,while the 640nmFeGaSiBfilmhardness is in goodagreementwith the 2%Gafilm.While
the reducedmodulus for the 640nmFeGaSiBfilm is closer to thehigher contentGafilms,with the 668nmFeSiB
filmhaving a reducemodulus the sameas the 2%Gafilm.Therefore, both amorphousFeSiB andFeGaSiBfilms
have comparablemechanical propertieswithpolycrystalline Fe-Gafilms. Further it suggests that amorphous
magnetostrictivefilmshavehigher hardness compared topolycrystallinemagnetostrictivefilms,which is the same
behaviour as observedbetweenbulk amorphous glasses andpolycrystalline alloys [38].While the reduced
modulus andhence theYoung’smodulus is reduced for amorphousmagnetostrictive films, compared to
polycrystallinefilms.

5.2. Effect of Ga addition
The addition ofGa to the FeSiB films, also changed themechanical 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 elasticmodulus [40]. For example, increasing the internal stress by 1GPa leads to a decrease in the
elasticmodulus of about 13% [53].Whilework byQunito et al [54] andMani 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 theGa, rather than the growth parameters (i.e. sputter power and pressure). From the
XRDdata (table 1), it is observed that the estimated lattice constants increasedwith FeGaSiB film thickness,
which can be linked to an increase in tensile stress, whichwould then explain the decrease in the hardness and
elasticmodulusmeasured.

Previouswork on FeGaSiB films [29] determined that the addition ofGa to FeSiB films, decreased the
inhomogeneous stresswithin the films, due to the largerGa atom increasing the spacing between the other
atomswithin 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 andYoung’smodulus observed. The
addition ofGa 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 theGa changing the short
range atomic spacingwithin the amorphous films.

5.3. Effect of substrate
Fromfigures 6(b)–8, the effect of the substrate on themechanical 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 inMEMS applications. The thickest filmswere studied on the different
substrates, as the hardness andYoung’smoduluswere not affected by the silicon in the previousmeasurement.
The hardness (figure 6(a))was also not affected by the substrate, as the valueswere the same for both substrates,
but the substrate the amorphous filmswere grownon did strongly influence themeasured Young’smodulus
(figure 6(b)). Although it had been determined that the 600 nmfilmswere not affected by the silicon substrate,
the growth on the glass substrate had a strong effect on themeasuredYoung’smodulus. Thismeans that the
mechanical behaviour of the amorphous films depends onwhether the Young’smodulus of the substrate is
higher or lower than the film.

Previousmodelling, [56]demonstrated that themechanical properties of the substrates can influence thefilms
propertiesoverdifferent depth ranges.This is due to the substrate starting to elastically deformat smaller penetration
depths thanexpected.The larger thedifferencebetween theYoung’smodulusof thefilm (Ef) and the substrate (Es),
givenbyEf/Es, the greater the effect. IfEf/Es=1, thennoeffect of the substrate is observed,while forharder substrates
(i.e.Ef/Es<1), theYoung’smodulus tends towards the substrate valuebutdoesnot reach it. ForEf/Es>2, i.e. softer
substrates, theYoung’smodulus tends towards the substrate value and is a stronger effect.This is observed inour
films,where the>600nmfilmson silicon showednoeffect of the siliconproperties,withEf/Es=0.875 (FeSiB) and
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0.75 (FeGaSiB), sobothbeing close toone.While for the same thickness filmsonglass, therewas a strongerdepend-
enceon the glass substrate,withEf/Esof 1.92 (FeSiB) and1.64 (FeGaSiB). Thus this larger ratio and the glass having
softerproperties, causeda greater effect in theYoung’smodulusmeasurement.

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

( )= + +kd k t 1y o
n m

Whereσo is the bulk yield strength, k and k’ are gradients, d is the grain size, t is the film thickness and n andm
are exponents. As the FeSiB and FeGaSiB films are amorphous, they contain no grains, thus d= 0. Thismeans
that the yield strength depends only on the film thickness. This is due to the dislocations in the filmbeing
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, R2 closes to 1, due to there being only 3 data points. For the FeSiB films, the bulk
yield strengthwas 278MPa and the exponentm= 1.While for the FeGaSiB films, the bulk yield strengthwas
242MPa and the exponentm= 1. Fromprevious 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
werem= 1,meaning that both films are behaving according to the plasticity theory [59], where the interface
between the film and the substrate blocks the dislocationswithin 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, thismeans that the glass wasmore of a barrier to the dislocationswithin the film, than the silicon
was, thus increasing the inhomogeneous strain distribution and therefore the yield strength.

5.5. Amorphicity and thickness variations
Sincemetallic 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 hardnesswas computed for
both compositions at the film surface (displacement<10 nm) and a depth of 160 nm.Negative values show that
thematerial becomes softer the deeper it goes, i.e.more crystallinewithin the film,while positive values show
that thematerial becomes harder the deeper it goes, i.e.more crystalline at the surface. This naïve analysis gives
an indication if for a particular thickness, the surface ismore amorphous (ormore 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

Figure 9. Fractional depth ratio as a function of the change in hardnesswithin the FeSiB andFeGaSiB films.
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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 inmorphology from the surface into the film. For the FeSiB films,
the thinnest filmhas 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 filmswasmore 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
weremore amorphouswithin the film than at the surface, and that the entropy associatedwith the glass-film
interface is still strongly influencing the film growth, especially for the FeGaSiB film.

6. Conclusions

Themechanical properties (hardness, Young’smodulus 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 ofGa into the films changed themechanical properties, with the films becoming
less elastic, this is likely to be due to theGa changing the internal stress within the films, which is observed by the
change in the amorphous peak position in theXRDdata.While the harder silicon substrate did not affect the
measurements of the thickest films, the softer glass substrates had a large influence over themeasured values.
The FeSiB filmhardness andYoung’smodulus also differed from those of ribbons,meaning that the
mechanical properties of thin films used inMEMS applicationsmust be fully characterised, rather than assume
that they are the same as the bulk/ribbon values.

Additionally, the amorphicity of the filmswas approximated using Scherrer crystallite size analysis, i.e.
nanocrystallites formedwithin an amorphousmatrix. By comparing this to the hardness data obtained (as a
function of thickness) it was inferred that the FeGaSiB filmswere slightlymore amorphous at the surface, while
the thicker FeSiB filmsweremore amorphouswithin the film. Taken in combination, the data shows that (a)
filmgrowing 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 functionalmagnetic thin films.
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