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Abstract

High quality phase pure samarium sulihids (SmS) thin films with low surface roughness
were prepared by electron beam evap-ration using a samarium metal source in an H,S
atmosphere. SmS shows a strong ;ie.~:esistive response due to a phase transition between a
semiconducting and metallic s.ate, which can be employed in piezo-electronic devices and
stress sensing. Measurement of fundamental mechanical properties such as Young’s modulus
is thus a major objec. 7e to assess the elastic behaviour of SmS under external stress.
Nanoindentation was used to measure the elastic modulus of thin semiconducting films with
nominal thickness of 200 nm, 200 nm and 400 nm on silicon substrate at different loads. The
indentation results were fitted to a modified King’s model to exclude the effect of the
substrate, giving Young’s moduli of the films in the range of 79-82 GPa, consistent with
measurements with a Laser Surface Acoustic Wave system (LAwave) and results from

literature.
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1. Introduction

Samarium sulphide (SmS) exhibits an isostructural first-order phase transition from the
semiconducting to the metallic state at a hydrostatic pressure of about 650 MPa at room
temperature [1]. The moderate conditions (pressure and temperature) required for switching,
and the possibility to modify the material to make the transition reversible, make SmS an
important and unique material for potential applications such a: aon-volatile memory devices,
stress/strain sensors, pressure related electronics and so on 1. "’he switching process from
semiconducting to metallic state is a volume collapse. w::ich can be reversed by thermal
annealing. The basic properties and switching charac.=ris.ics of SmS, and the way to monitor
these properties, have been reviewed in Refe er.ce [2]. For real-world applications, high
quality SmS thin films are required, w.u. suingent requirements on their electrical and
mechanical properties, but the physi~s of cuatact-induced deformation of thin films has not
been fully investigated [3]. The siz2 uy SMS in a piezoelectronic transistor device is in the
sub-micrometre range [3, 4], as . ~quired by the IT industry. As the mechanical properties of
small structures may be signitic2ntly different from those of bulk material (i.e. a size effect)

[5], there is a need to stulv tt e mechanical properties of SmS at the appropriate scale.

Although the indentation response of a thin film on a substrate is a complex function of the
elastic and plastic properties of both the film and substrate, nanoindentation is a promising
method for obtaining mechanical property information of thin films for input to theoretical
and computational analysis [5-14]. In order to measure ‘film-only’ properties, a commonly
used approach is to limit the indentation depth to less than 10 % of the film thickness,
although depending on the properties of the film and substrate, the depth limit varies, with

values reported between 5 % and 35 % of the film thickness [11, 15]. Experimentally, this



thickness ratio rule is applicable for films with a thickness greater than one micrometre.
Several computational models were successfully demonstrated and applied to determine
mechanical properties of thin films with thickness of 100 nm or lower, with both spherical

and pyramidal indenters [5, 14].

For film-only properties of SmS thin films, a pyramidal indenter is used to measure the local
Young’s modulus. A test protocol was developed for the measurement of both metallic and
non-metallic materials in ISO standard (BS EN ISO 14577-4- 2016) [16], where the elastic
modulus of coatings was obtained by taking a series of meas'iren ents at different indentation
depths. In the case of soft/ductile coatings like SmS, incnta ion force or displacement and
indenter geometry should be chosen such that a taigcer radius indenter is used, which
increases the difficulty to determine the surface ~~nact point due to the imperfections of the
indenter. For the measurement of small surfa:e area (i.e. for the real application, the size of
SmS is in sub-micro or nano metre scale "3]) and the analysis of the unloading curve with
Oliver & Pharr method [15], the aree ot 1. test piece needs to be much larger than the area of
indent based on the Hertz contact u.~ory. Therefore, a pyramidal (sharp) indenter is used in
this work. Saha and Nix [2"1 modified King’s model [12] (where Young’s modulus is
measured with flat purch ‘ndenters), to adapt it to three-face pyramidal indenters, and
different material system: irrespective of the effects of pile-up or sink-in such as observed for
Cu and ultrahard alloys thin films [5, 17, 18]. Furthermore, laser surface acoustic wave
measurements (LAwave technique) were also used to investigate the elastic properties of the
films, allowing for a greater area to be analysed (on the order of a few millimetres square)

and assessing their degree of uniformity.

2. Methods



Samarium sulphide (SmS) thin films in semiconducting state were prepared by electron
beam evaporation using a samarium metal source in an H,S atmosphere, on silicon substrate
at 250 °C [19]. Thin films with different nominal thickness of 100, 200 and 400 nm were
deposited, and the actual thickness measured along the cross section with a Scanning Electron
Microscope (SEM) was 102, 197 and 424 nm, respectively. The surface roughness of the thin
films was measured with an atomic force microscope (AFM, M5, Park, South Korea)),

operated in contact mode.

FIGURE 1 [HERE]

Figure 1 shows a schematic of an indentation -na ue corresponding load-displacement curve.
In the Oliver-Pharr method, the elastic s.'aon for the indentation of an isotropic half space

is used to relate the contact stiffness 5 and the projected contact area A(h.) between the

indenter and half space to the re~uce. modulus (E,) of a homogeneous material, E, = 27\/; In
an elasto-plastic indentation, ;. 1s contact depth, S is measured as the derivative of the

indentation load P with resyect to the elastic displacement upon unloading (as shown in
Figure 1 (b)). The elast’c unloading from a plastic impression is equivalent to the elastic
indentation of a flat surface by an effective punch, the shape of which is determined by the
plastic properties of the material. For an isotropic material with a Poisson’s ratio v, Young’s

1-v?

2
modulus (E) can be calculated from Eiz L+ , Where E; and v; are the Young

T i

modulus (1141 GPa) and Poisson’s ratio (0.07) of the diamond indenter, respectively.

In this study, nanoindentation on thin films was performed using an Ultra Nanoindentation

Tester (UNHT?®, Anton Paar, Austria), equipped with a diamond cube corner indenter, of



which the area function was calibrated with certified reference materials. Nanoindentation
experiments were conducted at varying loads, namely, 0.05, 0.1, 0.2 0.4, 0.6, 0.8. 1.2 and 2
mN, in load-control, while applying and removing the load within 30 s. At the maximum load,
a dwell period of 60 seconds was maintained before unloading, as well as another dwell
period of 60 s at 90 % of unloading for thermal drift correction. At least 10 indents were
performed at each load on each specimen, with an indent spacing of at least 10 pm. A
spherical indenter with a radius of 4.2 um was used to investigate the effect of surface contact
on certified reference materials (average roughness Ra is < 2 r~ a. determined by AFM) and
thin films. Multiload cycles with Berkovich indenter we.e .'so carried out to compare the
fitting results on the 400 nm thick SmS film. Furthermni> an attempt was made to measure
Young’s modulus of metallic phase SmS, after rub’ing the 400 nm thin film with a small
force with a pair of plastic tweezers to trijg.v ‘ne phase transition [19]. However, the
measurement was not successful despitc the metallic phase was obtained, due to the uneven

surface caused by this uncontrollable p: ~cess.

For the laser surface acoustic wave \~easurements, 3 out of 4 parameters among the Young’s
modulus (E), Poisson's ratio {v), mass density (p) and layer thickness (t) need to be known
before the fourth paramrete. can be calculated [20-22]. The computation is based on the
velocity of a surface (c) \'ave in a homogeneous isotropic material, taken from the theory of

the measurement as.

0.87+1.12v E
c= 1)
1+v 2p(1+v)

For a homogeneous material, the velocity does not depend on frequency, and the shape of the

pulse at different distances from the laser focus is identical, merely shifted in time. If there is
a coating on the sample, the stiffness and density of the surface are changed, and the wave

motion is altered. The lower frequency waves penetrate deeper into the substrate and are



indicative of the substrate, and the higher frequency are closer to the surface and carry
information on the film. To investigate this the system makes measurements of the
transmitted pulse at different distances along the sample, where increasing the separation
distance causes the pulse to become broader (i.e. the dispersion). As there is no information
on the shape of the pulse introduced, and the frequency response of the detector, the system
works on the difference between two curves (pulse) generated at two distances (x; and x,)
between the laser focus line and transducer to measure the phase velocity, not the absolute

impulse response of the transducer.

The two pulses are Fourier transformed and cross correlat 4. F-om the cross correlated pulses
at each position the software can construct the disiers'on curve in the form of the phase

velocity as a function of frequency, based on the *~lation

_ 2mf(x1—x3)
€= (-0 2)

Where f is the frequency; &, (f) and ,¥) are the phases of the signals recorded at point 1
and 2, which include the impulse recnonse of the transducer and the other components in the
test system. These addition urweted contributions to the impulse response can be eliminated
by subtracting @, (f) frcin ®,(f), so that only the effect of measuring the x; — x, on phase
shift remains. The data a alysis is automatically given by software, an example is shown in

Figure 2(b).

FIGURE 2 [HERE]

A pulsed nitrogen laser, with a wavelength of 337 nm, a pulse energy equal to 400 puJ and a

pulse duration of 0.5 ns (peak power of 800 kW), was used. The ultrasonic wave was



detected using a steel knife edge acting on a 10 pum thick piezoelectric Polyvinylidene
Fluoride film as a line detector. The piezoelectric signal was amplified, filtered, recorded by
an oscilloscope, and processed. While an initial offset of about 5 mm between the laser and
detector was used, the stage was moved by logarithmic steps between 5 and 50 mm. The

software used to control, and process data was LAwave version 5.2.

3. Results and Discussion
3.1 Effect of surface topography and surface contact

The AFM results of the semiconducting SmS thin filrus v.iin thicknesses of 100, 200 and
400 nm on the silicon substrate show low surfa.> rcughness. Figure 3 shows surface
topography of a 400 nm thick SmS thin film. n= average surface roughness (Ra), Rms
roughness (Rq), and the maximum peak “u ‘an~y height (Rp-v) were measured about 0.96,
1.18 and 5.17 nm, respectively. The ow surface roughness reduces measurement
uncertainties for nanoindentation, hw.€ zr, at the nano-scale, the surface contact still suffers

from local variation in indentatio.” depth.

FIGURE 3 [HERE]

FIGURE 4 [HERE]

Figure 4 shows the load-displacement curves obtained at very low loads on certified
reference material (fused silica) and 400 nm SmS thin film with a 4.2 pum spherical indenter.

The loading and unloading curves in Figure 4(a) do not overlap, despite that the material only



deforms elastically, as indicated in Figure 4(b). The mismatch gap is less than 2 nm, which is
consistent with the surface roughness value of the fused silica, as the stress concentration
causes plastic deformation within the range of roughness. The first few nanometres of
permanent indentation depth in SmS thin films could also be due to the surface roughness
causing high local stress and, therefore, local deformation rather than true plastic deformation
of the thin film, as shown in Figure 4(c). There is true plastic deformation at an indentation
load of about 0.22 mN (indicated by the small pop-in), Figure 4(d). The average contact
pressure (in a range close to 650 MPa for different indents) at '~au of 0.3 mN could lead to a
partial switch (the SmS switch from semi-conducting sw.te to metallic state), but the
maximum contact pressure could lead to permanent niostic deformation due to the non-
uniform stress distribution below the indenter[23]. Desyite the average surface roughness in
the thin film being slightly lower than that of :h. re.erence material, the mismatch gap at the
initial contact is up to 5 nm, which is «lcse to the maximum peak to valley height. The
difference could be caused by differe..* plastic properties of the two materials, with fused
silica being much harder than Sm< th.~ film; and also may be due to the scratches introduced
during polishing on fused s.:ica, which could increase the average surface roughness.
Therefore, despite the lower > face roughness, the local variation in the surface contact and
associated high stress>s nighly likely to increase the nanoindentation measurement
uncertainties at lower indentation depth; However, using a sharper cube corner indenter can
reduce the effect of surface roughness and therefore, the measurement uncertainties at

shallow indentation depths.

3.2 Elastic modulus measurement by nanoindentation

FIGURE 5 [HERE]



Figure 5 (a) shows the typical load-displacement curves obtained at the same maximum load
on both silicon substrate and SmS thin films. The maximum indentation depth was found to
increase with film thickness, which is an indentation effect observed when indenting a soft
film on a stiffer substrate; the thinner the film the more significant the substrate effect at a
given indentation load. Similar observations were made regarding the creep displacement at

maximum indentation load.

During initial loading of the indenter, both elastic and plc<tic deformation occur; where
plastic deformation occurs, the semiconductor phase sw.tci.cx to metallic phase, as presented
in Figure 5(b). According to the improved Oliver-/ harn method [15], the unloading curve
could be analysed by the concept of an ‘effecti /e indenter shape’, as shown in lower part of
Figure 5(b). The elastic unloading respon.e s 1.2t from the plastic region under the indenter,
but from the surrounding material. The effec: of a silicon substrate on the elastic modulus of
the thin film is strong, despite that b= ~.dentation depth is much lower than film thickness,
which indicates that elastic response is mainly from the semiconducting phase and silicon
substrate (after unloading, it is “aund that only the indent has a golden colour, corresponding
to the metallic phase incert 11 Figure 5(a)). The shape of the ‘effective indenter’ is the shape
that would produce the ~zme normal surface displacements on a flat surface to that produced
by a cube corner indenter on the deformed surface. The successful determination of the
effective indenter shape can be confirmed by overlapping the unloading and reloading curves
[15, 24]. For the SmS thin films, no significant amount of hysteresis was observed during the
reloading cycle, suggesting that the elastic recovery is mainly a combination of the SmS
semiconducting phase and the substrate. Another common feature observed in Figure 5(a) for

the force-displacement curve of thin film system is that there is a considerable amount of



displacement during the holding period at maximum load, which increases with indentation

load and film thickness.

FIGURE 6 [HERE]

Figure 6(a) is a plot of the plane strain modulus of SmS thin films as a function of a/t
(effective radius/film thickness). The plane strain elastic moc'uiu~ of the film was determined
to be 81 GPa (+/- 6 GPa) at shallow indentation depths of 20 v'm (a/t is ~ 0.3) in the case of
a 400 nm thick SmS film. The elastic modulus ir.cicases to 93 GPa (+/- 2 GPa) when
decreasing the film thickness to 200 nm at a simila: depw (a/t is ~ 0.6). The uptrend in the
modulus of the films is the result of the elast: fiead under the indenter not being confined to
the film itself; instead the elastic field ext-nds into the substrate when indenting thin films.
The elastic modulus increases with ‘ncicasing the indentation depth (a/t ratio), reaching a
value close to that of the silicca . tostrate. There is a definite substrate influence on the
measured contact stiffness, cve. at shallow indentation depths, indicating that the rule of

thumb of 10 % film thick.ieos 1s invalid for the SmS thin films.

The experimental resulte ompare favourably with a modified form of King’s model [11, 13],
which captures the substrate effect on the elastic modulus of thin films irrespective of pile up

or sink in of materials. Within this model the elastic properties are related by

1 1-v? | 1-vE B Coul V) W PORVE B Co)
Er—Ei+Ef1ea+ES(ea) 3

where E;, Ef and E; are the elastic modulus of the indenter, film and substrate, respectively;
E, is reduced modulus; Poisson’s ratio of the film and substrate are v¢ (0.21) [1, 25] and v
(0.22), respectively [4, 25]; the film thickness t and indentation depth h; a is the square root

10



of the projected contact area; a is a numerically determined scaling parameter that is a
function of a/t, the normalized punch size, which depends on indenter geometries (cube

corner and Berkovich).

o(t—h)

. _aft=h) 1,1 . . 1 1
We definex=e a and y= =) where E* is the plane strain modulus, el
—V§f r

1—v2 . . . .
TVI’ where the Poisson ratios was taken as close to zero for Oliver & Pharr analysis. Hence,

a linear fit defined by y = Ax + B, with

—y2 .
= s — 2 and B ==, was established. The best-1, +alues of A and B can be
Es(l—vf) Ef Ef

determined using a linear least square method, and usea 2 calculate the elastic modulus and

Poisson’s ratio of the SmS film.

Figure 6(b) shows plots of y versus x for SmE filnis with different thicknesses, where some
points at indentation depth larger than thic!~iess being excluded. For pure SmS thin films
with uniform microstructure, the relation_Yip of y vs. X is reasonably linear, indicating
constant elastic properties for the s itierent film thicknesses. The Young modulus of thin
film was extracted from the Iinec.~ fitting (data from Figure 6(b)), which is the inverse of the

interception with y axis, ' summarised in table 1, along with the fitting coefficient R

In addition, a near-linear ‘ange fitting of plane strain modulus vs a/t (a/t ratio is <~3.0,
which is much larger than 1ISO recommendation of 1.5 [16] due to the availability of the data
points) was attempted for three films (data from Figure 6(a)). The Young’s modulus values
are 73.4 +/- 2.34, 72.9 +/- 1.27 and 72.8 +/- 1.22 GPa for 100, 200 and 400 nm thin films,
respectively; and they are at least 10 % lower than theoretical values. Despite good
agreements for the intercepts of the fitting for the 3 films, the slopes of the fitting vary by
~20 % with different film thickness. As this fitting method aims to achieve linear fitting over

a range of depths that do not creep and are elastic if possible [16], the large plastic and/creep
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deformation in SmS thin films might affect the fitting results. Therefore, the King’s model is

recommended for sharp indenter on soft/ductile material.

Table 1 Young’s modulus of SmS thin films with different thicknesses obtained from
modified King’s model of nanoindentation measurement, the LAwave method and theoretical

values from literature.

Measured Fitted Modulus LAwave Literature
Thickness (nm) (GPa) R’ (GPa) St dev(G 1) (GPa)

424 78.7 085  88.4 30 80-90

197 82.0 0.93 86.0 235 [1, 4, 25]
102 81.3 0.88 90.6 &F

The effect of the different indenter sha;es un the measurement of the elastic modulus was
analysed. Figure 7 shows a typical piot of Young’s modulus versus the indentation depth
using a Berkovich indenter on a 40.' "im thick SmS film. It is worth mentioning that the
degree of variation in the exp rimental results obtained from Berkovich indents (Figure 7)
performed at shallow depths ‘< higher than those obtained from cube corner indents (Figure6
(@)), which is due to su: “ace roughness effects previously discussed. The Oliver-Pharr method
was used to calculate the combined elastic modulus, using a Poisson ratio of 0.21 for both the
film and substrate and a modulus of 160 GPa for the silicon substrate[1, 4, 26]. The fitted
Young modulus from the modified King model and Equation (3) matches well the
experimental data obtained from the Oliver-Pharr method (Fig. 7) yielding a “film-only”

elastic modulus of about 82.4 GPa (R* = 0.78).

FIGURE 7 [HERE]
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3.3 LAwave results

Figure 8 shows the phase velocity of an acoustic wave for the 3 SmS film thicknesses, and
the theoretical fits for the determination of the Young modulus. A Young modulus of about
90.4, 85.2 and 88.1 GPa was measured for the 100, 200 and 400 nm thick SmS films,
respectively. The results were obtained from using a Poisson ratio of 0.21 [1, 2], an
theoretical film density of 5.69 g/cm® and measured thickness: - of 102, 197 and 424 nm. A
series of 8 measurements were made on each SmS thin filn. anJ the results were averaged
for each film, as summarised in table 1. Results from F.oti, e nanoindentation fitting using
the modified King model and the LAwave techniy e #re in a reasonable agreement with
theoretical Young modulus values calculated from. the elastic constants [1, 4, 25] , as shown
in Table 1. The results give confidence “u .mew uring Young’s modulus of soft/ductile thin
films with nanoindentation and LAwave .vhen the size of specimen varies from sub-

micrometre to millimetres, where th :c.c:zal elastic constants may not be available.

FIGURE 8 [HERE]

It was concluded that while the estimated Young’s modulus values are highly dependent on
the accuracy of the film thickness (an increase of 10% in thickness of 100 nm thick film,
results in more than 50% increase of Young’s modulus); they are less affected by the Poisson
ratio. The accuracy of the film density also linearly affects the derived modulus; an increase
of approximately 5 % in the density leads to a 50 % increase in the derived modulus. In this
work, only Young’s modulus was determined, while the density and film thickness were

known and used as fixed values. While the bulk density was found in literature[2],

13



inspections of the film cross-sections under electron microscope were carried out to
investigate any porosity and avoid an overestimation of the film density. According to current
deposition process, it is expected the variation in thickness over 1 cm to be on the order of at
most 0.2%, due to the characteristics of the technique, when the sample was situated right
above the Sm source[19] . It is important to note that since the LAwave technique performs
the measurement over a film area of approximately 5 mm by 10 mm, and assumes that the
film is homogeneous, isotropic and of equal thickness, measurement uncertainties may arise

from film non-uniformity.

4, Summary

Considering the nature (thin and soft/ductilc® 2ad size in potential application (sub-
micrometre) of the SmS thin films, nanrnd..ntation equipped with pyramid indenters (cube
corner and Berkovich indenters) was v<ed to measure the elastic modulus of semiconducting
films with nominal thickness of 100 1 m, 200 nm and 400 nm on silicon substrate at different
loads. The total elastic strain 02neicted during nanoindentation was not contained within the
thin film, so the elastic prop2rties obtained by the Oliver-Pharr method was a combination of
the film and substrate 1crefore, we used a modified King’s model, which enabled the
determination of the “film-only” elastic modulus of SmS thin films while reaching
indentation depths greater than 10 % of the film thickness. The results matched those
obtained from the laser surface acoustic wave measurements as well as data calculated from
literature. The combination of nanoindentation and LAwave measurements can increase

confidence in the measurement accuracy of thin film modulus.
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Figure List

Figure 1 (a) Schematic of indentation; (b) corresponding load-displacement curve.

Figure 2 (a) Schematic of the ultrasonic measurement process, (b) example showing the

effect of film on the phase velocity of the surface acoustic wavr as a function of frequency.

Figure 3 AFM scan of SmS 400 nm thin film surface: (a) 3L tor,ography, (b) the associated

topographical line profile acquired along the dashed arrnw 1. (a).

Figure 4 Load-displacement indentation curves carr’zu ~ut at very low loads with a spherical
indenter with a radius of 4.2 pm to demonstrat2 .'«e ~ffect of surface roughness on indentation
depth of fused silica at a maximum loac of J.05 mN and 2 mN (a and b, respectively); and

on SmS 400 nm film with a maximum :~ad of 0.05 mN and 0.3 mN (c and d, respectively).

Figure 5 (a) Load-displacement curv s of silicon (100) substrate and SmS thin films with
varying thickness using a cuk.> cuner indenter and the inserted optical image of an indent
(yellow, at maximum lo7d o’ 5 mN with an Berkovich indenter, width of insert is 10 um) on
200 nm SmS film (purple ; and (b) schematics to understand the loading and unloading

deformation of the film.

Figure 6 (a) Plane strain modulus of SmS thin films on silicon substrate plotted as a function

of the a/t ratio (effective radius/film thickness) - the shaded pattern indicates the elastic

_a(t-=h)
) versusx=e a (the x and y

modulus of silicon substrate; (b) a plot of y = %(1 1V2
—Vf

parameters are based on a modified King’s model, which are explained in the text) for SmS

thin films with different thicknesses — the dashed lines indicate linear fitting and plateau.
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Figure 7 Young’s modulus data obtained from the Oliver-Pharr method on Berkovich indents

on 400 nm thick film and a fit using the modified King model.

Figure 8 Phase velocity of an acoustic wave as a function of frequency for SmS films with

different thicknesses.
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Fig. 3
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Fig. 4
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Fig. 5a
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Fig. 5b
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Fig 6a
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Fig. 6b
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Fig.7
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Fig. 8
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Highlights

Young’s modulus of piezoresistive samarium sulphide thin films was measured.
The modified King’s model was used to fit nanoindentation results.

Laser surface acoustic wave was used to measure Young’s modulus directly.

Different experimental results match with theoretical values from literature.

32



(a)

Residual surface

(b)

P
. |nitial surface

after unload \ Holding
Q. / Unloading

. =

: g

: )

: . _ap

! Deformed surface Loading S=—

1

dh
under load /

Displacement, h

Figure 1



(a) Surface acoustic o) s
Laser wave Detector 3100
73100
beam __.A,NV\/ E
© 30804
H =
Distance x £ 3060
o
2 3040
§ Steel substrate
o 3020 ¢ 3 um TiN coating on Steel
30004 "y

0 10 20 30 40 50
Frequency, f (MHz)

Figure 2

60 70




Height (n

Figure 3

6 8
Distance (um)

10

12

14



Indentation load (mN)

0.05 (a) 20 (b)
0.04
15
0.03
1.0
0.02
0.01 | 05
Fused silica Fused silica
0.00 ‘ 0.0 B e
(] 4 6 8 0 10 20 30 40 50 60 70
0.35
0.05" (c) 0.30 (@)
0.04 0.25
0.03; . 0.20
0.15
0.02. SmS 400 nm SmS 400 nm
0.10
0.01 0.05
0.00 ‘ 0.00 - ‘ ‘
0 6 8 10 12 0 5 10 15 20 25 30 35

Indentation Depth (nm)

Figure

4



(a) e e B e L
| — — Silicon (100) . - . i
08+ . SmS_100 nm /I 7 N
——Sms_200nm 7/, S i /s
—---Sms_400nm / , & i/, ‘
0.64 y, / :. - 1 i
2 / l ..;/ l.
£ ¢S -
= 1/ i '
T 044 / S ; / 1
g / St : )
4 VY 4 ; !
/ A J ,'
s i
0.2- ¢/ ; !
/’ / B /
, p / r
0.0 — T T T 1

0 20 40 60 80 100 120 140
Displacement (nm)

(b) \ l / loading

Metallic
phase

Semlconductlng
phase

Silicon substrate

Effective

indenter Unloading
shape >

Semiconducting phase

Silicon substrate

Figure 5



(a) 180 : . | | |

E 160 4 %

S 140- “ !_i ]
[72]

2 - ’i

2 120- _

8 ‘ .

= 100] , &

s 1001 $ = SmS_100nm T

B | e SmS_200 nm

o 801 SmS_400nm

5 ]

o 60 - ]

40 . | | | |
alt

(b) -
0.014 - .
0'013__ = SmS_100 nm 4

| e SmS_200 nm
0.01279™., SmS_400 nm
0.011- 3 . _
> 0.010 1 }i _
0.009—_ ! . ]
0.008 - u’ _
0.007 '\i\. , ]
0.006 . . . — ’."”"’.'7
00 02 04 06 08 10 12 14

X

Figure 6



Plain strain modulus (GPa)

160 T T T T T

) ]
150 - t -
140 - 1 i
| &
130 4 - ! e
1 =
120 4 - i
110 | = I.l o
/& m b
1004 ™ l i
1 ‘l‘ ®m  Experimental value
90 % ® Modified King's model .
® a I
80 .
T T T T T
0 50 100 150 200 250

Indentation depth (nm)

Figure 7

300



5100 -

A P )]
[0 © o
o o o
o o o
1 1 1

Phase velocity (m/s)

4700 4

4600

100 nm
100 nmfit (90.4 G a)

200 nm AN
200 nm fit (85.2 GPa)
400 nm :
400 nm fit (88.1 GPa)

100 200 300
Frequency (MHz)

Figure 8

400




