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Abstract

In this work, the onset strains of fragmentation, the fracture strength, and fracture toughness of
amorphous and crystalline Ge,Sb,Tes (GST) films are determined. Using in situ methods, such as
resistance measurements, reflectance anisotropy spectroscopy (RAS), and eptieal light
microscopy during uniaxial tensile loading, we demonstrate that onset strain of fragmentation
and delamination depend on both, crystallographic state of the GST film and the film thickness.
We observe that amorphous GST fractures at larger strains than crystalline GST. However, due to
its small Young’s modulus the fracture toughness K, of amorphous GST is lower than that of
crystalline GST (amorphous: K;-= 0.4 + 0.2 MPa m%>; crystalline: K;, = 0.8 + 0.2 MPa m®%).
The results presented are critically discussed with respect to the potential application of GST films
in flexible displays.
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1. Introduction
Phase change materials (PCMs) are typically two-state systems, whose physical properties can be
changed reversibly upon an external stimulus. Some prominent examples are chalcogenide
glasses which can be switched reversibly and rapidly between their amorphous and crystalline
phase upon heating [1]. The chemical bonding mechanisms in the two phases differ significantly
which yields in a 70 — 200 % larger optical dielectric constant for the crystalline phase [2]. The
resulting prominent optical and electrical contrast between both phases is exploited in rewritable
optical data storage [3], non-volatile electronic memories [4], and offers great potential for
tunable nanophotonic components [5]. Moreover, it has been demonstrated recently, that the
phase-change material Ge,Sb,Tes (GST) is a promising candidate for non-volatile display [6, 7] and
data visualization applications [6]. Using thin GST films in the nanometer range and transparent
electrodes enable electrically induced color changes upon phase change on both, rigid and flexible

substrates.

Although phase-change materials have extraordinary properties some challenges still remain. The
density increase upon crystallization manifests itself in a thickness decrease, because the coating
is well adhered to its substrate. large-thickness-deerease-as-tupon-erystatization-whieh For GST
this thickness decreaseis 6.5 % [8] for-GST and leads to a pronounced mechanical stress and might
result in cracks in the film. Atomic force microscopy measurements of laser-induced crystallized
GST for example show cracks in the crystalline region for laser pulses in the ns-us range [9].
Another failure mechanism which applies to display applications on flexible substrates is bending

or straining of the substrate which might induce cracks in the GST film.



Consequently, in the following we focus on determining the mechanical properties of GST films,
especially at film thicknesses relevant for the application. In literature, most researchers focused
on the investigation of Young's moduli of amorphous, metastable cubic, and stable hexagonal
GST. Various methods such as wafer curvature [8], nanoindentation [10], microtensile
measurements [11], and micromechanical resonating beams [12] were applied. Young's moduli
between 10 GPa and 25 GPa for amorphous GST and values between 25 GPa and 60 GPa for
crystalline GST were obtained [8, 10-12] depending on the method, the film thickness, and the
annealing temperature. Choi et al. [11] performed uniaxial microtensile tests of 500 nm
amorphous GST and investigated the average crack spacing in the film as a function of strain. They
determined an onset strain of fragmentation of 0.6 %. However, no analysis of the crack evolution

was carried out and only one film thickness and no crystalline GST was characterized.

In the present work, we overcome this gap by investigating the cohesive and adhesive properties
of amorphous and crystalline GST films in the thickness range from 20 nm to 400 nm. Various in
situ methods such as eptieal light microscopy, resistance measurements, and reflectance
anisotropy spectroscopy (RAS) are applied during uniaxial loading of the samples to determine
the onset strain of fragmentation and delamination, the fracture strength, and the fracture
toughness. RAS measures the normalized difference in reflectance of linearly polarized light

between two perpendicular directions (x, y) in the surface plane [13]:
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Note that the reflection coefficients r are complex numbers. This method is amongst others
applied to monitor the growth of semiconductors [14], to determine the adsorption on surfaces

[15], or to characterize the mechanical properties of a material [16-18].

In addition, we demonstrate that RAS can be applied to determine the onset strain of
fragmentation of brittle films. Cracks in the film occur perpendicular to the loading direction and
consequently, result in an anisotropy in the reflectance of polarized light parallel and orthogonal

to the strain direction.

2. Experimental details
GST films of 20 nm, 30 nm, 50 nm, 100 nm, 200 nm, and 400 nm were produced by direct current

magnetron sputtering (PVD Products) using a power of 20 W. The background pressure in the
chamber was better than 8:10> Pa and during the depositions, an Ar flow of 20 sccm and a
pressure of 0.67 Pa were used. In order to achieve homogeneous film thicknesses the substrate
was rotated with 30 rpm. The polyimide substrates Kapton® E from DuPont with a thickness of
50 um were cleaned in acetone and isopropanol and baked in a furnace for at least 6 h at 200 °C

prior to deposition.

Raman measurements were performed with a green laser at 532 nm. The laser intensity was
reduced to 0.16 mW/um? to avoid laser-induced crystallization of the sample. Crystallization was
performed under Ar atmosphere in a furnace. The samples were annealed at 200-210 °C for 6 min

with a heating rate of 30 °C/min. The phase transition to the cubic phase is at around 160 °C for



250 nm thick films for heating rates of 30 °C/min [19]. XRD was carried out to analyze the

crystalline structure. A 6-20 scan from 3° to 120° was performed with a step size of 0.008°.

The residual stress g, of the films was determined by measuring the curvature of the polyimide
substrates with the GST films by eptieal light microscopy and calculating o, using Stoney's
equation [20]. For uniaxial tensile tests, the samples were mounted into a tensile machine
(Kammrath & Weiss GmbH). Each sample was 5 mm wide and the strain rates were 5.3-:10° s1
(eptical light microscopy and RAS measurement) and 1.1-10% s (resistance measurements). In
situ confocal light microscopy (WITec CRM200) was performed with a 100x objective to observe
the crack patterns during stepwise loading. The mean crack distance L was calculated with a
Matlab routine [21]. The analysis of the crack evolution leads to fracture strength orand fracture

toughness K¢ values of the GST layers.

An electrical resistance module was used in a constant current mode to record the change of the
normalized resistance R/R, with the initial resistance R, of all films during uniaxial loading. The
current was minimized (100 mA) to prevent heating of the sample and the change of voltage was
recorded. Due to its low specific resistance, the resistance change of amorphous GST was
monitored indirectly by measuring the resistance of a conductive Pt capping layer during loading.
Hence, GST films with a 3 nm Pt capping layer were sputtered without breaking the vacuum in
between. A direct current power of 41 W, a pressure of 0.67 Pa, and an Ar flow of 20 sccm were
used for Pt deposition.

Reflectance anisotropy spectra were measured with a photoelastic modulator (PEM) based RAS-
setup [22] designed and fabricated at the Institute of Experimental Physics, JKU Linz. The spectra

were recorded in an energy range from 1.5 to0 5.5 eV in intervals of 0.02 eV and with an integration
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time of 1s per energy step. The spot size at the sample surface was 2 mm and the loading
direction of the tensile machine was set in x-direction in Equation 1. The RAS data was recorded
during continuous loading at a single photon energy of the sample to track the evolution of one
feature. Alternatively, data was obtained stepwise which means a whole spectrum in the range
from 1.5 to 5.5 eV was acquired while straining was briefly interrupted. For all RAS measurements
the Kapton® E substrates were roughened on the back by abrasive paper to prevent a reflection

from this surface.

3. Results

3.1 Phase analysis
All GST films were amorphous as-deposited as confirmed by Raman spectroscopy (see Figure 1

(b)). To choose the correct Young's modulus of crystalline GST from literature the phase of a
400 nm oven-annealed GST film was investigated by an XRD measurement (see Figure 1 (a)).
Reflections of the cubic fcc structure were clearly identifiable and a lattice constant of a=6.00 A
was determined which is consistent with literature [23]. A peak fit of hexagonal reflections was
not feasible as hexagonal and trigonal phases were neither distinguishable by the angular position

nor by the peak intensity.

3.2 Residual stress
The determined residual stresses of all films are summarized in Table 1. The residual stress is

tensile and decreases as a function of film thickness. Crystalline GST films exhibit larger residual
stresses than amorphous films because of both, an increase in the Young’s modulus inereases

and densification efthe-density-inerease of upon crystallization [8, 10-12]. This increase may-be

¢ arises

due to the substrate constraint during phase transformation. The Young’s modulus of GST



depends on the phase and thickness of the film [12]. Hence, for the calculations we do not use a
single Young's modulus value but a range of Young’s moduli Effor the amorphous and crystalline
GST films (Ef=10-20 GPa for amorphous GST and E¢= 30-40 GPa for crystalline GST) which is
consistent with literature [8, 10-12]. Calculating the elastic strain values from the measured
residual stress in the linear elastic regime yields unreasonably high values for ultrathin films
below 50 nm. Hence, the validation method for these ultrathin films is guestioned questionable

and is not used for the calculations in the following for the thinnest layers.

Table 1: Residual stress o,.; of amorphous and crystalline GST layers with film thickness d on Kapton® E
substrates.

Film thickness d (nm) Ores amorphous (GPa) Oyes Crystalline (GPa)
20 0.78 £0.25 1.13+0.36
30 0.57+0.18 0.68 £0.20
50 0.30+0.10 0.32+0.10
100 0.15+0.05 0.16 £ 0.05
200 0.08 £0.02 0.12 £ 0.04
400 0.05+0.02 0.09 +0.03

33 Cohesive and adhesive properties
Typical crack patterns of amorphous and crystalline GST at 4 % and 18 % strain are depicted in

Figure 2 (a) and (b). Cracks in the crystalline film (b) deviate from straight paths as they have to
propagate threugh along the grain boundaries in contrast to those in amorphous GST (a).
Generally, buckling was not observed for amorphous GST up to strain values of 20 % while

crystalline films show delamination as presented in the lower micrograph of Figure 1 (b).

Figure 2 (c) and (d) report the normalized resistance curves as a function of strain. Typical
resistance measurements are compared to the ideal plastic deformation curve [16, 24]. As GST

does not exhibit plastic deformation, here the change of resistance is calculated as a function of
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R
uniaxial strain. For this ideal resistance change R = 1+e0+ 2vfs) (black line) the Poisson’s

ratio of the film (v=0.3 [25]) and the applied uniaxial strain & need to be considered. A 5%
deviation of this ideal resistance change is typically a reliable measure for first cracks in the films
(dashed black line) [24]. The resistance of amorphous GST, which is less conductive than
crystalline GST (amorphous: (3-6)-10% Qcm; cubic: (1-4) )-10"1 Qcm [26] ), was measured indirectly
by a thin conductive Pt capping layer. First cracks in a single Pt film occur at around 3 % strain
which is indicated by the intersection of the resistance curve (gray line) with the 5 % deviation
from the ideal resistance change (black dashed line) as can be seen in Figure 2 (c). A deviation
from the ideal resistance curve appears for amorphous GST films at lower strain values which
demonstrates that first cracks occur in amorphous GST and not in the Pt top layer. The resistance
curves of amorphous GST films dramatically increase as soon as they deviate from the ideal
behavior which reveals that a crack propagates immediately through the whole film as soon as it
appears. For 50 nm amorphous GST the slope of the normalized resistance is less steep. It might
be that the crack opening of this thin film is too small to instantly induce a crack in the Pt film
which propagates immediately through the whole film. Consequently, the determined onset
strain of fragmentation of 50 nm amorphous GST might be overestimated and measurements of

even thinner amorphous GST films with Pt capping layers are not reliable.

The slope of the normalized resistance curves of crystalline GST films (see Figure 2 (d)) deviate
from the ideal resistance change as soon as the films are strained. At low strains the slopes of the
normalized resistance curves are the same for all crystalline GST films. This slope further increases
at a strain value depending on the film thickness. The deviation from the ideal behavior may have

two possible origins: On the one hand, crystalline films may exhibit small cracks which start to
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open as soon as the film is loaded. At higher strain values the slope of the normalized resistance
further increases due to new cracks which occur in the film. On the other hand, straining of the
crystalline films may result in changes of the electronic structure which is in analogy to
semiconductors such as Si or Ge [27]. A resulting shift in the energy levels may induce a
piezoresistive effect [28]. The first case can be discarded as the curves are perfectly reversible
upon loading and unloading at low strain values as presented for 30 nm crystalline GST. A
deviation from the initial resistance slope indicates the formation of first cracks such that these
strain values are taken as onset strains of fragmentation. Exemplarity; Typical scattering in data is
demonstrated for 100 nm crystalline GST seattering-in-data-is-demeonstrated by an error bar which
results from three different resistance measurements. Generally, the onset strain of

fragmentation decreases as a function of film thickness for amorphous and crystalline GST films.

Characteristic formations of crack patterns are obtained upon uniaxial tensile loading of thin
brittle films. In Figure 2 the mean crack distances as a function of applied strain are presented for
amorphous (e) and crystalline (f) thin films. The mean crack distance versus strain curves can be
divided into three regimes [29] as exemplarily shown for the a typical crack evolution of 100 nm
amorphous GST. From the first defect-controlled regime the fracture strength of the coating can
be calculated from fragmentation kinetics. At the crossover length L. cracks occur mainly in the
center of a fragment as stress relaxation zones start to overlap. At high strains &,,; no further
cracks occur due to substrate yielding. Cracks in very thin films (20 nm and 30 nm) cannot be
observed by eptieal light microscopy or in situ AFM as the crack openings are too small. Generally,
the onset strain of fragmentation determined by eptieal light microscopy decreases as a function

of film thickness.



Figure 3 presents exemplarily typical RA spectra of 100 nm amorphous (a) and crystalline (b) GST
films at various strain values. For the unstrained state (0.00 % strain) the real part of the
anisotropy signal is zero for all photon energies. For both, amorphous and crystalline GST films, a
feature at 2.80 eV appears upon loading which is called the crack feature in the following. The
crack feature appears at low strain values (around 1 % strain) and its amplitude increases with
increasing strain (see Figure 3 (a), (b) and (f)). Loading of crystalline GST films leads to another
feature at 5.06 eV. At low strain values the amplitude of the feature increases and it decreases as
soon as the crack feature appears (see Figure 3 (g)). This feature at 5.06 eV is called the elastic
feature in the following because it is perfectly reversible upon loading and unloading at strain
values below the onset strain of the crack feature (see Figure 3 (g)). The spectral position of the
elastic feature does not depend on the film thickness which indicates that it is a material property.
In contrast to that, the spectral position of the crack feature depends on the film thickness of the
GST layers as can be seen in Figure 3 (c). Here, the measured real part of the anisotropy signal as
a function of photon energy is presented for 50 nm, 100 nm, and 400 nm amorphous GST at 5 %

strain.

The altered optical response in the RA spectra can be explained as follows: Crack formation in the
film always appears perpendicular to the loading direction. The cracks are equidistant and
introduce a periodic array of slits, which acts as an optical grating. The grating period, here the
mean crack distance, is comparable or larger than the used optical wavelength, whereas the slit
width, typically 80 nm, is highly subwavelength. We anticipate that the presence of an optical
grating adds an additional component to the polarization dependent response of the measured

RA signal.
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In order to verify this statement, a series of finite-element simulations (COMSOL™ Multiphysics
5.2) has have been realized, where a model has been buildt that matches the experimental
situation of 50 nm, 100 nm, and 400 nm thick GST based nano-slit arrays with a grating period
(crack distances) of 970 nm and slit opening (crack openings) of 80 nm (see Figure 3 (e)). Figure 3
(d) reports the RA spectra calculated from the FE simulations using Equation (1).

Here, only the film thickness acts as critical coupling parameter of the light with constant crack
opening and crack distance. The spectral position of the crack feature is in good agreement for
measurement and simulation. With increasing film thickness the crack feature shifts to smaller
photon energies. However, the exact shape of the spectra differ for measurement and simulation.
The simulation assumes a perfect periodic grating but in reality crack openings and crack
distances vary. Consequently, the measurement averages grating structures with slightly different

periodicity which explains why the spectra are smoother than those of the simulations.

4. Discussion

4.1 Residual stress
The residual stresses of crystalline GST films are more tensile than those of amorphous GST films

because of the larger Young’s moduli of crystalline films compared to those of amorphous layers
and the densification while being constrained by the substrate during phase transformation.
density-inerease-upon—erystallization: This trend was also observed by Pedersen et al. [8]. The
intrinsic tensile stress in the amorphous phase is formed during the fabrication process and might
be caused by the working gas pressure during sputter deposition [30]. The thickness-dependent
trend of the residual stress shown here is probably related to coalescence of islands and atomic

peening of the film during sputter deposition [31].
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4.2 Cohesive and adhesive properties of GST films
Figure 4 presents the fracture strength of amorphous and crystalline GST as a function of film

thickness. The fracture strength was calculated from fragmentation kinetics in the defect-
controlled first regime (see Figure 2 (e)) in analogy to literature [32, 33]. Based on the weakest
link model we assume that the fracture strength follows a two-parameter Weibull distribution.
The strength distribution A and k are obtained from linear approximation of the initial part of the

crack distribution. The fracture strength is:
L\ 1/k
O'f=/1 L_o FrA+1/k) + 0, 2

Generally, amorphous films exhibit smaller fracture strength values than crystalline films.
However, Figure 2 demonstrates that crystalline GST fractures at lower strains than amorphous
GST. This apparent contradiction can be solved by considering that the Young's modulus of
crystalline GST (E=30-40 GPa [12]) is two to four times larger than that of amorphous GST (E=10-
20 GPa [12]) which results in a higher fracture strength of crystalline GST. The film thickness
dependence of the fracture strength can be modeled according to Griffith's law (af <d” 0'5). This
law assumes that the dominant factor determining the fracture strength is defect growth
throughout the film thickness d. Thicker films result in smaller fracture strength values because a
larger film volume exhibits a higher number of velume defects. Consequently, the probability of

critical defects at a certain stress is larger for thicker films.

In Figure 5 (a) the fracture toughness values K of amorphous and crystalline GST are shown as

a function of strain. These values were evaluated by the energy-based approach of a two-

dimensional shear lag model derived by Frank et al. [34]. The energy release rate G
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(G = \/K,CEf/(l - vjzc)) depends on the mean crack distance L, the dimensionless parameter A =

Ee
$/L and the stress in tensile direction o, = 1_72}2((1 —VVE) + O

1 2
L(1- vlzc) 2 3/1smh(z) -1 SASth(E) -2 3
G= E, % 1\ 1
2 & 2(~
2cosh (211) 4cosh (/1)

The stress transfer length {=L /2 is obtained from the critical length L. which is related to L,
the mean crack distance at saturation L. = 1.5L,,, [32]. The Poisson's ratio of the substrate is
assumed to be the same as that of Kapton® HN (v, = 0.34) [35]. The model is valid in the strain
regime £, < £ < g, with g, the onset strain of delamination. For amorphous GST the model is
applied in the strain regime £, < e < ¢, as at strains beyond ¢, no further cracks occur. For
200 nm and 400 nm GST films K increases as a function of strain until it reaches a plateau value

(see Figure 5 (a)). This strain-dependent evolution is expected as first cracks occur at the largest
defects and consequently result in a reduced effective fracture toughness. The fracture toughness
saturates at higher strain values as soon as the stress in the film reaches the fracture strength of
the film. For 50 nm and 100 nm GST films this trend cannot be observed which might be due to

uncertainties in the critical mean fragmentation length L.. An error estimation indicates that a
change in L. has a minor influence on the calculated overall fracture toughness but changes the

evolution of the fracture toughness as a function of strain. Exemplarihy-for For each film thickness
one error bar is plotted which results corresponds to the variation in frem-uneertaintiesof-in-the

Young's medutus moduli as reported in literature [8, 10-12].
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In Figure 5 (b) the K -values obtained at £, and ¢, or respectively ¢, for the model of Frank et

sat
al. are compared to the values calculated by the model of Beuth [36]. This model relies on a linear
elastic response of substrate and coating:

nod
= 4
G=- E; g(ap)

The non-dimensionalized integral of the crack opening displacements g(a,3) depends on the
Dundurs’ parameters a and B [36]. For both models the obtained values scatter but are
independent of the film thickness which indicates that there is no plastic deformation in the films.

For amorphous GST an average fracture toughness of K, = 0.4 + 0.2 MPa m°> is obtained and
for crystalline GST the value is K;- = 0.8 + 0.2 MPa m®>. Compared to other thin brittle films with
K, values around 1-5 MPa m®°[29, 37] these values are small. These difference in K, values can

be explained by the small Young's modulus of GST.

Polymers also exhibit small Young's moduli and reduced fracture toughness values, but due to
their large strain to fracture they are extensively exploited as substrate materials for flexible
electronic applications. Consequently, in some applications the criteria of maximum strain to

fracture K,C/Ef or maximum stored energy KIZC/Ef are more important. For flexible electronics

e.g. the strain to fracture value is of prime importance as it describes the failure of the device.

Comparing the strain to fracture values of GST (amorphous GST: K,C/Ef=(30 + 14)-10° mo3;
crystalline GST: K,C/Ef=(23 + 6)-10° m%3) with those of Si (amorphous Si: K,C/Ef=(18 + 3)-10
& m%3; crystalline Si: K,C/Ef=(20 + 8)-10® m%>) shows that the values are comparable and GST

films even exhibit slightly larger maximum strains to fracture than Si.
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4.3 Onset strain of fragmentation and delamination
To investigate the critical parameters of crack formation with respect to crystallography and

geometry of the GST films, we compare the experimental and simulated strain-dependent RA
spectra with results of the onset strains of fragmentation determined by epticat light microscopy

and resistance measurements.

The RAS method, as shown in the Figure 3, is very sensitive to monitor the onset of crack initiation
under uniaxial deformation. From an optical perspective, the nucleated crack acts as a single
subwavelength slit altering the interaction with the incoming electromagnetic field E [38].
Depending on the polarization of the electric field, the subwavelength slit will allow resonant
coupling to the lowest order slit mode of the crack (TM, E perpendicular) or will behave as an
effective medium (TE, E parallel). The resonant coupling can be understood as Fabry-Perot
resonance, whereby the resonant condition depends on the film thickness [38].The numerically
computed RA spectra reproduce the thickness-dependent shift of the RAS dip observed in our
experiments (see Figure 3 (c) and 3 (d)), and fit well within in the framework of Fabry-Perot
resonances in subwavelength slits.

With increasing strain, multiple cracks are nucleated until a state of stress relaxation is reached.
Single subwavelength slits within this array can interact and form a grating resonance [39]. In
analogy to transmission gratings, the overall electromagnetic response depends in general on the
geometrical parameters of the slit array, which are crack distance, crack opening, and film

thickness [40].

Figure 3 (f) presents the intensity value of Re(Ar/r) at the respective energy value of the crack

feature of amorphous GST as a function of strain. The films of all thicknesses first possess the
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same linear change of the anisotropy signal behavior during loading which is attributed to film
thinning. The strain value where the RA signal deviates from the linear behavior depends on the
film thickness and is taken as onset strain of fragmentation. Thicker films start to deviate at lower

strain values from the initial linear behavior than thinner films.

The reflectance anisotropy of crystalline GST was recorded at the photon energy of the elastic
feature at 5.06 eV during continuous loading (see Figure 3 (g)). At low strains the films of all
thicknesses exhibit a linear increase in intensity as a function of strain, which is perfectly
reversible upon cyclic loading as presented for 30 nm crystalline GST. The initial slope of the RA
signal of 30 nm crystalline GST differs from that of the other films which might be explained by
different ratios of hexagonal and cubic phases (see Figure 1 (b)). The strain value where the signal
starts to deviate from this linear behavior differs for each film thickness. It is taken as yield point

where the elastic deformation stops.

A saturation of the RA signal at strains larger than the yield point corresponds to plastic
deformation [16] and a decrease of the signal results from stress relaxation of the film due to
crack formation. Here, the deerease-of-the RA signal decreases at strain values larger than the
yield point which indicates that no plastic deformation occurs. The decrease of the RA signal is
not only caused by stress relaxation but also by the overlying crack feature signal. That explains
the qualitatively different curve shapes after the maximum for GST films of different film

thickness in Figure 3 (g).

The RA feature at 5.06 eV can be attributed to the piezo-optic tensor and reflect critical points in
the electronic band structure of crystalline GST. The electronic band structures of cubic and

hexagonal GST were calculated in literature [41]. Both are complex and the authors were not able
16



to determine all critical points. Moreover, for cubic GST the results are based on calculations for
the lowest energy structure where intrinsic vacancies are ordered. At real conditions they are
randomly distributed in the material. Consequently, it is challenging to find a transition in the
band structure which corresponds to the RA feature at 5.06 eV. However, numerous conductive
bands around 5 eV [41] at the I'-point and a high density of states at this energy [42] indicate that
several transitions may be accessible. That would also explain that the RA signal at 5.06 eV is

broader than usually observed for a single transition [16].

To demonstrate that the onset strains of fragmentation determined by RAS are reliable, we
compare these strain values with the onset strain of fragmentation determined by eptieal light
microscopy and resistance measurements. Figure 6 presents the results for amorphous (a) and
crystalline (b) GST films. The values obtained by RAS are in excellent agreement with those of the
two other methods which indicates that the method is reliable. Moreover, eptical light
microscopy and resistance measurements could not be used to determine the formation of cracks
in 20 nm and 30 nm thin GST films while this was partly feasible for reflectance anisotropy

spectroscopy.

A comparison of the onset strain of fragmentation of amorphous and crystalline GST (Figure 6 (a)
and (b)) shows that crystalline GST starts to fracture at lower strains than amorphous GST which

may origin from the larger residual tensile stress of crystalline GST.

The RAS measurements support the interpretation of the resistance measurement of crystalline
GST: The difference in slope of the normalized resistance change compared to the ideal resistance
change at low strains in Figure 2 (d) cannot be explained by small intrinsic cracks which open upon

straining because besides the resistance measurements also the RA feature at 5.06 eV is perfectly
17



reversible at low strain values which demonstrates that it corresponds to elastic deformation.
From the slope of the initial resistance curves in Figure 2 (d) a piezoresistive gauge factor of GF =
AR/Re =1 =10-20 is calculated which is in the same order of magnitude as that of polycrystalline

Si (GF == 30) but much smaller than p-type silicon with GF = 200 [43].

Figure 7 presents the onset strain of delamination of crystalline GST determined by eptical light
microscopy. The delamination behavior follows the strain energy criterion g, « d =% where

thinner films delaminate at higher strains than thicker films [44]. The fit of the onset strain of

delamination as a function of film thickness is shown in Figure 7.

Amorphous GST does not exhibit any delamination up to a strain of 20 %. This observation is in
good agreement with scratch tests of amorphous and crystalline GST which indicate that the

adhesion of amorphous GST films is enhanced compared to that of crystalline GST [45].

5. Conclusion
We have investigated the mechanical properties of amorphous and crystalline Ge,Sb,Tes (GST)

films in the film thickness range from 20 nm to 400 nm by uniaxial tensile tests. In particular, we
have studied the cohesive and adhesive properties of GST films, which is a key criterion when GST

is applied as reflective coating or temperature sensor on flexible substrates.

Mechanical properties: The maximum strain to fracture of GST is similar to that of Si. Si is heavily
exploited for flexible electronics, which makes GST a promising candidate for flexible display
applications with substrate materials that are thin enough to be bent. It has been shown that the
mechanical properties of GST can be significantly enhanced by reducing the film thickness.

However, due to their brittle nature stretching of GST films should be prevented.
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Electrical properties: Quite interestingly, resistance measurements of crystalline GST revealed a
piezoresistive effect upon straining which is in the same order of magnitude as that of
polycrystalline Si. This effect may need to be considered for display applications on flexible
substrates. Switching a GST film between its amorphous and crystalline phase is typically induced
by electrical Joule heating. A larger resistance of a GST layer due to an applied tensile strain will

result in slightly more Joule heating for a given current density.

Methods: It was further demonstrated that RAS is a reliable tool to determine the onset strain of
fragmentation for materials which exhibit straight and parallel cracks. Moreover, RAS
measurements in combination with finite element simulations indicate that GST is a promising
material for subwavelength grating where the slit width and grating period can be tuned by

uniaxial loading.
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Figure captions:

Figure 1: (a) The XRD scan of 400 nm crystalline GST exhibits peaks of fcc and hcp reflections. (b) Raman
spectra of amorphous and crystalline GST films are clearly distinguishable. The peaks of 30 nm crystalline
GST are larger than those of 100 nm crystalline GST which indicates that the ratio of fcc and hcp is different
for 30 nm GST.
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Figure 2: Optical micrographs of crack patterns of 100 nm amorphous (a) and crystalline (b) GST at
various strains are presented. The cracks are perpendicular to the loading direction. In contrast to
amorphous GST, crystalline GST exhibits delamination at 18 % strain. Normalized resistance versus strain
for (c) amorphous GST films with 3 nm conductive Pt top layers and (d) crystalline GST films. The black
solid lines correspond to the ideal resistance change in the elastic strain regime while the dashed lines
indicate a 5 % deviation from this ideal behavior.-Exemplarily; Typically, reversible loading and unloading
curves are presented for (d) 30 nm crystalline GST at low strain values. Mean crack distance as a function
of strain of amorphous (e) and crystalline (f) GST films. The three crack regimes are plotted for 100 nm
amorphous GST (e).

Figure 3: Measured RA spectra of 100 nm amorphous (a) and crystalline (b) GST at various strain values.
A feature at 2.80 eV is clearly visible for amorphous and crystalline GST which is dubbed the crack
feature in the following. Crystalline GST (b) exhibits another feature at 5.06 eV which is called the elastic
feature. Measurement (c) and simulation (d) of RA spectra of 50 nm, 100 nm, and 400 nm amorphous
GST. The spectral position of the crack feature depends on the film thickness and is highlighted with a
dashed line for each film thickness. For the simulation constant crack openings of 80 nm and crack
distances of 970 nm are assumed (e). Evolution of the RA signals of amorphous (f) and crystalline (g) GST
films as a function of strain. Reversible loading and unloading curves are presented for 30 nm crystalline
GST (g).

Figure 4: Fracture strength values as a function of film thickness of amorphous and crystalline GST are
presented. The error bars result from uncertainties of the Young's moduli. Griffith's law (af ¢ d—o.s) is
fitted to the data.

Figure 5: (a) Fracture toughness K . plotted as a function of strain for amorphous and crystalline GST
determined by the model introduced by Frank et al. (b) The K-values obtained by the model of Frank et

al. and Beuth are plotted as a function of film thickness. Generally, crystalline GST is tougher than
amorphous GST.

Figure 6: Thickness-dependent onset strain of fragmentation of amorphous (a) and crystalline (b) GST films
determined by RAS, eptieal light microscopy, and resistance measurements. For comparison the onset
strain of fragmentation of 500 nm amorphous GST determined by Choi et al. [11] is included.

Figure 7: Onset strain of delamination of crystalline GST determined by eptical light microscopy. The data
is fitted by the strain energy criterion.
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