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Keywords:

Intermetallics

Thin films and multilayers
Mechanical properties

In this work, we investigated the influence of composition on the polycrystalline structure, elastic properties and
fracture strength, of Zr,Siy.y, NbySii.x, and MoySi;y free-standing thin films that were deposited by magnetron
sputtering and subsequently annealed at 500 °C. Despite deviations from the stoichiometric composition, the
crystalline structure of all films, except for the most Zr-rich Zr,Si; .y, corresponded to their respective stoichio-

Fracture . sl . . s

Microstructure metric disilicide structures, without the formation of a second-phase. Off-stoichiometry was found to be
Electron microscopy accompanied by the presence of lattice defects and a decrease of the grain size, which bring about a lower tensile
Transmission stress in the films. The dependence of the fracture strength on the composition was remarkably similar for the

three silicides, with the lowest and highest strength values occurring for samples with 30% and 37-40% of metal
content, respectively. The observed dependence of strength on composition was attributed to the combination of
the Hall-Petch effect, changes in the morphology and strength of grain boundaries, and the enhancement of

crystal plasticity due to lattice defects induced by off-stoichiometry.

1. Introduction

Over the last few decades, refractory metal silicides received a lot of
scientific interest due to their use in high-temperature applications.
Their excellent high-temperature stability and mechanical properties
make them interesting materials for heating elements, protective aero-
space coatings, and other applications [1-4]. More recently, nano-
crystalline metal silicide thin films, specifically ZrSi,, NbSiy and MoSis,
are being considered as candidates for the next generation of pellicle
cores for extreme ultra-violet (EUV) lithography due to their high yield
strength, thermal stability, metal-like emissivity, and high transmission
in the EUV range [5]. An EUV pellicle is a thin film membrane, which is
designed to protect the lithography mask from contamination during
operation of the EUV lithography scanner. To allow for sufficient
transmission of the EUV light, the EUV pellicle has to be extremely thin,
just a few tens of nanometers. At the same time, the lateral dimension of
the EUV pellicle is 7 orders of magnitude larger than the thickness: 11
cm x 14 cm [6]. Such extreme aspect ratio makes free-standing pellicles
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fragile and susceptible to mechanical disturbances during pellicle
fabrication, handling, and operation of the EUV scanner. Hence, high
strength and fracture resistance are some of the key requirements for an
EUV pellicle.

EUV pellicles are subjected to a range of temperatures: from room
temperature (during fabrication and handling) to several hundreds of
degrees Celsius (during operation). At high temperatures metal silicides
show good ductility, but at room temperatures they are brittle [7-10].
Dislocation slip is suppressed at low temperatures, therefore grains in
polycrystalline metal silicides cannot undergo plastic deformation to
relieve the microscopic stress concentrations that arise at the grain
boundaries due to the elastic anisotropy of individual grains. As a
consequence, grain boundaries, which have a lower atomic bond density
compared to grains, act as the preferred sites for crack nucleation, which
then results in a brittle fracture [11].

Studies on the improvement of low-temperature fracture properties
of metal silicides have been primarily focused on alloying with other
elements [10,12-14]. However, little attention has been paid to the
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effect of off-stoichiometry, i.e. a deviation of the atomic composition
from the energetically most favourable composition. Similarly to
alloying with a third element, small amounts of excess Me or Si atoms
will lead to the formation of defects in the crystal lattice and therefore
will have an impact on the mechanical properties of the material.
Investigation of the influence of vacancies and antisites on the me-
chanical properties of metal silicides have been made in several theo-
retical studies [15-17]. The studies predict that the existence of such
point defects in the crystal lattice should reduce shear resistance and
enable room temperature crystal plasticity in silicides. Furthermore,
deviations in the composition at the grain boundaries caused by segre-
gation of excess atoms in off-stoichiometric material may affect their
cohesive strength [18] and, as a result, the overall fracture strength of
the material. Finally, the composition of the material will also affect its
microstructure (grain size and grain boundary morphology), which play
a big role in determining the mechanical properties.

Despite the potential for improvement of the fracture strength, no
experimental studies have been conducted to investigate the effect off-
stoichiometry in transition metal disilicides. Therefore, this work is
aimed to find out, whether the Me/Si ratio can be used to control me-
chanical properties of polycrystalline metal disilicide thin films, namely
ZrSiy, NbSiy, and MoSiy, which are of high interest to EUV pellicle ap-
plications. For this, Me,Si; x (Me = Zr, Nb, Mo) thin films with a varied
composition (x in the range of 0.2-0.45) were prepared by magnetron
sputtering, and their elastic properties and fracture strengths were
investigated using a membrane bulge test. The mechanical properties
are correlated with changes in microstructure, and likely strengthening/
weakening mechanisms are discussed.

2. Experimental
2.1. Sample fabrication

In this work, mechanical properties of Me,Sij 4 thin films are studied
using membrane bulge testing performed on SisN4/Me,Si;x bilayer
membranes. The steps of sample fabrication are illustrated in Fig. 1.

The process starts with the fabrication of single layer SisN4 mem-
branes using a standard silicon bulk micromachining process. A stoi-
chiometric SisN4 layer is grown by low-pressure chemical vapour
deposition (LPCVD) at 750 °C on the back and the front side of a (100)-
oriented 4-inch silicon substrate. After deposition, the SigN4 layer on the
backside of the substrate is patterned to expose the silicon substrate
using UV lithography and reactive ion etch (RIE). The exposed silicon is
then etched anisotropically in tetramethylammoniumhydroxide
(TMAH) (25% solution in water) until free-standing SigsN4 windows are
formed. The dimensions of the resulting free-standing membranes are 1
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x 1 mm?, with each membrane having a thickness of 25 nm, as deter-
mined by X-ray reflectometry (XRR). After the SizN4 membranes are
created, a metal silicide layer is deposited on the membranes by co-
sputtering geometry using direct-current (DC) magnetron sputtering
from Me (Zr, Nb, or Mo) and Si targets. Sputtering of Me,Si; x layers was
done using Ar gas at a pressure of about 710~% mbar (gas flow rate of 27
scem) with a background pressure of about 2*10~% mbar. During
deposition of the Me4Si; x layer, the substrate (4-inch wafer with SigNy
membranes) was kept stationary. This allowed to create a composition
gradient in the Me,Sij y layer over the substrate, as a result of Me and Si
deposition rates decreasing with the distance to the respective magne-
tron target. The magnetron powers were chosen such that the compo-
sition varied around the MeSi, stoichiometry. As a result, depending on
the location on the wafer, the value of x in the deposited Me,Si; x layer
was in the range from 0.2 to 0.25 to 0.4-0.45, as was verified by
Rutherford backscattering spectrometry (RBS) done on the final samples
(RBS data not shown here). Variation of x within each of the 1 x 1 mm?
membranes was approximately 0.003, and 0.03 within the 10 x 10 mm?
Si frames supporting each of the membranes. The deposited thicknesses
for Me,Si; x layers were in the range of 80-100 nm, as determined by
XRR. To prevent oxidation of Me,Si; x layers during thermal annealing,
an approximately 10 nm thick SiNy cap layer was deposited by reactive
DC magnetron sputtering without breaking vacuum. For sputtering of
SiNy, an Ar + Ny gas mixture with a base pressure of 710~ * mbar was
used (22 sccm of Ar and 10 sccm of N»). After deposition of the cap layer,
the wafer was annealed in an atmospheric N5 furnace at 500 °C for 2 h to
induce crystallization of the Me,Si; . layer. Finally, the protective SiNy
cap was removed by a low energy, 130 eV, Ar ion beam. This is done to
ensure that the highest stress (which during bulge testing was located at
the top surface of the membrane) and fracture will occur in the Me,Sij ,
and not in the SiNy cap layer.

2.2. Structural characterization

The crystalline structure of the Me,Si; .« thin films was studied by
Grazing Incidence X-ray Diffraction (GIXRD) using a Malvern Pan-
alytical Empyrean diffractometer. To eliminate the background and the
contribution from the underlying SisNy4 layer and Si frame, the signal
measured on a single-layer Si3sN4 membrane was subtracted from the
signal from the bilayer Me,Si; x/SisN4 membranes. To estimate the size
of the grains in the Me,Si; « film from the GIXRD patterns, the Scherrer
equation [19] was used:

_ K2
" PeosO
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Where d is the coherence length, 4 is the used wavelength,  is the full
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Fig. 1. Sample fabrication steps.
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width at half maximum (FWHM) of the diffraction peak, K is the shape
factor (typically close to 1), and @ is the Bragg angle. The coherence
length can act as a reasonable estimate for the average grain size in the
material (in the direction close to normal to surface, with the offset of 9),
however, it is important to note that nano-strains and defects in the
crystal lattice will also reduce the coherence length and increase the
peak broadening, which may lead to an underestimation of the grain size
using this equation. In addition, instrumental broadening must also be
taken into account. In this work, we approximated the instrumental
function of our XRD setup with a Gauss function with FWHM of 0.3°,
which was predominantly caused by the 0.27° angular divergence of the
parallel plate collimator. Assuming that the physical broadening of the
XRD peaks is mostly caused by the size of grains, their profile can be
expressed by a Lorentz function. Therefore to obtain the size broadening
the XRD peaks were fitted with Voigt functions, which is a convolution
of Lorentz and Gauss functions, with a fixed Gauss FWHM of 0.3°.

In addition to GIXRD, selected Zrj,Six films were analyzed using
Scanning Transmission Microscopy (STEM) recording images in High-
Angle Annular Dark Field (HAADF) STEM mode and acquiring
elemental maps using Energy Dispersive X-ray (EDX) spectroscopy, i.e.
performing STEM spectrum imaging. For STEM a double aberration
corrected and monochromated Thermo Fisher Scientific Themis Z
operating at 300 kV was used, which is equipped with a Dual-X EDX
system having a high collection efficiency with a solid angle of 1.76 srad.
For the STEM studies, small 100 x 800-300 x 800 pm2 membranes,
supported on 3 x 3 mm? 380 pm thick Si frames, were prepared using
the same procedure as described in the previous section. To allow for
better image resolution, the supporting SisN4 membrane layer was
removed and the Zr,Si;  layers were thinned down using a low (130 eV)
energy Ar beam, resulting in single layer ZrySi;.x membranes with a
thickness of approximately 60-80 nm.

2.3. Bulge testing

Mechanical properties of the Me,Si;.x and SigNy4 layers were studied
using membrane bulge test method. In this method, a pressure difference
is applied to the membrane, which causes the membrane to bulge and
induces mechanical stress in it. By measuring the deflection of the
membrane as a function of the applied pressure, one can extract the
elastic properties of the layers, whereas burst pressure of the membrane
can be used to determine fracture strength.

Fig. 2 shows a schematic of the bulge setup used in this work, which
consisted of the membrane mounting stage, nitrogen gas supply with a
pressure sensor, and a white light interferometer (WLI), which was used
to record membrane deflection. To determine the elastic properties of
the membrane layers, namely Young’s modulus E and residual stress o,
membrane deflection h was measured as a function of the applied
pressure P using WLI. For this, the membrane was mounted such that the
pressure is applied from the cavity side (Fig. 2a), and the membrane

d WLI
T oa
"]
[\ A
R T 2
P
[ | |

Nitrogen supply Pressure sensor
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deflection was determined as the height difference between the flat
frame and the center of the membrane. The measured data was then
fitted with the bulge equation for a square bi-layer membrane [20]:

h E, I
P=341 Zo‘ontn;Jr > (1.981-0.585v,) Ly @)
n=1...2

_ pr
=12 l—v, "a

Where a is the half-width of the membrane window, t, is the thickness
and v, is the Poisson ratio of the n-th membrane layer. The fitting pa-
rameters, E, and 0p,, are Young’s modulus and residual stress of the n-th
layer.

After the elastic properties of the layers were determined, a bulge test
was used to measure the fracture strength. For this, the samples were re-
mounted on a bulge setup such that the pressure was applied to the flat
side (Fig. 2b). This was done to ensure that membrane failure was
caused by fracture of the Me,Si; x layer and not the delamination at the
interface between the SigN4 layer and Si substrate. The value of applied
pressure was then increased with a rate of roughly 1 kPa/s until the
eventual burst of the membrane, which typically occurred in the range
from 100 to 200 kPa. The measured value of burst pressure was then
used to calculate fracture strength by finite element method (FEM) using
the Comsol Multiphysics software package [21].

Fig. 3 presents an example of the calculated stress distribution in the
membrane pressurized to the burst pressure (i.e. just before the fracture
occurs) and a microscope image of one of the failed membranes. As one
can see from the stress distribution shown in Fig. 3a, the highest stress is
located at the edge of the membrane at the top surface of the Me,Si; x
layer and is several times higher than the stress in the free-standing part
of the membrane. As a result, fractures originate in the Me,Si; x layer,
always very close to the middle of one of the four membrane edges. This
was confirmed by the microscope images of the failed membranes. An
example of such an image is given in Fig. 3b, which shows the residual
membrane pieces attached to the frame pointing towards the fracture
origin - the center of one of the four edges. Following the maximum
stress criterion, commonly used for brittle materials, the fracture
strength was determined as the max value of 1st principal stress in the
Me,Si; « layer.

3. Results
3.1. Structural characterization

To investigate the influence of the film composition on the nano-
crystalline structure and elemental distribution in the Me,Si; x films,
the films were analyzed by XRD and STEM/EDX. The GIXRD patterns of
the Me,Si; 4 films are presented in Fig. 4. The GIXRD and omega scans
(not given here) show that all the Me,Si;x films have polycrystalline
structures without preferential orientation. As can be seen from Fig. 4,
all the diffraction peaks, except for the case of ZrySi;x with x > 0.4, can

b

m Me,Siy,
= Si;N,
Y -
T
Np~2
[ L

Nitrogen supply Pressure sensor

Fig. 2. Schematic of the bulge setup. (a) Configuration used during pressure-deflection measurements, pressure applied from cavity side; (b) configuration used
during burst pressure measurements, pressure applied from the flat side of the membrane.
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Fig. 3. (a) Stress distribution (1st principal stress) in a pressurized ZrySi;.x/SigN4 membrane calculated using FEM. Simulation parameters: Ez.g;, . = 170 GPa,
ESi3N4 = 225 GPa, VZrsSip_x = 0.2, VSisN, = 0.25, 007r:Siy_x = 720 MPa, 00SisN, = 850 MPa, tzresi_ . = 85 nm, tsi,N, = 24 mm, 2a = 1.04 mm, Py, = 142 kPa. (b)
Schematic and microscope images of a failed Zr,Si; x membrane, showing the origin of fracture and the directions of crack propagation (indicated in red) inferred

from the membrane residuals left on the frame.

be attributed to the respective MeSi; crystalline phase for each of the
silicides: C49 ZrSiy, C40 MoSi,, and C40 NbSi,. However, for composi-
tions with x < 0.4, ZrSi;.x films have a deviating crystal structure,
which can be deduced from the disappearance of the C49 ZrSi, XRD
peaks and simultaneous appearance of two pronounced new peaks at
28.5 and 37°. According to the Zr-Si phase diagram, the first stoichio-
metric phase with higher Zr content after ZrSi, is ZrSi. However, none of
the three reported ZrSi structures (Bg, B33, B27) can explain the peaks
observed for x < 0.4. Furthermore, to the best of our knowledge, none of
the other reported Zr-Si structures match this XRD pattern [22,23]. For
convenience, for the remainder of this work, we will refer to this un-
identified phase as ZrySi,. To determine the structure of the ZrySi, phase,
further thorough investigation and analysis of data is required, however,
in the scope of this work, it is important to note that this change of the
crystalline phase influences the mechanical properties of the film, as will
be shown below in section 3.2.

Despite the deviations from the stoichiometric MeSi, compositions,
in all cases, except x > 0.4 for ZrySi; y, no crystalline phases other than
MeSi;, were detected in the XRD patterns. At the same time, according to
the equilibrium phase diagrams for these Me-Si systems, MeSi, phases
are line compounds [23-25], which would suggest that the excess atoms
should segregate towards amorphous grain boundary layers or clusters.
To check the elemental distribution within the films, selected ZrySi;x
samples were analyzed by STEM/EDX. Fig. 5 presents elemental maps
obtained by STEM-EDX for three Zr,Si; x samples with different com-
positions: Zrg 25Sig.75 (the most Si-rich), Zrg 3Sig.7, and Zrg 36Sig.64 (the
most Zr-rich composition showing only ZrSi; peaks on the XRD pattern).
Despite deviation from the stoichiometric ZrSi; composition, no
considerable segregation of the excess Me or Si towards the grain
boundaries was observed. Instead, the films showed a rather uniform
distribution of the Zr/Si ratio. This suggests that the off-stoichiometric
films exist in the metastable state, with the excess atoms being pre-
dominantly accommodated within the MeSij lattice via defects, such as
vacancies, antisites, or interstitials. This result is similar to the findings
of Raaijmakers et al. [26], who investigated crystallization of Tig 3Sig.7
(Si-rich) thin films and found that excess silicon remains inside the C49
TiSiy lattice upon crystallization if the annealing temperature stays
below 750 °C, but starts precipitating at higher temperatures (with the

amount of precipitates increasing with temperature).

While it is challenging to detect point defects (Si or Me vacancies,
interstitials, or antisites which can be responsible for the off-
stoichiometry of the crystal), other types of defects could be more
easily observed in the HAADF-STEM images. Atomic resolution images,
showing the existence of planar lattice defects in the off-stoichiometric
ZrySiyx films, are given in Fig. 6a-b. Films with the most Si-rich
composition (Zrg 255ig.75) show an abundance of stacking faults when
viewed along the (001) direction, as presented in Fig. 6a. Similarly,
defects were found in the film with metal-rich composition. The image of
the Zrg 36Sip.64 sample, given in Fig. 6b, shows stacking faults within
grains, which result in the existence of multiple subgrain domains that
have the same orientation but are displaced relative to each other. In
comparison, analysis of the Zr 3Sig.7 films could not confirm the exis-
tence of such defects, which indicates that their formation during crys-
tallization requires a higher concentration of extra Si atoms. Still, the
results suggest that higher concentrations of excess Si or Me atoms lead
to a higher number of defects in the crystal lattice. To confirm this
notion for the other films, which were not analyzed by TEM, we
measured the change in the lattice constants using the XRD data. For
this, we selected XRD peaks, which were sufficiently isolated from
neighboring peaks and had high intensity, and fitted them with a Voigt
function (as described in section 2.2). The peak positions obtained from
the fitting and the values of residual stress in the film (results of stress
measurements are given in section 3.2) were used to determine stress-
free lattice constants. The obtained lattice constants are presented in
Fig. 7a—c as a function of composition for the Zr,Sij.x, Mo,Sii.x, and
Nb,Sij 4 films. As one can see from the figures, a composition change is
accompanied with a change in the lattice spacing in all three Me,Si; «
films, which confirms the existence of the defects resulting from off-
stoichiometry. Interestingly, the lattice spacings are not a monotonous
function of the composition. For values of x higher than approximately
0.3-0.33, an increase of Si content (and decrease of Me content) results
in the contraction of the lattice. This is consistent with the results re-
ported by Raaijmakers et al. [26], which show that the unit cell of
Tig.3Sip.7 expands with the increase of annealing temperature as a result
of excess Si diffusing out of the lattice. However, for values of x lower
than 0.3, an increase of Si content results in the expansion of the lattice
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Fig. 4. Reference and measured GIXRD patterns for a) Zr,Si; ., b) NbySi; x, ) M0Si; x layers. The signals are background corrected and normalized to the Me,Si; x

layer thickness.

(except for NbySi; x shown in Fig. 7b, for which the peak positions could
not be accurately determined due to the low intensity and large width of
the peaks). This suggests that low concentrations of extra silicon are
accommodated via Siye antisites or Mo vacancies (resulting in
contraction), whereas at higher concentrations of Si, the excess atoms
also occupy interstitial positions, resulting in the expansion of the
lattice.

Apart from causing defects within the grains, off-stoichiometry was
also found to affect the grain size and morphology of the grain bound-
aries, which also influence mechanical properties. Fig. 6¢c-e presents
zoomed-out STEM images, which show the lateral polycrystalline
structure in the analyzed Zr,Si;.x samples. As can be seen from Fig. 6e,
the lateral size of the grains in the Zrgs5Sip7s sample (Fig. 4e) is
generally below 100 nm, which is considerably smaller than in the other
two samples (Fig. 6¢c-d). The size of the grains in Zrg 3¢Sigg4 and
Zro.3Sip.7 is comparable to each other and reaches several hundreds of
nm. However, there is a clear visual difference between these two
samples. First, the grain interiors in Zry 36Sip.64 have a more “cloudy”
appearance, caused by the higher number of defects within the grains, as
discussed earlier. Second, the morphology of the grain boundaries is
different: while Zrg3Sipy has relatively straight boundaries, in
Zr0.36Si0.64 the boundaries, in general, are more irregular and zigzag-
like. Such a zigzag-like structure can have an impact on the nucleation
of cracks at the grain boundaries and will be discussed in section 4.1. To
evaluate the influence of composition on the grain size in the other
samples, which were not studied by STEM, we again analyzed the results

of the XRD peak fitting, specifically peak broadening. Fig. 7d—-f shows
the Lorentz FWHM f of the fitted peaks and the corresponding coherence
length d as a function of the film composition. The analysis shows that
the increase of the excess Si or Me generally leads to the increase of peak
broadening, i.e., that the grain size decreases as the composition be-
comes more off-stoichiometric. Note that for the most Mo-rich MoySij.x
(x > 0.45) XRD peaks could not be distinguished from the background
due to significant broadening, which shows that the films are essentially
amorphous. Interestingly, for Zr,Si;x the smallest measured peak
broadening does not correspond to ZrSis, but to a slightly silicon-rich
composition Zrg31Sige9. Furthermore, in the case of MoySi;x peak
broadening appears to have a local maximum at the stoichiometric
composition, with two minima corresponding to slightly Si-rich and Mo-
rich compositions. However, it should be noted, that this behavior of the
peak broadening might also be caused by factors other than grain size.
For example, similarly to grain boundaries, lattice defects present within
the grains will reduce the coherence scattering length and result in the
increased broadening. Furthermore, the XRD signal is measured from a
1 x 1 ecm? sample area (Si frame supporting the small 1 x 1 mm?
membrane) over which there exists a gradient of composition (value of x
varies by approximately 0.03). This, in combination with the change of
lattice constants (i.e. peak position) with the change of composition, will
also result in additional peak broadening. Still, the results of XRD
measurements show that large deviations from stoichiometric compo-
sition lead to a reduction of the grain size in all three silicides. Again, this
conclusion is in agreement with the study of crystallization of
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100 nm

Fig. 5. STEM images of the areas analyzed by EDX and elemental maps showing the measured distribution of Si (red) and Zr (teal) in a) Zrg 3¢Sio.64, D) Zr¢ 3Sip.7 and
¢) Zrg 25Si0.75. Note: EDX maps are only used to characterize relative distribution of Zr and Si atoms due to the existing systematic errors in the analysis. The average
values of x determined from STEM-EDX were about 5-7% lower than those obtained by RBS: 0.28, 0.25 and 0.20 for Zrg 36Sig 64, Zr0.3Sip7 and Zrg »5Sig 75,
respectively. This difference is believed to be caused primarily by a systematic error in the values of theoretical k-factors used in EDX analysis.

amorphous Ti,Si; x [27], which shows that off-stoichiometry leads to a
reduced rate of grain growth rates and, as a result, smaller grains.

To sum up, Me,Si; « films have a polycrystalline structure with grains
having the structure of the respective MeSi; phase (C49 ZrSi;, C40
NbSi, and C40 MoSi,) in all cases except for ZrySiy.x with x > 0.4, which
was found to crystallize into an unidentified ZrySi, structure. Generally,
deviation from the stoichiometric film composition was found to result
in reduction of the grain size and formation of defects within the grains
due to the need to accommodate the excess Si and Me atoms.

3.2. Bulge testing

The elastic properties of the layers were determined by the bulge test
method, i.e., by measuring membrane deflection as a function of the
applied pressure, and then fitting the data with equation (2). First, the
residual stress oy and Young’s modulus E were determined for the SizsN4
layer by performing bulge tests on single layer 24 nm SisN4 membranes.
Assuming the Poisson ratio of SisN4 to be 3N+ = 0.25 [28], the
Young’s modulus and the residual stress of SisN4 were determined to be

ESBN+ = 2254+ 5 GPa and o5 =850+ 20 GPa, respectively. After
that, elastic properties of Me,Si; « layers were determined by performing
bulge tests on bilayer Si3N4/Me,Si;.x membranes. Since this conven-
tional bulge test technique doesn’t allow for simultaneous determina-
tion of Young’s modulus E and Poisson ratio v, values of Poisson ratio for
Me; Siy films were assumed constant and were taken from the litera-
ture: YMoxSix = 0.2, YNB:Shx = 0,18, yZ<Six = 0.193 [22,29,30].
The residual stress o of MexSi; x layers as a function of composition
is presented in Fig. 8a. In all three silicides, 6o shows a maximum value
at the MeSi, composition, and gradually reduces as the composition
becomes more off-stoichiometric. In the case of ZrSij .4, as the compo-
sition becomes more metal-rich and x reaches the value of about 0.4, oq
increases again, which is related to the formation of the ZrySi, crystalline
phase. Such reduction of stress in the off-stoichiometric films is believed
to be caused by two factors: a reduced size of the grains and an increased
amount of lattice defects, which result in less efficient atomic packing.
Fig. 8b presents values of Young’s modulus E, which also shows similar
trends for the three silicides. Starting with the most Si-rich composition,
E gradually increases with the increase of Me content in all Me,Sij.x
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Fig. 6. Plan view HAADF-STEM images, showing stacking fault defects in a) Zrg 25Sio.7s and b) Zrg 36Sio.64 films (indicated by black arrows). Zoomed-out HAADF-

STEM images of ¢) Zr 36Sio.64, d) Z1o 3Si0.7, €) Zrg.255i0.75.

films. However, after x reaches the value of around 0.4, further increase
of Me content results in the decrease of E in ZrySij.x and MoySij 4.

The results of fracture strength of measurements are presented in
Fig. 9. Starting with the most Si-rich composition, in all the three studied
Me,Si;  films, the increase of Me content leads to weakening in the
region of x from 0.2 to 0.3. In the region around the stoichiometric MeSi,
composition, x from 0.3 to approximately 0.36-0.4, the fracture strength
goes up with increased content of Me. Finally, in the Me-rich region,
where only MoySi; x and ZrSi; x were tested, further increase of the Me
content in the film again leads to strength weakening. Such striking
similarity of the dependence of mechanical properties on composition
between the three studied metal silicides suggests that the mechanisms
behind the strength changes are the same between them, and may hold
for other transition metal silicides.

4. Discussion

The results of the bulge test show that fracture strength is strongly
influenced by the composition and structure of the Me; 4Six films. Since
fracture of nano-crystalline materials involves multiple phenomena
(such as plastic deformation of grains, grain boundary mediated plastic
deformations, and eventual nucleation of nano-cracks at grain bound-
aries and triple [11,31,32]), there can be multiple mechanisms behind
the observed change of fracture strength. In this section, we correlate the
fracture properties to the polycrystalline structure and composition of
the thin films, and discuss the likely mechanisms that cause the observed
changes in fracture strength.

4.1. Bond strength and grain boundary morphology

Due to the lower density of bonds in comparison with the grain in-
teriors, grain boundaries act as the weakest link in the fracture process.
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Fig. 8. a) Residual stress oy and b) Young’s modulus E of Me,Si; 4 thin films as a function of film composition.

Therefore composition and morphology of the grain boundaries have a
direct impact on the fracture strength of the material.

The results presented in section 3.1 indicate that majority of the
excess Me and Si atoms are accommodated within the grains, rather than
being segregated towards the grain boundaries or isolated clusters.
Hence, the composition of the grain boundaries is likely to be close to the
overall composition of the film. Still, this means that bonding at the
boundaries will shift towards Me—Me in Me-rich films, and towards Si-Si
in Si-rich ones. An ab initio theoretical study done by McMahan et al.
[33] predicts the following bond strength hierarchy in Mo-Si com-
pounds: Mo-Mo > Mo-Si > Si-Si. Assuming, that a similar trend holds
for the other two silicides, we can expect an increase of average bond
strength with the increase of metal content in the film. This notion is
supported by the observed changes in Young’s modulus, which is related
to the theoretical strength of bonds as: oy, % [34]. Indeed, in the
range of x from 0.2 to 0.36-0.4 the elastic modulus of Me;Six films
gradually increases as the metal content goes up. However, this effect
cannot alone be responsible for the steep slope in the range of x between
0.3 and 0.36 (Fig. 9). While fracture strength increases by 30%-70% in
that region, depending on the type of silicide, the expected change in the
average theoretical strength of bonds is only about 10% (as estimated

o

from the change of E in Fig. 8b). Furthermore, for x < 0.3, there exists a
negative correlation between fracture strength and Young’s modulus.
Hence, the overall shape of the fracture strength curves is dominated by
effects other than the one of bond strength.

It should be noted that an increase of metal content above 0.4 results
in a reduction of the Young’s modulus. For the MoySi; x films, this is
caused by the related dramatic drop in the size of the grains to the point
when the structure can essentially be considered amorphous in the most
Mo-rich films. A higher fraction of the grain boundaries in such fine-
grained films leads to a lower overall density of bonds in the whole
material and, as a result, a lower Young’s modulus. The influence of the
grains size and grain boundary volume fraction on strength will be
discussed further, in section 4.3. In the ZrySi;x films, however, an in-
crease of metal content above 0.4 does not lead to such dramatic
reduction of grain size as in Mo,Sijx, but rather to a change of the
crystalline phase. Given that this change of the phase results in a lower
Young’s modulus, it can be argued that the reduced fracture strength of
Zr1.4Six with x > 0.4 is explained by the lower theoretical strength of the
ZrySi, phase in comparison with the one of the ZrSi; phase.

Another important property that can influence fracture strength is
the morphology of the grain boundaries. As argued in section 3.1,
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Fig. 9. Fracture strength of Me; ,Siy thin films as a function of composition.

Zr0.36Si0.64 film shows irregular, zigzag-like grain boundaries, whereas
the boundaries in Zrg 3Sip 7 are rather straight in comparison. Such a
zigzag shape has been shown to have a positive effect on the strength of
the grain boundaries [35,36]. The reason behind this strengthening ef-
fect is the increase in the resistance of grain boundaries to sliding.
Therefore, nucleation and growth of nano-cracks at zigzag boundaries
are hindered and require higher values of applied stress. Hence, we
suggest, that the significant strengthening in the region of x between 0.3
and 0.37-0.4 can be explained by the increased irregularity of the grain
boundaries.

4.2. Crystal plasticity

While fracture is expected to initiate from grain boundaries, rather
than the interior of grains, the ability of grains to plastically deform can
have a significant effect on the fracture process. Such deformations help
to relax some of the stress that is accumulating at the grain boundaries,
hindering the nucleation of cracks. Is known that, at room temperatures,
metal disilicides have very limited plasticity due to the insufficient
number of independent active slip systems in the crystal (according to
the von Mises criterion, at least 5 slip systems are required for arbitrary
plastic deformations). However, it has been experimentally shown that
room temperature plasticity in metal silicides can be enhanced by
alloying. For example, alloying with Nb, Ta, and Al was demonstrated to
reduce hardness in C11b MoSi2 [10] single crystals, and alloying with
Nb in particular allowed to observe room temperature ductility in
polycrystalline MoSiy [8]. Similar to alloying, the existence of point
defects in the lattice is also expected to assist plasticity, however, to the
best of our knowledge, this has not yet been demonstrated experimen-
tally. Using DFT calculations, Pan et al. [15,16] and Sun et al. [37] have
predicted that in MoSiy and NbSij, lattice vacancies lead to an increase of
the Pugh ratio (ratio between bulk modulus B and shear modulus G) and,
as a consequence, are expected to improve plasticity [38]. Furthermore,
crystal plasticity can be enabled by the stacking faults [39,40], which
were observed in our films (Fig. 6a—c). This notion is in agreement with
the results of this work: indeed, the fracture strength of both Zr( 36Sig 64
and Zrg 25Si 75 films, which were found to contain stacking fault defects,
is higher than the strength of Zrg 3Sig 7, in which such defects could not
be found. However, it is reasonable to assume that a larger deviation
from stoichiometric composition will result in an increased density of
point defects and stacking faults within grains. Hence, one should expect
a minimum or a change of the slope (given that defect density is not the
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only factor influencing strength) of the fracture strength graph (Fig. 9)
near x = 0.33. The fact that the graphs for all three silicides are essen-
tially linear in the interval between x = 0.3 and x = 0.36-0.4, suggests
that the influence of point defects and grain plasticity on the fracture
strength is not significant, and that fracture behavior is instead domi-
nated by properties of the grain boundary network (i.e. grain size,
morphology and composition of boundaries). However, to conclude this
with certainty, other mechanical testing methods more suited for
analyzing plastic behavior at the nano-scale need to be used.

4.3. Hall-Petch effect

The grain size is known to have an effect on strength of poly-
crystalline materials, which is described by the Hall-Petch relationship:
6 ~d %%, where ¢ is the mechanical property related to strength
(hardness, yield strength, fracture strength) and d is the characteristic
size of grains. Depending on the exact material and failure mode,
different physical mechanisms can be responsible for the Hall-Petch
effect [41]. For the case of tensile fracture of a brittle material, the ef-
fect is explained by the differences in the volume fraction of the grain
boundaries between the coarse and fine-grained materials. A larger
volume fraction of grain boundaries in the material with smaller grains
allows to accommodate a larger amount of plastic deformations within
the grain boundary network before the eventual fracture, in other
words, it essentially helps to spread the damage [42,43]. It can be
argued, that the Hall-Petch effect has a dominant effect on the fracture
strength of the Me,Si; 4 films with x < 0.3. In this range, an increase in Si
content (decrease of x) leads to a reduced grain size and, as a result, an
enhanced fracture strength. However, the Hall-Petch effect is known to
break down when grains size drops below some critical value, which
typically is in the order of 10 nm. Below this value, reduction of grain
size leads to weakening, which is known as the inverse Hall-Petch effect.
This weakening can be attributed to the activation of grain boundary
mediated plastic deformation mechanisms, such as grain boundary
sliding and grain rotation [43]. In the present work, the inverse
Hall-Petch effect appears to be responsible for the saturation of fracture
strength observed in NbySi;.x and Mo,Si; x for x < 0.25. Furthermore,
the inverse Hall-Petch effect explains the weakening in MoySi; x for x >
0.4, which occurs as the metal content is increased to the point where
the films become essentially amorphous. By relating this strength
weakening to coherence length determined from the width of XRD
peaks, we can estimate that the critical grain size, below which inverse
Hall-Petch becomes active, has to be higher than 6-7 nm. However, a
more accurate estimation cannot be drawn from the data, since apart
from the size of the grains, peak broadening is also contributed to by the
existence of composition gradients over the sample and lattice defects.

5. Conclusions

In this work, the influence of deviations of metal disilicides from
their standard stoichiometry due to their nanocrystalline structure, the
elastic properties and fracture strength was systematically studied for
ZrySi1x, NbySiix, and MoySiyx films prepared by magnetron sputtering
and annealed at 500 °C.

It was found that upon thermal annealing at 500 °C Me4Si; « films
form nanocrystalline structures without preferential grain orientation.
All Me,Si; films, except ZrsSi;x x > 0.4, crystallized into their
respective MeSi, type structures: C49 for Zr,Si;_x and C40 for Mo,Si;x
and Nb,Si; x. The ZrySij films with x > 0.4 crystallized into an un-
known ZrySi, phase. Deviations from the stoichiometric composition
resulted in reduced grain sizes and formation of lattice defects, which
help to accommodate the extra Si and Me atoms in the off-stoichiometric
films.

Residual stress was found to be lower in films with a larger deviation
from stoichiometric composition, which is believed to be caused by less
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efficient atomic packing due to the increased number of lattice defects
and reduced grain size.

The fracture strength showed a very similar dependence on compo-
sition for the three studied silicides. The maximum strength corre-
sponded to metal-rich compositions with a metal concentrations of
approximately 37-40%, while the weakest films had compositions close
to 30% metal. The observed dependence of strength on composition was
concluded to be caused by a combination of the Hall-Petch effect (direct
and inverse), changes in the morphology and strength of grain bound-
aries, and the enhancement of crystal plasticity due to lattice defects
induced by off-stoichiometry. However, to get more quantitative infor-
mation on the contributions of each of the strengthening/weakening
mechanisms, further nanomechanical investigations need to be con-
ducted. In particular, information about the amount and mechanisms of
plastic deformations may provide a deeper understanding of how the
fracture initiates in these nanocrystalline metal silicide films.

The results, presented in this article, demonstrate that the mechan-
ical performance of metal silicide thin films can be improved by slightly
deviating from stoichiometric MeSi; composition, in particular for
Mo4Si; x going from x = 0.33 to 0.37 results in a 40% increase of its
fracture strength. Furthermore, off-stoichiometry also has the benefit of
reducing residual stress in the films, which is an advantage for fabri-
cating freestanding thin film membranes, because it lowers the risk of
membrane failure under the residual tensile stress.
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