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Abstract

The performance gain oriented nano-structurisation

has opened a new pathway for tuning mechan-
ical features of solid matter vital for applica-
tion and maintained performance. Simulta-
neously, the mechanical evaluation has been
pushed down to dimensions way below one
micrometre. To date, the most standard tech-
nique to study the mechanical properties of
suspended 2D materials is based on nano-
indentation experiments. In this work, by
means of micro-Brillouin light scattering we de-
termine the mechanical properties, i.e. Young
modulus and residual stress, of polycrystalline
few nanometres thick MoS; membranes in a
simple, contact-less, non-destructive manner.
The results show huge elastic softening com-
pared to bulk MoSs, which is correlated with
the sample morphology and the residual stress.

Keywords

Molybdenum disulfide, Elastic properties,
Ultra-thin membranes, Micro-Brillouin light
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The translation of the remarkable electronic,
mechanical, chemical, optical and thermal
properties of 2D MoS, to potential applications
relies on its mechanical properties, as these
are critical for the integration into flexible and
robust nano-devices and further to maintain
their operational performance. Undoubtedly,
scaled-up fabrication of MoS,, either by chem-
ical vapour deposition (CVD) or Mo sulphuri-
sation holds promise for the transfer of MoSs
from laboratories into everyday devices.? % Nev-
ertheless, the polycrystalline morphology and
residual stress of single or few-layer CVD-grown
MoS, appear as an inevitable scenario, which
can result in the change of the valuable proper-
ties expected from the single-crystalline struc-
ture.” On the other hand it introduces new fea-
tures as band gap tuneability,® reduced ther-
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Figure 1: Schematic illustration of micro-
Brillouin backscattering geometry. Light of A =
514.5nm wave length and corresponding photon en-
ergy El,. is partially reflected from pellicle beam-
splitter (R:T,8:92) and then focused on the membrane
with the incident angle § by 10x, NA = 0.25 micro-
scope objective. The focused light spot size and power
are of about few micrometres and 50 uW, respectively.
The same objective acquires the scattered light of the
photon energy denoted as EP, ;. which is further cut
by aperture (1 mm pinhole) and send to the tandem
type Fabry-Perot spectrometer (JRS Scientific Instru-
ments). Brillouin frequency shift doublet is defined as
+f = +Ephon/h = (Bl — Edpot) /1, where Eppon and
h are acoustic phonon energy and Planck constant, re-
spectively . The acoustic wave vector q is selected ge-
ometrically and of magnitude ¢ = 4w sinf/\. Symbols
k;, ks denote incident light, scattered light wave vec-
tors, respectively, and ¢ stands for the residual biaxial
stress.

mal conductivity,?? enhanced photocatalitic
properties™ or high flexibility,’? to name a
few. The implementation of applications re-
lated to these features may result or require
large density of grain boundaries. The me-
chanical properties under this condition remain
experimentally unexplored as, up to now, they
have been measured in single domains. To date,
Young modulus and residual stress of mono and
polycrystalline one- and few-layer 2D materials
have been investigated by contact-like atomic
force microscopy (AFM) nano-indentation®316
or bulge test.T%¥ However, both techniques
rely on relatively large-deformations, which
may result in nonlinear elastic response and in-
duce grain boundary and dislocations dynamics
effectively affecting the measurement. Fur-

thermore, the determined values are averages
taken over the whole sample, thus no spatially
resolved study is possible. In this work we
propose a new and straightforward approach
based on micro-Brillouin light scattering (u-
BLS) within which we measure Young modulus
and residual stress of large-area 5 and 10 nm
thick MoS; membranes in nondestructive and
contact-less manner.

BLS is a well-established technique for me-
chanical testing of bulk condensed matter. It
probes light frequency shift f resulting from in-
elastic light scattering on thermally populated
acoustic waves. Usually the probed acoustic
waves are within the range of GHz frequen-
cies (hypersound) and wavelengths of hundreds
nanometres. 720 In our case we used tandem
type Fabry-Perot interferometer and the p-p
backscattering BLS geometry™®2 (see Figure
1]). The mechanical properties of the material,
i.e. Young modulus £ and residual stress o,
can be determined from the phonon dispersion
f(gq) within the framework of the classical elas-
todynamics. Here, to do so we measure the dis-
persion of the fundamental antisymmetric (Ag)
Lamb mode, 2223

We consider 5 and 10 nm thick membranes
depicted in Figures [2p and b. The fabrication
employs a polymer- and residue-free, surface-
tension-assisted wet transfer of polycrystalline
MoSs, grown by means of thin Mo films sul-
phurisation at high temperatures from SiO,
substrate onto circular holes made in 200 nm
thick SigN, membrane.l¥ The average grain
size for both as-fabricated membranes is about
5 nm (see SI), what in comparison to the acous-
tic wave lengths measured by BLS allows the
elastic continuum approximation of the mem-
branes. Both as-fabricated membranes are uni-
formly flat and presumably of nonzero resid-
ual biaxial stress, which we represent by the
Cauchy stress tensor oy = 099 = 0. Inter-
estingly, as follows from Figures [2b and ¢, and
what we further confirm by means of p-BLS,
the 10 nm thick sample within 30 days relaxed
down to visible buckling and after the same
time 5 nm thick membrane remained flat. This
substantial difference in ageing may be linked
to a different grain orientation in these samples,
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Figure 2: MoS, few nanometres thick membranes. (a-c) Optical and (d-f) transmission electron microscopy
images of (a, d) 5 nm membrane, (b, e) as-fabricated and (c, f) 30 days aged 10 nm thick membranes, respectively.
Membranes in (a-c) are suspended on circular holes made in 200 nm thick SigN4 membrane. Scale bars in (a-c) and
(d-f) are 20 pm and 5nm, respectively. (g) Raman spectra of the membranes and bulk monocrystalline MoSs.

which was predefined by means of the sulfuri-
sation conditions.2# The transmission electron
microscope (TEM) image in Figure 2d shows
that grains of the 5 nm thick membrane MoS,
are aligned fully in-plane (horizontally), while
for the 10 nm thick sample (Figures 2¢ and f)
grains are of mixed orientation with van der
Waals interlayer gaps exposed on the free sur-
face. Furthermore, the grain structure is clearly
manifested by Raman spectra in Figure as
asymmetric broadening of both Ej, and Aj,
peaks.28 These conclusions are confirmed by
analysing the ratio of the integrated intensities
between E%g and Al , modes in the Raman spec-
trum, which is very sensitive to the orientation
of the MoS, layers.2#26 While the intensity ra-
tio of Raman modes in the 5 nm membrane is
close to the value of 0.36 found in bulk MoS,,
indicating preferred horizontal orientation of
the grains, both spectra of as-fabricated and
relaxed 10 nm membrane show a reduced inten-
sity ratio of 0.22. The latter corroborates the
presence of mixed orientations and, since the
intensity ratio remains unchanged, the preser-
vation of the proportion of horizontally and
vertically aligned grains. Interestingly, both

TEM and Raman spectroscopy of 10 nm sam-
ple do not indicate any noticeable grain size or
orientation change with time, which rules out
them as being the origin of the residual stress
reduction.

For convenience we assume full elastic
isotropy for both samples. In this case poly-
crystalline averages of elastic constants can be
estimated by the Reuss-Voigt-Hill procedure?
(see SI). Following this and using the literature
data¥ of single crystal MoS, we obtain the
reference values, i.e. averaged Young modulus
as Fyae = 104 GPa and Poisson ratio to be
v = 0.22. Experimental and calculated BLS
spectra for example scattering angles obtained
for 5 nm thick membrane are shown in Fig-
ures [Ba and b, respectively. All BLS spectra
of 5 nm thick sample are collected as a colour-
map dispersion relation f(q) in Figure 3. For
further calculations we plot the dispersion as
vp(q) (see Figure 3d), where phase velocity is
determined from v, = fA/(2sinf) and f from
the Lorentzian fit of the BLS peak assigned to
Ay mode. In principle, for ¢ — 0, the disper-
sion v,(q) of Ay for the isotropic and stretched
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Figure 3: Experimental results of 5 nm thick membrane. (a) Brillouin spectra (anti-Stokes component)
obtained at example scattering angles # and (b) corresponding spectra calculated taking into account the optical
and elastic properties, instrumental broadening and finite aperture of the used optics (see SI). (¢) Experimental f(q)
dispersion relation of Ay (colour map) and corresponding theoretical dispersion (solid line) calculated using data from
Table[1} (d) Experimental (circles) and theoretical (solid line) v,(¢) dispersion relations of Ag mode. Experimental
uncertainties given by Lorentzian function peaks fits are given by vertical error bars. Inset depicts schematically
the relative orientation of grains, dierction of acoustic wave propagation and applied stress. (e) Calculated Young
modulus and residual stress (inset) as a function of Poisson ratio. Errors are governed by the fit using Equation
and indicated by the shaded area. Arrow points E at v of bulk material.

Table 1: Average grain size (a), Young modulus E and residual stress ¢° calculated from experi-
mental data. E is determined as an average value for v varied form 0 to 0.5 while E’ is calculated
for v = 0.22. The experimental uncertainties of E includes both unspecified v and fitting error
using Equation (1)), while uncertainty of £’ contains only the later factor.

Sample (a) (nm) grain orientation FE (GPa) FE'(GPa) ¢°(MPa) PEyu/E’
5 nm stressed ~ 4 horizontal 201£32 2184+05 496+03 ~5.2
10 nm stressed ~ 5 mixed 13.7£20 148+£0.13 21.9£02 ~77
10 nm relaxed ~ 4 mixed 16.3+2.1 18.1+£0.17 0 ~ 6.3
membrane is given by (see SI): Figure |3(d is clearly nonlinear and points to the
) presence of the residual stress. Fitting these
Eq*d? o012 data by means of Equation (/1) we obtain £ and
Up = m + ? g (1) 0¥ as a function of v, which are plotted in Fig-
ure 3p. Here, we determine ¢ = 49.6+0.3 MPa

where d denotes the thickness of the mem- and £ = 20.1 £ 3.2GPa for unspecified v.

brane and p = 5060kg/m? is the mass den- Assuming bulk value of Poisson ratio, namely
sity. Equation is decomposed in the way v =0.22, we get £’ = 21.8 0.5 GPa and cor-
that the first, ¢ dependent term is related to responding in-plane and cross-plane strains as
intrinsic mechanical properties, while the sec- 0.18% and —0.1%, respectively. The same sam-
ond, ¢ independent term refers to the residual ple measured 30 days later did not reveal any
stress. In most of isotropic materials v varies significant change in mechanical properties (see
from 0 to 0.5, which results in a weak depen- BLS spectra in SI).

dence (change of about 13%) of v, on v. There- Following the same methodology we exam-
fore, v can be considered either as an experi- ined both as-fabricated and later relaxed 10 nm
mental uncertainty or assumed as the same as membrane. At first glance the dispersion re-
for bulk. We note that Equation (I)) remains a  lations f(q) depicted in Figures b and b do
fair approximation if gd <~ 0.3 (see SI). Oth- not reveal any significant difference. How-
erwise, a more accurate numerical procedure ever, the same data fitted and plotted in Fig-
is required.“"** The experimental dispersion in ures e and d as v,(q) clearly indicate nonzero
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Figure 4: Experimental results of 10 nm thick membrane. Measured f(q) dispersion relation of Ag

(colour map) and corresponding theoretical dispersion (solid line) of (a) as fabricated and (b) relaxed membrane.
Experimental (circles) and theoretical (solid line) v,(g) dispersion relations of Ay mode for (c) as fabricated and
(d) relaxed membrane. Experimental uncertainties given by Lorentzian function peaks fits are given by vertical
error bars. (e, f) Calculated Young modulus as a function of Poisson ratio for as fabricated and relaxed sample,
respectively. Errors are governed by the fit using Equation and indicated by the shaded area. Arrow points
at v of bulk material. Insets in e and f depict schematically the relative orientation of grains, direction of acoustic
wave propagation and response of the structure to the applied stress.

residual stress and its further release, respec-
tively. For the as-fabricated sample we obtain
0% = 21.9 £ 0.2MPa, which corresponds to
0.1% in- plane and —0.06% cross-plane strains
assuming v = 0.22. After 30 days, v,(¢) in Fig-
ure [4d of the same sample is linear and thereby
does not exhibit any stress that could be re-
solved by BLS. The calculated dependencies
of F as a function of v for as-fabricated and
relaxed samples are plotted in Figures de and
f, respectively.

Overall, as shown in Table [I] the measured
Young moduli show strong, approximately five-
to eightfold, reduction with respect to bulk
polycrystalline MoS,. Furthermore, in compar-
ison with single crystal few-layer membranes!®
E' decreases over 16-times. Following studies
on metals,*Y ceramics®! an other 2D materi-
als?? 3% we attribute this behaviour to the small
grain size and resulting high volume fraction of

atoms constituting grain boundaries. In par-
ticular, both samples are of comparable grain
size but of different grain orientation, what is
reflected in their Young moduli and ageing.
Comparing as-fabricated samples we find that
5 nm thick membrane, although thinner and
upon higher stress, is about 32% stiffer than
the 10 nm thick membrane. We can conclude
that the predominant horizontal grain orienta-
tion in the thinner membrane ensures better
grain boundary matching and/or averaging of
E is done excluding weak van der Waals bond-
ing. Going further, 5 nm membrane maintains
its mechanical properties after 30 days, while
10 nm membrane relaxes the residual stress
down to visible buckling and simultaneously
shows distinct increase of E. We link this to-
tally different ageing to the samples morphol-
ogy, but its origin is not clear and requires more
studies since, as follows from TEM and Raman



data, grain orientation and size do not change
with time. Possible scenarios of the relaxation
mechanism in the case of 10 nm membrane
may include weaker membrane-substrate bond-
ing and graduate slip in time or stress-driven
grain boundary dynamics.”? Noteworthy, Ra-
man spectroscopy remains blind to that stress
release (Figure ), although the corresponding
strain would result in the redshift of £}, mode
of about 0.2 — 0.3 cm~!.5% Thus, the material
response to the applied stress seems to be inho-
mogeneous, i.e. the strain is distributed mostly
over the dense grain boundaries, while grains
remain unstrained and the determined value
is an average taken over the measured area
(few micrometres). This conclusion goes hand
to hand with the observed increase of Young
modulus in the order of GPa upon the reduc-
tion of MPa stress. Despite the corresponding
strain is relatively small, typically in the regime
of the linear elasticity in single crystal MoSy,*"
the change of E proves strong nonlinear elastic
behaviour that takes place at the grains bound-
aries.
In summary, we report on the effect of grain
boundaries on the mechanical properties in
polycrystalline MoS; membranes utilising
micro-Brillouin light scattering. The proposed
approach allowed an accurate assessment of
Young modulus and residual stress of few
nanometres thick membranes in contact-less
and non-destructive way. The examined poly-
crystalline MoSy membranes showed significant
elastic softening with respect to the bulk coun-
terpart. Furthermore, we found a highly nonlin-
ear elastic response of the sample on the stress,
which we link with a non-homogenous strain
distribution in the material. The presented
method can be extended to any material in the
form of few nanometres thick membranes.
Supporting Information.
Polycrystalline averages of elastic parameters.
Phonon dispersion calculations - numerical ap-
proach. Young modulus and residual stress
calculations. BLS spectra calculations. TEM
diffractograms and grain distribution.
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