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ABSTRACT

We introduce a controllable approach to selectively strain (uniaxially or biaxially) MoS, by depositing e-beam evaporated thin film stressors
with a lithographically patterned stripe geometry. This type of strain engineering has been highly successful in commercial silicon-based
CMOS processes to enhance carrier mobility by applying uniaxial strain in MOSFET channels. We attempt to outline the basis for using the
same techniques with 2D van der Waals materials with weak out-of-plane bonding. The stressor in this work is chosen to be optically trans-
parent to examine the strain distribution within MoS, using Raman spectroscopic mapping. MoS, flakes with partial tensile stressor coverage
show large tensile strains close to free edges and compressive strain at the center of the stressor strip. Both in-plane and out-of-plane strains
are observed. By varying strip width and MoS, flake thickness, the geometric distribution of both tensile and compressive strained regions
can be controlled. The directionality of strain induced by the stressor strip is also explored through polarized Raman spectroscopy where
MoS, shows 0.85% uniaxial strains occurring at strip edges for 25 N/m film force and biaxial strains occurring at strip centers using the same
stressor. Using these combined techniques, we show that strain in 2D materials can be uniquely engineered by design to selectively exhibit
tension/compression, uniaxiality/biaxiality, and directionality relative to crystal axes through simple lithographic patterning of stressed thin
films. This opens the opportunity to create strain patterned devices with a wide variety of strain-tunable 2D materials properties (electronic,
optical, superconducting, etc.), now controllable by micro/nanolithographic design.

Published under an exclusive license by AIP Publishing. https://doi.org/10.1063/5.0049446

Strain engineering has long been used by the semiconductor
industry for strained silicon technology,' * where it has been used
since the 90 nm technology node to enhance electron or hole mobility.
In this process, it is critical that within this single chip, the strain can
be selectively controlled for magnitude, compression/tension, uniaxial-
ity/biaxiality, and directionality relative to the silicon crystal axes for
each transistor, since the strain parameters for mobility enhancement
for each individual p-channel and n-channel MOSFET are not the
same.

Currently, two-dimensional (2D) materials have been explored
to create the next generation of integrated electronic or photonic cir-
cuits. Within this materials class, there are a wide variety of strain-
sensitive electrical, optical, mechanical, magnetic, superconducting,
and topological properties available to control.” '* Strain engineering
in 2D materials has been limited to macroscale mechanical approaches
such as bending flexible substrates,”” """ engineered ripples,18 substrate
thermal expansion,w diamond anvil cells,”’ and suspended membrane
structures” in previous works. While these methods work on a global

scale, they are not directly translatable to devices that exist on-chip in
a densely integrated system. Recently, progress has been made on
microscale and nanoscale strain engineering methods to locally strain
2D materials” >’ but a technique with as much simultaneous control
over all strain parameters as CMOS strain engineering has not yet
appeared.

Recently, our group proposed a technique to strain exfoliated 2D
materials using evaporated thin film stressors similar to CMOS strain
engineering techniques that have been used in the past. Using a single
evaporation step, a stressed thin film was deposited over the entire
exfoliated MoS, flake. Raman spectroscopy revealed uniform in-plane
tensile or compressive strains throughout the whole flake.”” These
approaches allow for controllable strain magnitude, which was shown
to be directly proportional to film force (film stress x film thickness),
with controllable strain type (tensile or compressive). But since stres-
sors were deposited over the entire flake, there was no geometric con-
trol of the strain distribution within each flake. Local and directional
strain patterning was a critical ingredient for device-by-device strain
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engineering in strained silicon MOSFETs and will also be a critical
ingredient for any future micro/nanoscale control of strain in 2D
devices.

In this work, using lithographically patterned thin film stressors,
we may overcome any of the previously mentioned limitations. We
will show that this technique can provide both types of strain (tensile
and compressive) with a single stressor and that uniaxial or biaxial
strain can be applied in a controlled direction along crystal axes by ori-
enting the patterned stressor relative to the flake. Additionally, we can
also apply out-of-plane strains to the 2D material on top of the typical
in-plane strains mentioned in our previous works on this topic.

We strain a few-layered MoS, with transparent thin-film stres-
sors with a strip geometry and use Raman spectroscopic mapping to
study the strain distribution within MoS, flakes. We choose MoS,
because it is extremely well-studied with respect to its Raman signature
and how it is affected by strain, defects, and doping.”” ' Raman signa-
tures of 2D MoS, have two dominant peaks at ~384 cm ™" (E1 ) and
~407 cm™" (Ay,), which represent the in-plane and out-of- plane pho-
non modes, respectively. Initial results are measured with linearly
polarized incident light, but the scattered light was collected with no
analyzer (Figs. 1-3), later we measure polarization-dependent Raman
in the parallel polarization setup where the incident light and the ana-
lyzer are along the same axis (Fig. 4).

To effectively strain 2D MoS, flakes, they need to be well-
adhered to the substrate after mechanical exfoliation. Otherwise, in
poorly adhered MoS, flakes, strain causes delamination of the flakes
from the substrate. The thin film stressors in stripe geometries are
deposited using e-beam evaporation and photolithographically pat-
terned on the substrate with a liftoff technique. Nearly all evaporated
materials build intrinsic stress during deposition which is a
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characteristic of each material.”>** In order to be consistent with our
previous work on uniformly straining 2D materials, we use the same
thin-film stressor,”* chosen to be a trilayer of 10nm ALOs, 100 nm
MgF,, and 10 nm AL,O;. The bottom Al,O; layer improves the adhe-
sion of the MgF, stressor to the MoS,, which is necessary for the strain
to be transferred from the stressor to the 2D flakes. The MgF, layer is
the stressor and the top Al,Oj is a protective layer for MgF, that pre-
vents stress relaxation over time due to environmental interaction.””**
A total of tensile film stress and film force of 0.21 GPa and 25 N/m were
measured in the deposited stressor, respectively. From our previous
work, we know strain engineering works with the MgF, layer by itself
also, albeit with a lower magnitude of strain. See the supplementary
material for more detailed information on methods.

Figure 1(a) illustrates a three-layer MoS, flake capped with an
Al,053/MgF,/Al,O; stressor in a stripe geometry and shows the typical
structure of devices in this work (stressor patterned perpendicular to
flake). Figure 1(b) presents the E;g Raman peak frequency (in-plane
phonon mode) map across the MoS, flake. Darker regions close to
edges of the stressor show that E}_ has shifted down in those regions
meaning MoS, is under tensile strain at both edges. At the center of
stressor, E!  has shifted up and it means MoS, is under compressive
strain. The amount of Eég peak shift is proportional to amount of in-
plane strain in MoS,.” Tensile stressor thin films try to release the
stress by contracting,”** thus in stripe geometry stressors, the free
edges of the stressor produces the so-called film-edge-induced stress
which causes tensile strain to be transferred around free edges of the
stressor.””**

Figure 1(c) illustrates the map of A;; Raman peak frequency
(out-of-plane phonon mode) of the same flake. The map shows that
the A} peak has considerably shifted down at the edges. At the center,
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4 and Aig Raman peak position map of the same MoS, sample. (d) and (e) E2 and Aqq Raman peak position profile along the arrows in EZg and Ayg

maps, respectlvely (f) A1g Raman peak position as a function of E2g Raman peak position for Iocat|ons in (a), along with a control Al,O3 coated sample. (g) Three representa-

tive Raman spectra from the MoS, sample in (a).
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FIG. 2. (a) Raman profile across stressor width on MoS; (b) E;g (top) and A4 (bottom) peak shift profile relative to unstrained 8L MoS, for different stressor linewidths.

there is no significant A, peak shift. This likely means that the MoS,
flake is under tensile out-of-plane strain at the edges of the stressor.
Linecuts of Eég and A4 peak positions along the arrows on the corre-
sponding Raman map are presented in Figs. 1(d) and 1(e),
respectively.

Figure 1(f) presents the Ay peak position as a function of E%g
peak position of multiple Raman measurements of uncoated, Al,O;
coated 3L MoS, and different regions of the stressor from device in
Fig. 1(a). Figure 1(g) presents the Raman signals from three spots on

the flake. The doping/defects induced in MoS, from deposition of

Al,O5 alone does not shift the Eég peak considerably while there are
significant E;g peak shifts at the center and edges of the stressor.

In the Al,O;3 coated 3L MoS,, the A, peak has shifted down
slightly ~0.4 cm ™', which may be due to either a doping/damage effect
from e-beam evaporation of 10 nm Al,O; or dielectric encapsulation
induced band bending. It indicates that any further shifts in A, peak

are coming from strain effect alone. The A, peak distribution at the
edges of the AL,O;/MgF,/AlLO; stressor shows much larger peak shifts
compared to the AL,O; coated sample. The A4 peak position at center
of the stressor has similar down-shift to the Al,O5 coated sample, indi-
cating no strain. Therefore, the Ajg peak shift at the edges of the
stressor is likely due to out-of-plane strain and not doping/defects
since the center is covered with the same stressor. We have also elimi-
nated the possibility of photo-excited charge accumulation due to
strain-induced bandgap variation at the edges, further discussion is
presented in the supplementary material (Figs. S3-S6). All literature
sources of strained trilayer MoS, show the minimal movement of the
A4 peak with respect to in-plane strain alone, leading us to conclude
that the Ajg peak shifts are not due to concomitant shifts from in-
plane strain effects alone. These combined arguments further
strengthen the case that we are applying out-of-plane tensile strain at
the stripe edges. Out-of-plane strain induced by stressor layers has
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been seen regularly in strain-engineered 3D-bonded silicon but has
not been observed in weakly out-of-plane bonded 2D materials until
here.”’

We have further investigated the effect of stressor width on strain
distribution in an 8L MoS, sample and the results are presented in
Fig. 2. As illustrated in Fig. 2(a), the Raman profile is collected across
the width of the stressor. The stressor here is still the same Al,Os/
MgF,/AL,O; thin film with the same amount of tensile stress.

Figure 2(b) presents the E}  Raman peak shift distribution for
different stressor widths. Raman peak shift at the stripe edges is due to
strain induced by edge forces and exists regardless of stressor width. In
wider stressors, a compressive region forms in the stressor center as
the stressor width gets larger. Similar behavior has also been observed
in the Raman study of variable width stressors on silicon substrates,
where in-plane and out-of-plane relaxations of the narrowest stressors
induce only one type of strain.” In this proposed model, center strain
evolves from compressive to tensile in silicon with increasingly narrow
stressor stripes due to a redistribution of edge forces when edge
regions meet, a behavior similar to our experimental results.

ARTICLE scitation.org/journal/apl

FIG. 4. (a) Strain directionality under the
stressor strip, incident light is parallel to
analyzer polarization. (b) and (c)
Normalized amplitude of Ej; and Asg
peaks as a function of the angle between
the laser polarization direction and the zig-
zag direction of MoS, from point A. (d)
and (e) The same results from point B.
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An important factor to consider is that the Raman laser spot size
is approximately 0.7 um, and the strain distribution of the narrowest
stressors cannot be precisely resolved within this limit. In Raman mea-
surements of strain in silicon with narrow tensile stressors, it has been
suggested that we cannot eliminate the possibility that a very narrow
region of compressive strain might exist at the center that cannot be
resolved by Raman.” If these regions do exist though, they are excep-
tionally narrow compared to the width of the stressor since there is
almost no peak shift magnitude difference between the center of nar-
row stressors and edge regions of wide stressors.

The Ay Raman peak shift across the stressor is presented in
Fig. 2(c). Similar to the in-plane strain distribution the out-of-plane
peak shifts are also subject to edge effects for all stressor widths. Only
tensile out-of-plane strain exists within the narrowest stressors. As
stressors get wider, the center region evolves into a region with no A,
peak shift, suggesting there is no applied out-of-plane strain at the
center of the wide stressors. Regardless of stressor width, tensile out-
of-plane strain in the flake always happens at the edges meaning the
out-of-plane strain is an edge-induced effect. For these results, we also
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cannot eliminate the possibility of subdiffraction limited strain varia-
tion for the narrowest stressors, for the same reason as the in-plane
strain distribution, but if they exist they are small since there is no
peak shift magnitude change between the center of the narrowest
stressors and the edge of the wider stressors.

Since the center of the stressor shows tensile to compressive
strain evolution by varying stressor width, Fig. 3(a) presents the
amount of E}, and Ay peak shift at the center of the stressor for an
eight-layer MoS, flake as a function of stressor width. The evolution in
the strain at the center of stressors is due to the impact of in-plane and
out-of-plane edge forces on the center region. Further increase in
width of the stressor does not increase the amount of Raman peak shift
at the center, which is the limit of compressive strain that is achievable
with this specific stressor in the wide stressor limit.

Figure 3(b) shows the maximum E}, and A, peak shifts at the
edge of the stressor as a function of the thickness of the flake. These
values consistently show the same trend for all stressor widths and dis-
play an exponential decay in Raman peak shift magnitude as a func-
tion of flake thickness, hinting at a natural decay length scale. Our
previous work on this topic showed that the maximum amount of
strain is applied to the top layer which is in contact with the stressor,
and strain in each individual layer below subsequently has less strain
transferred into it.”® We find the decay length scale for the in-plane
phonon mode from Fig. 3(b) to be the same as our previous work;
therefore, we adjust the biaxial E Raman peak shift (cm™ 1) Vs strain
(%) value to a conservative un1ax1al value from the literature'” and we
estimate the edge strain magnitude to be 0.85% in the top layer of each
flake. This matches our previous value of 0.85% biaxial strain in MoS,
with nonpatterned stressors for 25 N/m film force (the same film force
we used in this work). At the center of the stressor far from the free
edges, decay is also observed with respect to flake thickness but
depends on stressor width and stress redistribution inside the stressor
layer (Fig. S2). A more detailed analysis on force redistribution inside
the stressor is needed to estimate the center strain magnitude.

To understand strain direction produced by the proposed pat-
terned stressors more clearly, we use polarization-dependent Raman
spectroscopy at the edge and center of the stressor in our MoS, flake
with stripe stressors to find strain directionality [Fig. 4(a)]. The Raman
measurements that have been conducted for this experiment are in a
parallel polarization setup where the incident laser beam and analyzer
polarization are the same. Raman measurement is done at different
angles by just rotating the sample alone in this configuration.

The amplitude of Eég and Ajg peaks of MoS, under a parallel
polarized Raman setup are proportional to the following equations,
respectively: "’

Amp (Eég) oc asin?(20 + @) + beos* (20 + ¢), (1)

(csin®(0 — @) + dcos?(0 — @))*. )

In these equations, 0 is the angle between laser polarization and
zigzag crystallographic orientation of the flake, and ¢ is the angle
between the uniaxial strain direction and the zigzag direction of MoS,.

In Eq. (1), the first term corresponds to the phonon mode in the
direction of zigzag crystallographic orientation and the second term is
corresponding to the phonon mode in the armchair direction. In
unstrained or biaxially strained MoS,, a=b and ¢ =d which means
both degenerate modes of Eég have the same amplitude and overall

Amp(Aig)
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E;g peak amplitude is not a function of measurement angle, 0. The
intensity of A}, peak also is not a function of measurement angle 6 in
unstrained or biaxially strained MoS, as Eq. (2) suggests.

Uniaxial strain breaks the symmetry in E} ¢ and A;g Raman peaks
of MoS, and yields a #b and ¢ # d."’ The Alg has its maximum peak
when laser polarization is parallel to strain direction. For the E} o peak,
under uniaxial strain the two degenerate modes divide into two sepa-
rate modes.”” By breaking the degeneracy between the two modes of
E;g and with a#b in Eq. (1), the amplitude of Eig becomes a function
of 0. Uniaxial tensile strain in an arbitrary direction increases the
amplitude of the degenerate mode (zigzag or armchair direction) that
is closer to the strain direction.’”*! In this work, the two degenerate
modes of El cannot be evaluated separately since the strain is not
large enough to spectrally resolve them into two peaks.'” Thus, we
must evaluate the E%g peak amplitude as a summation of its two modes
following the function in Eq. (1).

Figures 4(b)-4(e) present the amplitude of E;g and A;; Raman
peaks at points A and B as a function of 6, normalized to the ampli-
tude of E1 Raman peak of the uncoated part of the same flake at the
same measurement angle. As Fig. 4(b) presents, the amplitude of E}
at point A shows a four-lobed shape as a function of 0. After fitting the
data points of Fig. 4(b) to Eq. (1), we find out that ¢ = 0° and a > b,
which proves that the strain is parallel to the zigzag direction with 0°
difference between the two directions. Similarly, as Fig. 4(c) presents,
the amplitude of A;; peaks at point A on the device also varies as a
function of 0 under uniaxial strain. As it is shown in Fig. 4(c), by fit-
ting the A, amplitude to Eq. (2), the direction of uniaxial tensile strain
can be extracted, which in this case is at 0 = 0° presented by arrows at
point A in Fig. 4(a).

During mechanical exfoliation, MoS, tends to cleave along its zig-
zag axes (every 60 °), so all free edges are typically of zigzag orienta-
tion."” Our results reconfirm this, since according to polarized Raman
of E}, and Ay, there is a 0° difference between zigzag direction and
strain (which is along 0 = 0°), thus the zigzag direction is also along
0 = 0° and is horizontal in Fig. 4(a).

The same polarized Raman measurements have been conducted
at the center of the stressor, and the results are presented in Figs. 4(d)
and 4(e). The amplitude of E} and Ajg peaks are not a function of 0.
As we saw in Fig. 1, the E} peak shifts up at the center of the stressor,
which proves the type of strain is biaxial compressive. This type of
strain does not break the degeneracy in either MoS, Raman peaks.

We have been able to prove that selective strain engineering of 2D
MosS, is possible by lithographically patterned thin film stressor deposi-
tion. The free edges of the tensile stressor produce uniaxial tensile strain
in the direction perpendicular to the edge and there is biaxial compres-
sive strain away from the free edges. Therefore, by adjusting the width
of such patterned stressors, we can control the in-plane strain distribu-
tion within each individual 2D flake. At the same time, we have also
demonstrated that we can controllably apply out-of-plane tensile strain
to 2D van der Waals bonded materials using this technique, which to
our knowledge does not exist by any other mechanism.

By showing these results, we have completely outlined how to
translate the full power of process-induced strain engineering from
industrial CMOS IC manufacturing to 2D materials. Static strain engi-
neering with the proposed patterned stressors could also be combined
with dynamically controlled strain from ferroelectric substrates
enabling dynamic control over strain sensitive properties of 2D
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materials.””** Combining all these concepts together with novel strain
patterned devices opens the door to a wide variety of unexplored func-
tionalities that can only be achieved at scale by using micropatterned
or nanopatterned stressors.

See the supplementary material for more details on the fabrica-
tion process, 3D vs 2D strain engineering, flake thickness identifica-
tion, center strain evolution, Raman power dependence,
photoluminescence spectroscopy, and Raman peak intensity maps.
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