2]
-
Q
)
e
()
—
/2]
O
2]
>
=
Q.
o
D
Qo
Q.
<<

RESEARCH ARTICLE | APRIL 03 2023
Moiré engineering in 2D heterostructures with process-

induced strain ©
Tara Pefia ¥4 ; Aditya Dey; Shoieb A. Chowdhury; ... et. al

’ @ Check for updates ‘

Appl. Phys. Lett. 122, 143101 (2023)
https://doi.org/10.1063/5.0142406

. CrossMark
@

View Export
Online  Citation

Articles You May Be Interested In

Ultrasonic delamination based adhesion testing for high-throughput assembly of van der Waals
heterostructures

Journal of Applied Physics (December 2022)

Time to get excited.

Lock-in Amplifiers —from DC to 8.5 GHz

N # Zurich
Z N\ Instruments

pd'9012rL0'S L LOLEYL/9L90289L/90¥C L 0°G/E901L 0L/1op/pd-ajone/de/die/bio die sqndj/:dpy woy papeojumog


https://pubs.aip.org/aip/apl/article/122/14/143101/2882378/Moire-engineering-in-2D-heterostructures-with
https://pubs.aip.org/aip/apl/article/122/14/143101/2882378/Moire-engineering-in-2D-heterostructures-with?pdfCoverIconEvent=cite
https://pubs.aip.org/aip/apl/article/122/14/143101/2882378/Moire-engineering-in-2D-heterostructures-with?pdfCoverIconEvent=crossmark
javascript:;
javascript:;
javascript:;
javascript:;
https://doi.org/10.1063/5.0142406
https://pubs.aip.org/aip/jap/article/132/22/225302/2838154/Ultrasonic-delamination-based-adhesion-testing-for
https://servedbyadbutler.com/redirect.spark?MID=176720&plid=2061396&setID=592934&channelID=0&CID=740896&banID=520944490&PID=0&textadID=0&tc=1&adSize=1640x440&matches=%5B%22inurl%3A%5C%2Fapl%22%5D&mt=1681915970030738&spr=1&referrer=http%3A%2F%2Fpubs.aip.org%2Faip%2Fapl%2Farticle-pdf%2Fdoi%2F10.1063%2F5.0142406%2F16820616%2F143101_1_5.0142406.pdf&hc=4f5a81b893816965731cc564e681897c20a7297f&location=

scitation.org/journal/apl

Applied Physics Letters ARTICLE

Moiré engineering in 2D heterostructures

with process-induced strain

Cite as: Appl. Phys. Lett. 122, 143101 (2023); doi: 10.1063/5.0142406

Submitted: 13 January 2023 - Accepted: 19 March 2023 -
Published Online: 3 April 2023

© th @

View Online Export Citatior CrossMark

Tara Pena,"® () Aditya Dey,” (¥) Shoieb A. Chowdhury,”
Arfan Sewaket,' (¥) Carla Watson,” () Hesam Askari,”

Ahmad Azizimanesh,'
and Stephen M. Wu'*#

Wenhui Hou,'

AFFILIATIONS

'Department of Electrical and Computer Engineering, University of Rochester, Rochester, New York 14627, USA
“Department of Mechanical Engineering, University of Rochester, Rochester, New York 14627, USA
*Department of Physics and Astronomy, University of Rochester, Rochester, New York 14627, USA

2 Authors to whom correspondence should be addressed: tpena@ur.rochesteredu and stephen.wu@rochesteredu

ABSTRACT

We report deterministic control over a moiré superlattice interference pattern in twisted bilayer graphene by implementing designable
device-level heterostrain with process-induced strain engineering, a widely used technique in industrial silicon nanofabrication processes. By
depositing stressed thin films onto our twisted bilayer graphene samples, heterostrain magnitude and strain directionality can be controlled
by stressor film force (film stress x film thickness) and patterned stressor geometry, respectively. We examine strain and moiré interference
with Raman spectroscopy through in-plane and moiré-activated phonon mode shifts. Results support systematic C; rotational symmetry
breaking and tunable periodicity in moiré superlattices under the application of uniaxial or biaxial heterostrain. Experimental results are vali-
dated by molecular statics simulations and density functional theory based first principles calculations. This provides a method not only to
tune moiré interference without additional twisting but also to allow for a systematic pathway to explore different van der Waals based moiré

superlattice symmetries by deterministic design.

Published under an exclusive license by AIP Publishing. https://doi.org/10.1063/5.0142406

When heterostructures of stacked 2D van der Waals (vdW)
materials are constructed with a relative twist between the layers,
in-plane moiré interference patterns are created that vary in periodic-
ity depending on angle. This in-plane superlattice effect can lead to the
formation of flat-bands in twisted bilayer graphene (TBG) near a
“magic-angle,” which can cause strong electron interactions.'
Within this system alone, an amazing number of strongly correlated
electronic phases appear that may be tuned by band filling." ® Within
the broader class of twisted vdW systems, including semiconducting
transition metal dichalcogenides, there have also been reports of both
similar electronic phases and strongly interacting optical phases.” "

Significantly, these systems rely on the built-in moiré interference
patterns formed only from twisting layers. The total space of possible
moiré interference patterns is much larger when accounting for strain
in each individual layer along with twist (Fig. 1). By individually
straining one layer with respect to the other (heterostrain), substantial
moiré tunability can be achieved. Specifically, biaxial or uniaxial het-
erostrain in twisted bilayer 2D heterostructures provides a pathway to
manipulate the period of moiré interference [Fig. 1(b)] or change the
geometry of the interference pattern [Fig. 1(d)]. Much of the correlated

electronic physics in twisted bilayer vdW systems can be understood
in the framework of the Hubbard model with symmetry of the
Hubbard lattice, the Coulomb repulsion (U), and hopping (t) terms all
set by the twist angle alone."” "> A greatly expanded set of available
lattice symmetries and direct control over U/t is possible with deter-
ministic heterostrain in twisted bilayer 2D systems (Fig. 1), allowing
an opportunity to better understand correlated electronic phases or
serve as a basis for predicting new phases.

One key missing factor in exploring any of these concepts is the
deterministic and continuous control of layer-by-layer strain, which
has been lacking in the community studying twisted vdW moiré
materials.'® Some works have explored the effects of applied hetero-
strain through probing uncontrollable heterostrain from fabrication
processes,’ "' engineered lattice mismatched epitaxial growth,'” and
bending bilayers on flexible substrates,” but there is a need for a gen-
eral method compatible with all experimental probes and conditions.
Systematic exploration of the strain-expanded phase space of 2D
moiré quantum materials requires deterministic application of layer-
by-layer strain on the device-level, compatible at low temperatures,
with full control over uniaxiality vs biaxiality. Here, we present a

Appl. Phys. Lett. 122, 143101 (2023); doi: 10.1063/5.0142406
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FIG. 1. (a) Highly stressed thin film fully encapsulating a TBG sample, providing biaxial strain to the top graphene layer. (b) Moiré interference pattern varying with biaxial het-
erostrain magnitude (rigid). (c) Highly stressed thin film patterned into a stripe on TBG, providing uniaxial strain to the top graphene layer (d) Moiré interference pattern varying
with uniaxial heterostrain magnitude (rigid) and strain tunable Hubbard model parameters (blug).

method that meets all the above criteria with the deposition of highly
stressed thin film capping layers (process-induced strain). We demon-
strate that the heterostrain magnitude is directly proportional to the
film force [film stress (GPa) X film thickness (nm)] of the stressor
layer, and strain directionality is controlled by the stressor geometry
[Figs. 1(a) and 1(c)].

Process-induced strain engineering has been implemented in
industrial silicon technology since the 90 nm technology node to selec-
tively enhance electron or hole mobility in transistor channels.”' >’ In
our previous work, this concept was proven to be equally versatile on
vdW bonded 2D materials through evaporating highly stressed thin
films onto various 2D multilayer flakes and heterostructures.”* *° In
these works, we show that process-induced strain can allow for the
deterministic design over strain magnitude, tension or compression,
uniaxiality or biaxiality, and strain direction relative to the crystal
axes.”"”” These methods when applied to 2D materials do not induce
damage and are highly time stable and low-temperature compatible.”®
Moreover, we also find incomplete out-of-plane strain transfer
(heterostrain) naturally occurs in 2D structures from this method
because of their weak vdW coupling,” allowing for engineered layer-
by-layer control over strain in 2D materials.

In this Letter, we apply process-induced strain to controllably
heterostrain TBG structures to engineer the moiré periodicity and
symmetry. Because bilayer graphene has weak interlayer coupling, we
can strain the top graphene layer in this system, while the bottom layer
is fixed to the substrate and entirely unstrained.”*** This method is
general to all 2D materials where substrate adhesion is higher than
interlayer adhesion and can be integrated with complex device

structures on-chip, meeting all the criteria to examine these systems
with low-temperature quantum transport experiments.

Raman spectroscopy is a popular, nondestructive method to
extract details about strain, doping, and sample quality in 2D systems
such as graphene and MoS,.””"" Specifically, in high-angle TBG struc-
tures, an additional phonon mode is activated by the moiré superlat-
tice, whose phonon frequency can be related back to the twist angle
between the two monolayers [Figs. 2(a) and 2(b)].”" To understand
this mode in TBG, one could look at the superlattice in reciprocal
space, where two monolayer graphene Brillouin zones (BZs) are
rotated by the given twist angle (0) with respect to each other. The BZ
of the moiré interference pattern (moiré-BZ) has reciprocal lattice vec-
tors qq and q [Fig. 2(c)], extracted from the difference between the
monolayer reciprocal lattice vectors. The TBG’s moiré activated pho-
non mode, termed as the R'(R) band, has a frequency dependent on
the magnitude of vector q;,. The R'(R) bands can be understood as
the phonon dispersion curves along the I'-K direction in bilayer gra-
phene, where the longitudinal and transverse optical phonon branches
(LO and TO) are active for twist angles below and above ~10°, respec-
tively [see supplementary material Fig. 2(b)]."*" Since the vector qy ,
of the moiré-BZ is derived from the real-space superlattice vectors
[Fig. 2(c)], this allows Raman analysis to provide information about
strain-transfer and the subsequent real-space changes to the superlat-
tice periodicity simultaneously in these structures. This is illustrated in
Fig. 2(d), where biaxial heterostrain uniformly increases the magnitude
of qq,2, while uniaxial heterostrain increases and decreases both magni-
tudes of q; and qa, respectively. This leads to the effects seen in R'(R)
band manipulation by heterostrain in the following paragraphs.
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We initially apply biaxial strain to the top layer in TBG structures
(11° < 0 < 16°, five TBG samples in total) and then probe changes in
the in-plane (G-peak) and the superlattice phonon modes (R-peak)
with increasing biaxial strain magnitude. Biaxial strain is expected
since the thin film stressor would contract to relieve tensile stress from
all directions, thus transferring biaxial strain to the top layer in contact
with the stressor, as shown in our previous works.”*”” Raman spec-
troscopy is conducted on the TBG/SiO,/Si sample before and after full
encapsulation with a highly stressed tensile stressor (Fig. S1). The
strain magnitude is directly proportional to thin film force application
(N 'm™") of the stressor layer, and we choose to vary this parameter by
varying the stressor thickness (see the supplementary material).”* Film
force of the stressor layer is quantified via standard wafer curvature
methods and then by employing the Stoney equation.””*°

Since biaxial strain is being applied to the top graphene layer, the
superlattice is expected to retain C; rotational symmetry, while the
real-space moiré periodicity will decrease, and the magnitude of vector
q1,2 will increase [Fig. 2(d)]. We quantify phonon shifts as the differ-
ence of pre- and post-encapsulation Raman peak positions
(AW = Wyer — Dpefore), Where we observe a redshift in the R-band and
blueshift in the G-band in all samples after thin film stressor encapsu-
lation [Fig. 3(a)]. The redshift in Awg matches the expected increase
in |qy 2|, and the blueshift in Awg confirms compressive strain transfer
to the top graphene layer. Raman spectroscopic maps of the R-band
peak positions before and after a 32N m ™' thin film force application
on a TBG sample (0 ~ 14°) are shown in Figs. 3(b)-3(d), showing
good uniformity of heterostrain application. Before encapsulation, the
TBG sample displays an average R-band peak position of
1461.1 = 0.15cm ™. After the 32N m™ ' encapsulation, we extract a
new average R-band peak position of 1456.7 + 0.17cm™'. We repeat
this procedure on four more TBG samples varying in film force appli-
cation, where we find the magnitudes of both the R-band and G-band

shifts scale linearly with thin film force application [Figs. 3(e) and
3(f)], demonstrating direct controllability of heterostrain.

We next calculate the expected phonon frequency shifts with
varying biaxial compressive strain magnitudes to the top graphene
layer in a simulated 13.2° TBG using a combination of molecular stat-
ics (MS) and density functional theory (DFT) (see the supplementary
material). Slopes of —30.48 and 10.21 cm™'/% are obtained for Awg
and Awgop With applied strain, respectively, from these calculations.
While a peak shift rate of 10.21 cm™'/% for the G-band is smaller than
literature values for biaxially strained graphene,” Raman shifts per %
strain are unique to both the nature of the applied strain and to the 2D
material structure itself. Because this is the only time biaxial hetero-
strain on TBG has been probed with Raman spectroscopy, we utilize
our experimental peak shifts to validate and compare with our theoret-
ical calculations. To independently compare experimental peak shifts
as a function of strain, we estimate the % biaxial strain in the graphene
top layer from film force alone. This is obtained by scaling our own
result from biaxially strained monolayer MoS, (Ref. 24) by the relative
elastic moduli between graphene and MoS,. Since graphene has a
3.5 times larger elastic modulus than MoS,, the same film force will
generate 3.5 times less strain. The experimental and calculated results
are presented together in Figs. 3(¢) and 3(f), where there is good agree-
ment between measured peak shifts and simulated values. Thus, we
have cross-verified that the biaxial heterostrain is being applied to
TBG and this directly leads to modification of the moiré-BZ (periodic-
ity) in the expected fashion. We do not expect to resolve the G-peak of
each individual layer of graphene, because the G-peaks have much
larger peak width (~12 cm™ ') than this peak shift itself (~2 cm™);
however, we do observe this as an increase in the measured G-peak
width of ~0.65 cm ™.

This good agreement between theory and experiment validates
biaxial heterostrain as a mechanism to engineer the moiré wavelength,
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FIG. 3. Biaxial heterostrain case. (a) Raman spectra of a 14° TBG sample before
and after a full encapsulation with a 32N m~" thin film application. (b) Optical
micrograph this TBG, scale bar is 1 um. Raman R-band peak position maps of this
sample before (c) and after (d) the full encapsulation, scale bars are 0.5 um. Film
force dependence of Awg (e) and Awg (f).

since R-band shifts can directly be mapped back to changes in q
and changes to q » represent changes to real-space moiré interference.
These same real space modifications are observed through MS simula-
tions and, subsequently, match experimental Raman results one-to-
one [Figs. 3(e) and 3(f)]. Therefore, these results directly show a
closed-loop  theoretical/experimental approach to quantitatively
engineer moiré periodicity, which is controlled continuously through
biaxial heterostrain.

We now examine designed uniaxial heterostrain to TBG struc-
tures. Strain directionality (uniaxiality vs biaxiality) can be redefined by
lithographically patterning the thin film stressors into stripes and modi-
fying the width of the stripe.” Uniaxial heterostrain is quite powerful
particularly for moiré superlattices, because this type of strain can
change the geometry of the moiré interference pattern from the typical
triangular lattice to more complex patterns [Fig. 1(d)]. To explore this
effect, we first lithographically pattern a 2.5 um wide thin film stressor
stripe (40N m~ ") onto a 6° TBG sample [Fig. 4(b)], where the strain is
determined to be uniaxial and perpendicular to the direction of the
stripe (Fig S5), similar to our results in the previous work.”

Prior to thin film stressor deposition, we confirm that the TBG
sample displays uniform G and R’ peak positions throughout the
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FIG. 4. Uniaxial heterostrain case. (a) Raman spectra outside the stressor and cen-
ter of the stressor on a striped 6° TBG sample. (b) Optical micrograph of this TBG,
scale bar is 2 um. (c) and (d) Raman maps of R} and R peak positions with the
color bar placed to the right. (e) Raman maps of the Gy, peak position with
the color bar placed to the right. Raman maps have a 1 um white scale bar. (f)
Awgiq,rr2 @S a function of Awgy, taken from a line scan (red arrows of Raman
maps).

sample (Fig. $3). After a 40N m ™" thin film stripe application, outside
of the stressor displays the same G and R’ positions as before the
stressor deposition, then at the center of the stripe, we observe both G
and R’ peak splitting [Fig. 4(a)]. The G peak splitting in this sample
arises from heterostrain, where each peak represents the G-peak of an
individual layer. This is different than the typical G and G
(E;fg and Ez_g) peak splitting in individual graphene monolayers due to
uniaxial strain that arises from lattice symmetry breaking, since we are
well under the limit of strain magnitudes where this is a resolvable
effect (euniaxial < 0.6%).”” The lower G-peak matches the unstrained
(control) G-peak value in the TBG sample of ~1588.5 cm” Y, and,
therefore, represents the signal from the unstrained bottom layer. The
upper G-peak is blueshifted by ~109cm™", and we can estimate
0.21% compressive uniaxial strain to the top graphene layer when
compensating for charge transfer contributions to the G-peak (Figs. S3
and $4). We can resolve G peak splitting from heterostrain in the uni-
axial case (but not the biaxial case), because there is a larger Raman
shift rate per % applied strain.
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FIG. 5. Evolution of a moiré superlattice with applied uniaxial heterostrain. (a)—(d) Real-space MS captures of simulated 6° TBG samples varying with uniaxial compressive

heterostrain magnitude applied along the zigzag direction.

While the G-peak splitting is due to contributions from each
individual graphene layer, R’-peaks arise from the combined
interaction between both graphene layers. Therefore, the splitting
of this peak represents a direct modification to the moiré pattern
itself. Under uniaxial heterostrain, we have shown that q; and q,
vectors both increase and decrease in magnitude, arising from the
breaking of the superlattice symmetry of unstrained or biaxially
strained moiré interference [Figs. 1(d) and 2(d)]. Since the R’
peak positions are directly related to the reciprocal space lattice
vectors for the moiré-BZ (q;,qy), this peak splitting represents
direct evidence of C; rotational symmetry breaking in the moiré
superlattice in TBG under deterministic application of uniaxial
heterostrain. We have seen this as repeated across two other
samples with patterned stressors and different film forces, where
the G and R’ peak splittings scale with film force application
(Fig. S6).

To quantitatively confirm that the splitting and changes in wg
originate from changes in the moiré superlattice symmetry/periodicity,
we also conduct Raman spectroscopic mapping over the entire sample
[Fig. 4(b)]. When conducting Raman mapping, we observe clear corre-
lations between both emerging R’ peaks [Figs. 4(c) and 4(d)] and the
Giop peak position [Fig. 4(e)]. Strain gradients are found at the edges
of the thin film stressor [Figs. 4(c)-4(e) and Fig. S5(b)], indicating a
full range of uniaxial heterostrain engineered by stressor geometry. To
examine this more clearly, we plot the R" peak shifts as a function of
Giop peak shifts [Fig. 4(f) symbols] and observe a one-to-one linear
correlation between the G, and individual R’ peak shifts, as expected
from a full gradient of moiré interference patterns designed by uniaxial
heterostrain within a single sample. We again calculate the phonon
responses of a simulated heterostrained 6° TBG structure using
MS+DFT to compare with our experimental data, where we find that
the calculated phonon shifts match well to the experimental Raman
data [dashed lines in Fig. 4(f)]. R’ peak shifts per percent strain follow
34.83 and —20.51 cm™ /%, while the averaged Gy, peak shift slope is
46.77 cm™"/%.

Using our measured Gy, and R’ peak shifts, we can directly
back-calculate the exact moiré-BZ and visualize the subsequent real-
space moiré superlattice at the center of the stressor [Fig. 5(b)]. To
illustrate the impact of uniaxial heterostrain application, we present
the full evolution of MS+DFT simulated 6° TBG structures in real

space under increasing compressive uniaxial heterostrain magnitude
from 0% to 1% (Fig. 5). Implementing a combined MS and DFT
approach is critical to accurately account for atomic relaxation effects
in the simulated heterostrained superlattices,”” allowing us to properly
obtain the calculated phonon shifts with applied strain (see the supple-
mentary material).

Here, we have introduced a method to locally engineer moiré
periodicity and symmetry in 2D bilayer heterostructures by design.
While this demonstration implemented ~0.2% heterostrain on TBG,
this does not represent an upper limit to the amount of strain that can
be applied by our method. Several other theoretical and experimental
works suggest that ~0.2% heterostrain is already enough to substan-
tially modify the moiré periodicity and, subsequently, alter the elec-
tronic properties in systems like magic-angle TBG.'*'”*"** Moreover,
we have engineered other 2D systems up to 0.85%, " with more recent
results even reaching 1.5%. The heterostrain applied by process
induced strain engineering is general and can be continuously tuned
by varying thin film force application and thin film stressor geometry.
These heterostrain modifications allow for controlled access to moiré
interference patterns that are not achievable through twist alone. Our
combined experimental and theoretical approach allows for direct
inference of the real space moiré modifications made through hetero-
strain, allowing for direct quantitative back calculation of the engi-
neered moiré patterns from Raman spectroscopic analysis. This
closed-loop approach allows for systematic engineering of moiré inter-
ference in bilayer 2D heterostructures that has not been achieved
deterministically before, opening the door to a strain-expanded explo-
ration of twisted 2D quantum materials by design.

See the supplementary material for the details on the MS sim-
ulations, DFT calculations, and experimental Raman methods and
also for the details of methods of sample preparation, fabrication,
and characterization; quantifying charge transfer from the ther-
mally evaporated thin film stressor layer (Fig. S1); quantifying
charge transfer from this multilayer e-beam evaporated stressor
(Fig. S2); Raman maps of the 6° TBG sample before photolithogra-
phy and stressor deposition (Fig. S3); estimating the G-peak shift
from strain alone with the e-beam multilayer stressor (Fig. S4);
polarization-dependent Raman results and high-resolution line
scan over the striped 6° TBG sample (Fig. S5); Raman spectra of a
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7° TBG sample before and after the patterned thermally evapo-
rated stressor (Fig. S6); and time stability of strain and moiré peri-
odicity on the striped 6° TBG sample (Fig. S7).
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