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Twisted bilayer graphene with hexagonal moiré patterns have shown a variety of unusual physical and mechanical
phenomena. Unfortunately, some residual strain is introduced during the fabrication process of twisted bilayer
graphene, leading to the deformation of moiré pattern. In this work, we employed water assisted transfer approach
to build the suspended twisted bilayer graphene over the microscale holes patterned SiO,/Si substrate. Atomic

force microscopy is involved to characterize the moiré pattern. Based on reciprocal vectors analysis, a theoretical
model was proposed to extract the local strain of twisted bilayer graphene sample. The local strain of twisted
bilayer graphene induced by the transfer process as well as the biaxial tensile stretch was evaluated respectively.

1. Introduction

Through stacking two monolayer graphenes with a twist angle,
twisted bilayer graphene (tBLG) with hexagonal moiré pattern is built,
which has resulted in a succession of spectacular scientific discoveries,
such as superconductivity [1,2] and superlubricity [3-5] etc. However,
graphene is prone to distortion because of the atomic thickness, which
makes it easy to restore local residual strain during the preparation and
application of tBLG [6]. Earlier works have proven that the local resid-
ual strain have a significant impact on the optical, electrical, and me-
chanical characteristics of tBLG [7-9]. Thus, it is critically important to
characterize and evaluate local strain of the tBLG sample.

Traditional moiré patterns are created by overlaying periodic grids
that have open and solid parts, with the solid sections being lines, dots,
or other geometrical shapes [10-12]. When two sets of grids are super-
posed at a modest angle, a minor displacement of one grid can cause a
substantial deformation of the components in a moiré pattern [13]. Such
a principle can be attributed to the amplification effect of the moiré pat-
tern for grid displacement [14,15], which has far-reaching implications
in many fields such as experimental mechanics [11,16], optical engi-
neering [17-19], and physics including strain analysis [20,21], defect
analysis [22,23], and strain engineering [9,24]. Although the moiré pat-
tern has been successfully used as an effective tool for strain analysis at
the macro and micro scales, strain analysis at the nanoscale remains a
challenge due to grid size limitations [25]. Inspiringly, graphene moiré
pattern can be utilized to examine minuscule strain fields in tBLG with
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the help of scanning probe microscopy (AFM) [26-29] or transmission
electron microscopy (TEM) [30].

Extensive studies of moiré patterns on tBLG have been done during
the last ten years [31-35]. Miller et al. investigated the effect of uniaxial
strain on the lengths of the moiré pattern to estimate the strain of the
graphene lattice [36]. Wang et al. devised the hexagonal digital moiré
method for three-dimensional structural characterization of hexagonal
packed nanostructures by analyzing three groups of parallel moiré pat-
terns [37]. Cosma et al. investigated the geometrical features of moiré
patterns characteristic of a pair of two incommensurate misaligned crys-
tals in graphene heterostructures with hexagonal lattice [38]. Marton
et al. described the strain field of graphene via three variables including
uniaxial strain, strain direction and interlayer twist angle, and solved
the strain field based on the lengths of moiré patterns [7]. Wang et al.
also conducted the strain analysis of twisted trilayer graphene [39]. To
date, however, there is still less quantitative evaluation of local residual
strain of tBLG via the moiré pattern. In this paper, we fabricate the sus-
pended tBLG and use AFM to characterize the deformed moiré patterns.
A theoretical model was used to analyze the local strain of tBLG via the
change in terms of lengths of moiré pattern.

1.1. Theoretical model

The schematics of the moiré pattern created by twisted bilayer
graphene are shown in Fig. 1(a). When two monolayer graphene sheets
are layered with a twist angle, the upper and bottom graphene lattices
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Fig. 1. (a) Schematics of moiré pattern of twisted bilayer graphene (tBLG), the rhombuses denote the moiré pattern unit cells. (b) graphene lattice vectors of tBLG.
(c) reciprocal vectors of tBLG. (d) The relationship between the lengths of moiré pattern and twist angles of tBLG.

form two hexagonal grids, resulting in the hexagonal moiré pattern
[40,41], which contains an alternating pattern of light and shade re-
gions. The distances between consecutive light patches are represented
by the lengths of the moiré pattern [L,, L,, L; in Fig. 1(a)]. Previous
studies have shown that the lengths of moiré pattern are affected not
only by the twist angle but also by the strain [6]. We begin our analysis
with the graphene lattice vectors to determine the relationship between
the lengths of the moiré pattern, twist angle, and strain field.

As illustrated in Fig. 1(b), the lattice vectors of the top graphene are
defined as a;, a,,a; , while that of the bottom graphene as a/,a), .
Then the reciprocal vectors of the top and bottom graphene are labeled
as by, b,,b; and ¢, c,,c; respectively. The reciprocal vectors of the
unstrained graphene are shown in Fig. 1(c), which can be written as

(71,
b =< >b, b

The twist angle between the lower graphene and the upper graphene
is 0, and the reciprocal vectors of the lower graphene are,

cosi=bz A
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Herein, the reciprocal vectors of graphene moiré pattern are,
m;,=b,—c, “

The lengths of the moiré pattern can be represented using the recip-
rocal vector transformation formula as,

4z
\/§|m,.|

When tBLG is strain-free condition, the preceding equation can be
reduced to L = a/2sin(f/2). The relationship between twist angle and
moiré pattern is then depicted in Fig. 1(d), where the length of the moiré
pattern decreases as the twist angle increases.

Once the strain is applied to tBLG, two types of strain states are avail-
able. (i) The state of two layers of graphene subjected to separate strain
fields [Fig. 2(a)] [42,43]. (ii) The same strain fields are applied to the
top and bottom graphene, as seen in Fig. 2(b) [8,42].

(6]

i) In Fig. 2(a), the direction and value of strain should be consid-
ered for the residual strain of tBLG. The residual strain imparted
on graphene’s reciprocal vectors can be written as,

! 0
&e) = (‘*0“ X > ©)
I+€)
The strain tensor can be further written as,
F(e,a) = RT (0)&(e)R(a) @)
Rie) = <Cf)Sa —sina) ®
sina cosa

where « is the angle between the first principal strain ¢, and the first re-
ciprocal vector b,. Then the reciprocal vectors of graphene with residual
strain could be expressed as,

b, = F(e,a)b; 9
Herein, the reciprocal vectors of graphene moiré pattern are,
m; = b —c, (10)

We can obtain the equations with three unknown variables ¢, ¢, @
and three known variables L,, L,, L; by inserting Eqgs. (6) (10) into
Eq. (5). As aresult, numerical solutions of Eq. (5) can be used to compute
the strain field. The following are the steps in the calculation: i. Mea-
sure the lengths of the moiré pattern in three directions; ii. Compute
the twist angle using a uniform moiré pattern; iii. Replace the measured
parameters into Eq. (5); iv. Solve equations to map the local strain.

ii) In Fig. 2(b), both the top and bottom layer of tBLG is stretched to-
gether, so deformation of moiré pattern is compatible with graphene
lattice deformation. The strain of the moiré pattern ¢, can be used
to predict the strain of the graphene lattice ¢,

L,-L,
Li

=€y = 1D
where L, and L; denote the lengths of moiré patterns with and without
strain. We can get the strain fields by measuring the lengths of the moiré
pattern in three directions with the fixed initial twist angle.
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Fig. 2. (a) Schematics of the strain applied to the top layer
of tBLG and the corresponding reciprocal vectors, where the
strain direction is labeled in the square box. (b) Schematic of
the same strain applied to the top and bottom layers of tBLG
and the corresponding reciprocal vectors.
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Fig. 3. (a-c) Schematics of the transfer process of tBLG. Lateral force images, diffraction patterns, and schematics of moiré pattern of tBLG with different local
residual strains: (d-f) without strain; (g-i) with residual strain €, ~ 0.31%, €, ~ 0.01%. The black arrows in (d), (g) represent the vectors of moiré patterns of tBLGs.
The arrows in (i) denote the directions of local residual strains of the top monolayer graphene. Scale bars: (d), (g) 20 nm.

1.2. Characterization of local residual strain induced by transfer process

Researchers have successfully manufactured bilayer/multilayer 2D
materials with tunable twist angle with the advancement of 2D materials
preparation technologies in recent years [44]. A recently reported water-
assisted transfer approach, in particular, allows for the clean transfer of
tBLG [45]. The fabrication steps are as follows: i. Mechanically exfoliate

the monolayer graphene on the patterned SiO,/Si substrate; ii. Use the
PDMS and water droplet to transfer monolayer graphene on top of the
other; iii. Control the twist angle by rotation stage; and iv. Lift the PDMS
film and characterize the tBLG. Traditional characterization methods
such as spherical aberration electron microscopy (AC-TEM) and scan-
ning tunneling electron microscopy (STM) can directly collect atomic
lattice deformation information, but characterizing the strained moiré
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Fig. 4. Schematics of microbubble device of sus-
pended tBLG: (a) before the nitrogen loading and
(b) after the nitrogen loading. Lateral force images
of moiré pattern of tBLG before (c) and after load-
ing (d), where the black arrows denote the vectors
of moiré pattern. Line-scanning results of moiré pat-
terns before (e) and after loading (f), that along the
dashed lines in (c) and (d), respectively. Scale bars:
(c), (d) 10 nm.
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pattern in-situ remains difficult. In this study, we employed AFM to gen-
erate atomic resolution images and moiré pattern images using the lat-
eral force signal [45]. Flexible PDMS film would generate local residual
strain in tBLG throughout the transfer process of tBLG [46], as shown
in Fig. 3(a-c). To evaluate the residual strain of tBLG, since the residual
strain introduced during the transfer process is random, we start by cal-
culate the initial twist angle using the regular hexagonal moiré pattern
as a reference point. Fig. 3(d-f) illustrate the lateral force picture and
diffraction pattern of strain-free tBLG. The lengths of the moiré pattern
in Fig. 3(d) are 23.5 nm, 23.4 nm, and 23.5 nm, respectively, which indi-
cates the twist angle is ~0.6°. Fig. 3(d) and (e) depict asymmetric moiré
and diffraction patterns induced by residual strain. We initially measure
three lengths of moiré pattern in three directions to estimate the value
and direction of the residual strain. By introducing three experimentally
measured lengths of moiré pattern L™, a system of equations involving
three unknowns (¢, €,, a) can be written as,

4

LY=L=

,i=1,2,3 (12)

3|m,|
We can answer Eq. (12) numerically because the twist angle is fixed
in the experiment setup. The lengths of moiré pattern in Fig. 3(g) are
measured to be 25.9 nm, 27.5 nm, 22.4 nm. Then ¢, ¢,, a are solved to
be ~0.31%, ~0.01%, ~13°, respectively. The local residual strain field of
tBLG [Fig. 3(g)] is depicted in Fig. 3(i), with black arrows representing
strain directions.

1.3. Characterization of local strain induced by microbubble experiment

Furthermore, using the microbubble approach, we characterize the
change in moiré pattern when biaxial stretch strain is given to both the
top and bottom layer of the suspended tBLG. In the microbubble ex-
periment, suspended tBLG samples on patterned SiO,/Si substrate were

Lateral distance (nm)

placed in an autoclave, and nitrogen was incrementally added to the
autoclave using a booster pump. After a week of loading pressure, ni-
trogen progressively leaks into the hole through the interface between
graphene and SiO,. The pressure in the hole is higher than atmospheric
pressure once the tBLG sample is removed from the autoclave, caus-
ing the tBLG to puff out and create a hemispherical bubble where the
center of tBLG bubble is biaxially stretched. The detailed microbubble
experimental methods can be found in prior work [47]. The schemat-
ics of the tBLG microbubble device are shown in Fig. 4(a) and (b). By
using the nitrogen-loaded microbubble technique [48], we can apply
the biaxial strain on the tBLG, and the strains in the central region of
tBLG bubble can be determined by the ratio of height and radius of mi-
crobubble [49]. The moiré patterns (lateral force signal) of tBLG are
shown in Fig. 4(c) and (d) before and after loading, with the lengths of
the moiré pattern increasing as the strain rises. The average length of
the unstrained moiré pattern is 9.40 nm, which suggests a twist angle of
1.5°, as shown in Fig. 4(e). The length of the moiré pattern is 9.43 nm, as
seen in Fig. 4(f). Eq. (11) could therefore be used to compute the strain
of the graphene lattice as ~0.32%. Furthermore, the ratio of microbub-
ble height to radius is 0.067, resulting in biaxial tensile strain (~0.31%)
in the center of tBLG bubble [49]. We may find that the relative error
measured by the moiré method is roughly 3% by comparing the theo-
retical strain induced by microbubble experiment with the strain values
obtained by our moiré method.

Given the fact that AFM spatial resolution and thermal drift are the
main sources of error in this experiment, the precision of strain mea-
sured by moiré pattern differs with the varied initial twist angles. Since
the residual strain we evaluated was randomly introduced by transfer
process, the residual strain is obtained in this work by comparing with
the reference regular hexagonal moiré pattern. Therefore, the current
results are only relative values, and the measurement error of residual
strain cannot be given.
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2. Conclusion

We prepare the suspended tBLG and use the lengths of moiré pattern
to evaluate the local strain fields. The mathematical model of graphene
moiré pattern with strain is established through the examination of re-
ciprocal vectors. We analyze the local residual strain of tBLG induced by
transfer process and characterize the biaxial strain of tBLG applied by
the microbubble experiment. The experimental results further highlight
the feasibility of our strain analysis method.
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