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Abstract:

Graphene has a great potential to replace silicon in prospective semiconductor industries due to
its odtstanding electronic and transport properties; nonetheless, its lack of energy band gap is a
substantial fimitation for practical applications. Therefore, precise electronic band gap tuning

ing e is a critical challenge to facilitate its developments in electronic, photonic, and
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optoelectronic applications. To date, straining graphene to break its lattice symmetry is perhaps
the most efficient approach towards realizing band gap tunability in graphene. However, due to
the weak Iattice 'leformation induced by uniaxial or in-plane shear strain, most strained

have yielded band gaps < 1 eV. In this work, we report a modulated

at a hi&h strain rate (de/dt) ~ 10%7 /s, with excellent formability, inducing tunable band gaps in

graphene up to 2.1 eV, as determined by tunneling spectroscopy. The work function
tunability of graphene is also realized by this approach, which is demonstrated by KPFM
(Kelvin p¥obe folice microscope) to facilitate the alignment of energy levels in graphene-
semiconductor _heterojunctions which can be used to eliminate energy barriers in
heterostr\wlectronic or optoelectronic devices. High-resolution imaging and Raman
spectrosco 1 strain-induced modifications to the atomic and electronic structure in
graphene and firs§ principles simulations predict the measured band gap openings. Thus, laser

shock inhomogeneous asymmetric nano straining of graphene is an ultrafast, ambient technique

which can{be used for many other 2D crystals and their combinations. Laser shock modulation

of semi-metallic graphene to a semiconducting material with controllable band gap is the first
report of i hich has the potential to the electronic and optoelectronic industries.

Keywords: ®p chanical 3D straining, Single layer graphene, Band gap engineering

Graphen h consists of a two dimensional (2D) atomic sheet of sp” hybridized carbon, is
one of nificant materials for future applications'"® due to its extremely high electronic
mobility, quantum Hall effect, high thermal conductivity, flexibility, optical transparency, molecular

anchoring snability and superior mechanical strength. However, many electronic and optical

g8, in close relationship with finite bandgap for semiconductors, the lack of an energy

phene hinders the realization of high-performance field-effect transistors and
optoelectronj ices*'**’. Moreover, modulation of the Fermi-level of graphene over a large range
is also v difficult to circumvent heterojunction energy barriers, thus further limiting the
developmept of graphene-based electronic or optoelectronic devices. Although extrinsic approaches'””
*'to opeﬁjgap and modulate the work function of graphene have been attempted, including

25-26

doping”?, hydrofen adsorption®’, formation of graphene nanostructures and multilayers, they

have not able to tune work function and yielded large band gaps (always <1 eV)”, as a
result, t e performance based on graphene is still under restriction. Hence, an alternative
method to te the electron energy structure of graphene is required to fully realize the potential

of graphene in future semiconductor industry. To improve this intrinsic insufficiency of graphene,
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strain-engineering is an effective method to achieve band gap opening. Based on the lattice symmetry

27, 28

of the wave vector at K point in graphene, it has been suggested that uniaxial tensile or

compressi gpberpendicular or parallel to the C-C bonds would break the lattice symmetry, thus

29-32

opening a bamaésoap and changing the work function in graphene. However, most strain-

as only realized a small band gap opening, without effective nanoscale band gap
control. To date, shear strain across bilayer graphene has been used to open the band gap to 0.3-0.4

eV>’. Baseflf on first principles calculations, Gui et. al. and Hicks et. al.***°, have proposed that the

0.48 eV. al.’” have predicted that plastic deformation induced by the pentagonal and

simultaneous_expansions of C-C rings in two perpendicular directions can result in a pseudo gap of
‘Eiza el,
heptagonal rings associated with stacking faults and partial dislocations in graphene sheets would lead

to significafit Bandfgap opening of 0.8 eV. Moreover, it has been reported that the simultaneous strain

38-40

aphene would locally alter the energy band structure™ ", presumably leading to

band gaps exceeding 1 eV. Here, an opto-mechanical approach has been studied to achieve
asymmetric inhomogeneous elastic-plastic strain in monolayer graphene to modulate its band gap
structure as Femi-level, realizing band gap development over 1.7~2.1 ¢V and a Femi-level range of

0.6 eV, for the Tirst time.
In thimhigh strain rate (de/df) ~ 10%s is performed by laser shock imprinting, which leads

to excellent ility and toughening of graphene*" **, to realize inhomogeneous local asymmetric

elastic- strain in graphene. The strain is controllable by changing the incident laser power.
Single-layer ne was deformed via laser shocking onto an e-beam fabricated SiO, nanomold
with d etries to open its band gap, whose dimensions can precisely be controlled,

resulting in patterned strain profile over large areas. In addition, the KPFM results of strained
graphene s&ed that the work function is controllable with range to ~0.6 eV, which is enough for

energy barrig -alignment in graphene-semiconductors based electronic and optoelectronic devices

to achieve @ performances. Scanning electron microscopy and atomic force microscopy were
employed t cterize the deformed surface profile. Scanning tunneling spectroscopy was
employed @ evaluate the electronic band gap of single-layer inhomogeneous straining graphene. The
atomic-scalg straing in the graphene were quantified using high-resolution TEM, and subsequently
used asﬁmolecular dynamics (MD) simulations. Density functional theory was used to

perform band stru51re calculations. The large asymmetric plastic-elastic strain produced in graphene

by laser sh induced large graphene electronic band gaps while also permitting tuning of other
importa teristics such as the graphene work function. The tunable inhomogeneous straining
by laser s ighly promising for material engineering, electronic and optoelectronic applications

43-46
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The experimental setup schematic is depicted in Fig. 1(a). Graphene sheet is placed between the
Si/Si0, mold and an aluminum film. The laser shock is performed on aluminum film and large strain

is transducﬁ to %’)hene layer. Several tens of GPa pressure shock are generated by tuning the laser
power, therghyminducing 3D inhomogeneous strain in single-layer graphene; a small-scale MD
simulation \@ ed monolayer graphene achieved by laser shock is shown in the inset. Fig. 1(b)

shows the evolution of nanoshaped graphene. An animation of the simulation process of producing

I
strained olayer graphene is depicted in Supplementary Materials video 1. Nanotrenches with
controlled ensions (width and depth) were fabricated on SiO, substrates by electron beam

lithographyfland thgh used as a mold for laser shock nanoimprinting. Fig. 1(c) and 1(d) depict typical
molds with varying trench widths all on one substrate. More detailed scales of nanotrench molds are
shown in $Figy 1{e) and 1(f). Atomic force microscopic images of nanostrained laser shock
nanoimprir:fff f:girene are shown in Fig. 1(g) and enlarged Fig. 1(h) images of the graphene having
the same width of 400 nm and depth of 100 nm corresponding with the mold shape, illustrating that
the smooth curvature of shaped atomic graphene atomic structure can precisely be defined by the
mold dimﬁﬁd the laser shock pressure. We have also measured Raman spectra of graphene
after laser shocking, at eight selected point’s locations of nanotrench and another location between the

nanotrencimsu Their corresponding Raman spectra mapping is shown in Fig. 1(i). In our
h

experiments; er shock is directly performed on an aluminum foil to induce large strain which is
transfeEgrapiene, so laser induced defects in graphene can be ignored. The high-quality
graphene an transfer method can also eliminate the influence of contaminations on Raman
peak s

laser shocking, the 2D peak (~2680 cm-1) and G peak (~1600 cm-1) both show obvious red shift from

It, the Raman peak shifts can be attributed to the large strain in graphene. After

points b to W, indicating that the strain is largest at the trench edge, and then decreases from the trench
edge to the gg of the trench. To evaluate the crystal quality of graphene after laser shocking, the
intensity ra @ en D peak (~1350 cm™) and G peak (Ip/15) is also calculated (Fig. S1). The ratios

are smaller t and the ratio is largest at the trench edge with largest strain. From the edge to the

center of the trench, the ratios show a declining trend, with a minimum value close to that of
unstrained CVD m@nolayer graphene, which is in accordance with the strain distribution on graphene

after laser shock.

The schematic diaiam of the shaping of graphene is shown in Fig. 2(a). STM based spectroscopy

was carrie valuate the actual local band gaps in the strained graphene sheet to validate our
assumpti e local inhomogeneous strains caused by laser shock resulted in the opening of the
band gap ene. The local lattice strain profile as a function of position was calculated with help

of molecular dynamics simulations to demonstrate the induced strain in graphene along the trench.
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The calculated strain profile is depicted in Fig. 2(b) with largest strain located at the edge of the
nanotrench. We also used variable separation scanning tunneling spectroscopy (VS-STM) to examine

the inﬂueqe of ’e inhomogeneous local strain on the local electronic structure of the strained
graphene s e have selected 7 points located at the curved graphene, as marked in Fig.
2(b). Poinﬁ

differengialgconductance (dl/dV)-V is proportional to the surface density of states in graphene

away from the nano-trench, showing no strain at this point. The normalized
providing s estimate of the local effective band gap. The normalized differential conductance

(dl/dV)-V asqa fumction of bias voltage is depicted in Fig 2(c) at designated locations as shown in Fig.
2(b) which@ the opening of the electronic band gap in strained graphene. For the unstrained

suggesting band gap is close to zero. However, at the edge of the trench (point 2), the

graphene abgvegthe trench (point 1), the linear steep slope indicates that this location is metallic
70,
negligible nce in a large bias voltage region indicates a large strain induced band gap
opening. The band#gap opening decreases when the induced strain decreases at the respective position
on the slope rench. Fig. 2(d) depicts the STM figure of the strained graphene across the same
nanotrench§with dimensions of 400 nm width and 100 nm depth). To better illustrate the bandgap
opening of graphene, we have selected 10 points along the same trench, and Fig. 2(e) shows the
correspon@tive band gaps as a function of distance (nm) across the trench as shown by the
dashed white hotizontal line in Fig. 2(d). The dI/dV curves for selected points in Fig. 2(e) are included
in the S ntary Materials (Fig. S2). The highest effective band gaps of 1.3 + 0.38 eV and 1.7 +
0.24 eV ar ed at the edge of the trench marked with the vertical dashed line whereas smaller
band ga anging from 0.55 £ 0.14 eV and 1.15 + 0.14 eV are observed in the interior region
of the trench. Thus, we observed the opening of the band gap of graphene up to 1.7 eV by straining in
one step sow laser shock produced large strains. The reason for the opening of the band gap at

the trench g@™Bgyattributed to combined elastic and plastic strains, which will be discussed later.
Recent stut strain-induced graphene suggest that the band gap opening is contributed from
elastic in-p ining ***. On the other hand, this plastic-elastic strain can also tune Fermi level of
graphenei !din; to the elimination of energy barrier caused by misalignment of Fermi level in
graphene-sgicon'lctor heterojunction. Fig. 2(g) shows the topology image of laser shock imprinted

graphene s Si/Si0, mold, where the sample surface is uniformly and periodically imprinted.
Fig. 2(f) shows thg) CPD along the sample surface, ranging from 0.732 V to 0.643 V. Profile of the

graphene sample aad its corresponding KPFM is measured as shown in Fig. 2(h). Based on density

calculation (DFT) of the work functions of the plastic-elastic strained graphene, the
work functi aphene at seven locations from the edge of the trench to the center (point A to G)

is observed to increase substantially with increase of strain, as shown in Fig. 2(i). The work function
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at the edge location of the trench with the largest strain was found to be a maximum (4.82 eV) and the
work function at center was found to be a minimum (4.40 eV) from theoretical calculations. The
measured work fumictions of the strained graphene trench at the corresponding seven locations in Fig.
2(b) are foundste.be the range of 4.39 eV-4.91 eV, which are obtained by subtracting the CPD from
the work he tip. Due to the measured work function results, the tunable Fermi level of
graphena can be up to ~0.6 eV, providing an important energy barrier self-alignment capability to

achieve hi! performance for graphene-semiconductor devices.

Laser gioc another mold (Mold 2) with 300 nm width and 100 nm depth was also carried
out. The e@band gap as a function of distance for Mold 2 is illustrated in Fig. S3 in the
Suppleme erials. When we compared the results for two different molds (Mold 1 and Mold
2), we obm

band gap @s high as 2.1+0.25 eV in mold 2 case. The central regions exhibit a small band
gap of 0.4 i

triking difference between band gap plots, which implies that the edge region has

case of mold 1, whereas the band gap is as high as 1.0 eV in the central region for

the mold ZES is due to larger strain in mold 2 with narrower width, which suggests that laser

shock impiii chnique can modulate the levels of strain in graphene by substrate design to
precisely nd gap. Fig. 3(a) displays the large scale STM mapping of laser shock induced
patterned The inset shows the fast Fourier transform (FFT) results for the graphene pattern,
the perigdigi e signal indicates that the prominent band gap opening coincides with the pattern

and no brea er scale graphene is induced by laser shock. Fig. 3(b) shows the SEM image of

the patt raphene. Fig. 3(c)-(i) illustrate the STM measured /- curves at several locations along
the yellow line on Fig. 3(a). With the laser shock induced strain decreasing, the /-V curve steepens,
and when ghe strain increases, the /-J curve becomes flatter, indicating the periodic modulation of
band gap oh

Fig. 4 @ igh-resolution TEM image of the single layer graphene strained by mold 1. A

graphene.
close-up vi ¢ marked region is presented in Fig. 4(b), revealing aligned carbon atoms along
three direcffons (orange arrows). Yellow hexagons marking carbon rings with alternate atoms are
illustrat (). To evaluate the uniformity in the structure of graphene, the blue triangle is
depictedH, in which three blue edges are identical with the orange arrows in Fig. 4(b). Fig.
4(d) show region with a larger visible graphene structure. The close-up view of a marked
region of m

is shown in Fig. 4(e) along with the strain assessment measured by atomic

distances. It i erved that atoms in two directions are relatively closer than the equilibrium

phene as well as atomic distances in the third direction are larger, indicating non-

uniform strainin graphene. We have also observed tension in one direction and compression in

This article is protected by copyright. All rights reserved.
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other direction, inducing shear strain and bond angles changes in graphene structure. The atomic
distances from TEM images were used to assess strain and to validate the molecular dynamics
simulation Esults.')micron (UHV) STM system was used to obtain the atomic resolved topographic
image (I=104As V=0.2Volt) and study the effect of laser shock straining on the atomic movements
and reconhe STM images of graphene at three different locations along the trench which
experien-ced different levels of straining are shown in Fig. 4(f)-(h). In Fig. 4(f) near the trench valley,
the hexagdial structure of graphene is preserved with only small distortion caused by atomic
displacemen
(Fig. 4(g))Rhigher

indicating hi

¢ to smallest strain in this area. However, at another location on the slope of trench

istortion in the hexagonal structure as compared to Fig. 4(f) can be observed,
er levels of elastic strain in laser shocked graphene. At the trench edge location with
the largest@strain @Fig. 4(h)), few Stone-Wales defects are observed to indicate the occurrence of

plastic deft . Such reconfigurations occur in atomic sheets to release the strain in the systems.

High resolution T cross sectional view (Fig. S4) was added to study the straining effects from the
lattice parameters in the laser shock strained graphene on a 300nm width trench mold. The pixel
intensity pﬁ(Fig. S4(a)) was used to calculate the lattice distance between neighboring atoms.
The elastic 1atfice strain can be estimated by calculating the distance between second neighboring
carbon atofiis ared to that of the unstrained lattice parameters (0.243nm) at six locations (Fig.

S4(c)). The"po of higher strains indicated plastic deformations i.e. presence of Stone-Wales

defects ¢ reterence distances for second neighboring carbon atom distances for such 5-7-7-5

membered ri re taken from the simulation as depicted in Fig. S4(d). The strains at various
positio arized in Fig. S4(b). Thus, we conclude that laser shock can result in designed
strain profile in graphene sheet leading to extreme levels of straining which generate plastic strain-
induced at&ic reconfigurations in graphene such as Stone-Wales defect formation and vacancy
formations. Based on the HRTEM, we have also observed distinct deformations in inhomogeneous

straining @ graphene induced by laser shock, as shown in Fig. S5. Even though the multilayer
sample may s technically promising as single layer graphene, its ease of handling in practical
devices mies it worth evaluating. In some designs the plastic strain induced at the edge of the trench
is not desirible n iraphene, since it creates huge distortions as compared to the unstrained graphene;

however, it"is acceptable under a tolerable level such that it would not disturb the atomic skeleton of

graphene. To furtli@r prove the large band gap opening in laser shock is also applicable to mechanical

exfoliated ¢ sample, we also measured photoluminescence (PL) spectrum of inhomogeneous
strainin e. From the results (Fig. S6), the peak near 675 nm is PL response from Au substrate,
which exi measured results. The PL result of graphene at the edge (point 1) presents a distinct

broad peak with the end at 800 nm, indicating the large band gap opening due to the large elasto-

This article is protected by copyright. All rights reserved.
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plastic strain. With the decrease of strain from the edge to the center (point 2 to 4), the reduction of
PL intensity which is related with band gap of graphene is observed, suggesting the reduction of band
gap openi‘ with '16 decrease of laser shocking induced strain. The strong PL signal suggests that
strained monglayer graphene possesses high quality. Thus, it would retain mobility which is perhaps

e

sensing-THz wave guiding etc.

the most si attribute of graphene useful for fast nanoelectronics applications such as in FETs,

For stfiasined graphene, the crystal structure is observed to be skewed hexagonal shape, which is
influenced axial and shear strain components. The bond angles of carbon atoms in graphene
are also @bserved to be different than 120°, these results confirm asymmetric levels of
inhomogeneo training in graphene at the atomic scale. Since the enhanced level of strain
differencewent directions would cause enormous asymmetries in the system, the dislocations
in graphen reak the local symmetry thereby causing local rise of potential energy. We have
closely followed eX¥perimental results on band gap opening with molecular dynamics simulations of

laser shock straining of graphene and then estimated band gap employing DFT methods. It was not

feasible to @onduct simulations for the scale of the actual trench dimensions due to the enormous time

and memory limitations; however, we kept the simulated depth-to-diameter ratio same as the real

ry

cases. Simfilat ere carried out on three different configurations to study the effect of the aspect

d

ratio on strathing and the band gap opening of graphene. Further details of the molecular dynamics
and DF ations are explained in Supplementary Materials. To better validate the hypothesis that

the band ga g was due to localized dislocation-induced plasticity and asymmetric elasticity,

M

we hav the stress strains at three locations, namely A, D and G, located at the edge of

trench, slope of trench and center of trench, respectively. Permanent deformation was observed

[

only at th r all three configurations which confirms that plasticity is observed only at

the corner, ined graphene. Continuum crystal plasticity defines displacement field at every

&

material po ainst to atomistic description where we only have discrete atomic positions. Thus,
to define , the displacement field is linearly interpolated between the atoms®’. Stukowski

and A. “_developed a technique of separation of elastic and plastic decomposition of the

th

deformagi igd in molecular dynamics. With this technique, the bond vectors are mapped to the

neighborin o derive a stress-released state to measure atomic strains. More details of strain

el

calculations are digéussed in Supplementary Materials.

The ical responses of the strained graphene and the atomic lattices for the configuration

with dep meter ratio of 100 nm/400 nm are studied as depicted in Fig. 5. Since Stone Wale’s

A

5-7-7-5 defects in graphene is an evidence of plastic straining, the elasto-plastic stress-strain

This article is protected by copyright. All rights reserved.

8



response is observed only at location A (edge of nanotrench), as seen in Fig. 5(a), where graphene
sustains largest strain. The plastic regime is found beyond strains of 0.18 for this configuration. The
atomic mofl of t' deformed configuration at location A is depicted in Fig. 5(b). Ratios of the bond
lengths detecteeafrom simulations to the bond length of pristine graphene were calculated and plotted
as seen in @ where green marks average bond length of 1.42 A. Onset of plasticity is marked
by Stone Wall’s 5-7-7-5 defects which are observed in Fig. 5(b). Extreme ratios are observed around
I
plastically @eformed 5-7-7-5 defects, leading to the modifications in the electronic properties of

graphene. large band gap opening around location A is mainly due to plastic regime marked

peé 18 ﬁrely elastic without any Stone Wale’s 5-7-7-5 defects. However, as seen from Fig.

by Stone cts. Fig. 5(c) reveals that the stress-strain behavior of graphene at location D (the
trench slo

5(d), the diffgfenticolors of these bonds represent the different relative bond lengths of graphene

under the ope, displaying strongly asymmetric deformations in the form of six-membered
rings. Interestinglyd there were no plastic strains at location D (center of trench), yet a band gap

opening of up to 0.87 eV was observed at this location due to asymmetric elastic straining. In Fig.

5(e), the s

D. This relatively clastic deformation leads to more moderate asymmetric bond lengths in graphene

six-membe@(ﬁg. 5(f)), meaning the narrowest band gap opening. The evolutions of atomic
r

structure at

ss-strain behavior at location G is also elastic but relatively less as compared to location

ocations A, D, G of strained graphene can also be revealed through molecular

dynami ulafion, as show in Fig. S7-S9, dynamically verifying the different deformation process

of atomic st evolution in graphene under different strain. The description of the dynamic
process lar structure in at locations A, D and G, are demonstrated by MD simulation as
shown in Supplementary Materials video 2.

We h& closely followed experimental results on band gap opening DFT simulations, to

d gaps in inhomogeneous straining graphene opened under different depth-to-
2 @ shown in Fig. 6. The band gap values calculated by DFT vary based on location
across the n h depending on the level of straining. These values are often underestimated by
DFT calculgtions as reported by previous researchers’. For the model of depth-to-diameter ratio of
100 nm/40Q nm, the effective band gaps show a gradually decreasing trend from point A to G. It is
interestiMat band opening of up to 0.527 eV is observed at location G due to asymmetric
strains in mgime, whereas band opening of ~1.365 eV is observed near the edge of the
nanotrench nt) due to dislocation-induced plasticity. The other two models of graphene (with
depth-to-di 1 ratios of 100 nm/300 nm and 100 nm/500 nm, details in Supplementary Materials,

Fig. S12- also investigated to indicate the higher strains in 3D inhomogeneous straining

graphene with higher depth-to-diameter ratio, implying larger band gap opening under higher depth-

This article is protected by copyright. All rights reserved.
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to-diameter ratio. The band gap opening is observed to be higher at the edge of the trench as
compared to the center of the trench, attributing to the stronger sublattice asymmetry break of

graphenge 1 the eye of the trench. It is important to note that if the depth to diameter ratio is

increased stegphe (over 50%), then the graphene lattice at the edge of the trench could break and
graphene w w onverted to amorphous form.

Laser shock modulated inhomogeneous straining is thus an outstanding optomechanical
I I

technique @With immense potential for applications, which would create semiconductor zones at the

shallow slan ortions of strained graphene. The shape of graphene is at nanoscale from 30 nm to

200 nm, whiich cagibe controlled through precise design of the nanomold. A desired band gap can be

provided by designing the mold dimension and applying appropriate laser shock pressure. This opens
new possim novel applications based on complicated nanostructures in 2D materials, such as

topological i rs and quantum pseudo-magnetic field. Such freedom of designing the level of
electronic band gap and the feasibility of selection of such high band gap zones at desired locations
e

can also yield a new class of graphene-based metamaterials and can have a huge impact on future

generationslof optical and optoelectronic devices.

In summary, laser shock nanostraining of graphene on e-beam fabricated nanotrench-shaped

nanomold en evaluated for electronic band gap engineering by scanning tunneling
spectroscopy*a

ther analytical techniques. For the first time, strain tunable band gap creation is

observ aphene with the band gap value up to 1.7~2.1 eV which attributes to asymmetric
elastic-plastic ing behavior under the nanoscale ultrahigh strain rate imprinting process during
laser shi h a high level of band gap development in graphene without any extrinsic effects
beyond graphene itself has not been reported earlier and is first of its kind. Numerous applications in
electronicssi ogtoelectronics based on such tunable band gap formation in graphene are enabled by

this capabilj onverting the semi-metallic graphene to semiconducting graphene with designed

band gaps.

Materials £d methods

1. 3D straiping of graphene:
CVD grapkne coated on copper sheet was first transferred on SiO, mold by wet chemical transfer

method. In brief, Sthylmethacrylate was coated (100 nm) onto graphene and then it was hardened to

PMMA b the sample at 60 °C for 30 minutes. Copper was then etched away by using
aqueous olution. The copper-free sample was then gently transferred to clean deionized water
and it wa ansferred to fresh water for 3-4 times until there is no yellowish color remaining in

water even after the sample is kept for 30 minutes. The graphene sheet having PMMA on the top was

This article is protected by copyright. All rights reserved.
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then transferred to the SiO, mold while it was floating on the water surface. PMMA was then
removed by dissolving it in acetone followed by isopropanol and deionized water respectively. The
sample wa' then 'equately dried in N, jet. The dried graphene was laser shock nanostrained by

employing las@mshock pressure on graphene sheet stretched on the SiO, mold. A pulsed (10 ns) Q-

switch Nd: @ er (Continuum Surelite I, Wavelength: 1064 nm) was used as an energy source

for ablation. The laser beam diameter of 4 mm was attained by a focusing lens, which is calibrated by
I

itive paper (Kodak Linagraph, type: 1895). Glass slide was used as the confining media,

ite painting (Asbury Carbons, U.S.A.) was coated on thin (4 pm) aluminum foil
(Lebow Cainpany Anc., Bellevue, WA) as the ablative layer. Laser scanning was enabled by placing
the sample on_an X-Y-Z computer-controlled motorized stage. Silicon dioxide molds with
nanofeatur reMabricated through electron beam lithography (EBL) or focused ion beam (FIB)
milling an ch width was 400 nm and 300 nm for the two trenches (Mold 1 and Mold 2).
Depth was 100 nmfor both mold trenches. To press the whole sample into the trenches, multiple laser
pulses were implemented, the laser shocking location for each pulse was controlled by the X-Y-Z
motorized E

2. Microscopy:

The surfac ology was imaged by an SEM (Hitachi S-4800 field-emission scanning electron
microscope)‘at aPoperating voltage of 5 kV and an atomic force microscope (Veeco Dimension 3100
AFM)
3.STM, VS-

oyed to scan the nanoimprinted graphene surface at nanoscale under tapping mode.

nd KPFM:

Omicro vacuum (UHV) STM system was used to obtain the atomic resolved topographic
image (I=10 nA, V=0.2 V). Scanning Tunneling Microscopy (STM) was then performed at room

temperatur@Scanning Tunneling Microscopy (STM) was performed at room temperature in constant-

current modggamith a set-point current between 200 and 350 pA and an applied sample bias between 2
and 3 V. § erential conductance, dI/dV, was measured using variable-separation scanning
tunneling mi e (VS-STM), in which both the bias voltage and tip-sample separation are varied

in a controfled manner. The dI/dV measurements were conducted at room temperature using a lock-in
technique with a maodulation voltage of frequency 1 kHz and amplitude 100 mV. A monolayer
graphen#&msfej“red onto the Al foil, followed by laser shock imprinting (LSI) process toward a
1600-nm p@/ trench mold. Kelvin probe force microscopy (KFPM) was used to characterize
both topol the distribution of contact potential difference (CPD) along the laser shocking
imprinte

4. PL me nts:
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Photoluminescence (PL) was measured by using Alpha 300R confocal Raman imaging system
(WITec) at room temperature. The graphene was transferred onto the SiO2/Si nanomold, then Au

electrode 135 de’sited, followed by laser shock processing to compress the graphene into the

nanonold. easurement was conducted before the electrical property testing (See Figure S4 inset
for the stru @ e device).

5. TEMﬁ
The TEM gamples for strained graphene were prepared by lift-out method by FEI Nova 200 focused
ion beam ( 1th a Klocke nanomanipulator, to cut cross sectional view of the graphene vertical to
the nanotrefich. T top view of graphene near the edge of the nanotrench was also obtained for TEM

by FIB. The microstructures are examined using a FEI Titan 80-300 and a Tecnal T20 transmission
electron m@ (TEM).

6. Simulatjon:
Molecular dynamiis simulations have been conducted to gain an insight of the deformation of the

monolayer graphene and to understand the effect of the aspect ratio on the straining levels in

graphene.
of the strained graphene as a function of position for 3 molds with different aspect ratios. Work

function atiidi t seven locations on the strained graphene have also been calculated using DFT

a

calculations of calculation are described in the Supplementary Materials section.
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Figure Captions:
Fig. 1 (a‘ ?hema'c diagram illustrating experimental setup of laser shock, the inset is the depiction

of nano-shapedegraphene along with schematic representation of graphene’s band opening due to
aymmetric @ aining and plastic straining, under elastic strain, the lattice preserves the six-atom

ring structure, but under plastic strain, five and seven atom ring are emerging. (b) Evolution of

nanoshapedgraphene under laser shock, (¢) FESEM image of SiO, mold used for the purpose, (d)-(e)

show zoomed 1n_version. (f) Nanotrenches with depth 100 nm. (g) AFM images of shaped graphene
with mold {l (400 in width and 100 nm in depth), and (h) is the zoomed AFM profile (i) Raman

spectra mapflni ff unstrained graphene and strained graphene in the nanotrench.

Fig.2 (a) S ic of the STM measurement on nanoimprinted graphene sheet. (b) The calculated
strain as a functiofjof position along the trench using MD simulations, the inset shows the details of
an

locations o ap measurements by STM (room temperature in constant-current mode, with Is,=

0.2nA and@Vyi.s= 2V). (¢) The representative (di/dV)/I-V measurements on the patterned graphene

sheet at various locations from point 1 to point 7, as shown in the inset of (b). (d) Scanning tunneling

microscopf graphene strained on the same nano-trench and (e) the corresponding effective
band gaps as'af@ifiction of position along the white dashed line in (d). (f) Profiles for topology and
CPD (g
and (h) is the
for the

1C torce microscopy (AFM) 3D surface profile of topology of graphene on silicon mold
ponding KPFM image (i) DFT calculated and measured results of work function

hene at various locations along the trench.

Fig. 3 LarWattemed graphene sheet. (a) STM mapping and (b) SEM image of the patterned

graphene. Themimset in (a) shows the FFT results, which indicates the periodicity of patterned
graphene.

indicateﬂc modulation of graphene’s band gap.

Fig. 4 (a) i?M iwge (b) HRTEM image of selected region shown in (a); (c) atomic spacing in (b).
(c) TEM image of another region of strained graphene (¢) HRTEM of the region shown in (c).

lhe STM current measured at several locations on the yellow line on (a), which

Distances along thiiee directions are shown in (e). Omicron (UHV) STM system was used to obtain
the atomic Tesolved topographic image (I=10 nA, V=0.2Volt) and study the effect of laser shock

e atomic movements and reconfigurations. (f), (g) and (h) STM images of

strained gra eet at three different locations, from the trench valley, the slope of trench, and the

trench edge, respectively. The atomic crystal structure is marked by light blue lines.
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Fig. 5 (a) Depicts the stress-strain response extracted at the edge of the nano-shaped graphene. It is
clear from *e Blo’hat graphene undergoes through elasto-plastic deformation which is also depicted
by the 5-7-7_Ssdefects seen from figure (b). Ratios of bond lengths were calculated and plotted as seen
in figure (en marks the average bond length of pristine graphene 1.42 A. Fig (c) and Fig
(e) depiﬁ tW stress -strain response at location D and location G of deformed graphene and (d)
and (e) defibte bond length ratio. It is interesting to note that band gap opening of 0.527 eV was

observed at Elis Ecation due to asymmetric strains because of asymmetric bond length ratios even in

elastic regifhe.

Fig. 6 BanWe for strained graphene at different locations marked (a) to (g) from edge to center
were plott and gap opening at regions near the edge were found out due to onset of plasticity
and the band ga:;pening near the center was found out due to asymmetric elastic straining in
graphene. Fig (h) depicts the band gaps at different locations from edge to center for all three

s with diameters of 300 nm (Aspect Ratio: 33%), 400 nm (Aspect Ratio: 25%) and 500

configurati

nm (Aspect Ratio: 20%). Higher band gap opening is observed at lower aspect ratios near edge of

=
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O
e
e
-
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