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Graphene, which consists of a 2D atomic 
sheet of sp2 hybridized carbon, is one of 
the most significant materials for future 
applications[1–18] due to its extremely high 
electronic mobility, quantum Hall effect, 
high thermal conductivity, flexibility, 
optical transparency, molecular anchoring 
capability, and superior mechanical 
strength. However, many electronic and 
optical characters are also in close rela-
tionship with finite bandgap for semicon-
ductors, the lack of an energy bandgap 
in graphene hinders the realization of 
high-performance field-effect transistors 
(FET) and optoelectronic devices.[4,19–27] 
Moreover, modulation of the Fermi level 
of graphene over a large range is also 
very difficult to circumvent heterojunc-
tion energy barriers, thus further limiting 
the development of graphene-based elec-
tronic or optoelectronic devices. Although 
extrinsic approaches[19–21] to open the 

Graphene has a great potential to replace silicon in prospective semicon-
ductor industries due to its outstanding electronic and transport properties; 
nonetheless, its lack of energy bandgap is a substantial limitation for prac-
tical applications. To date, straining graphene to break its lattice symmetry 
is perhaps the most efficient approach toward realizing bandgap tunability 
in graphene. However, due to the weak lattice deformation induced by 
uniaxial or in-plane shear strain, most strained graphene studies have 
yielded bandgaps <1 eV. In this work, a modulated inhomogeneous local 
asymmetric elastic–plastic straining is reported that utilizes GPa-level 
laser shocking at a high strain rate (dε/dt) ≈ 106–107 s−1, with excellent 
formability, inducing tunable bandgaps in graphene of up to 2.1 eV, as 
determined by scanning tunneling spectroscopy. High-resolution imaging 
and Raman spectroscopy reveal strain-induced modifications to the atomic 
and electronic structure in graphene and first-principles simulations  
predict the measured bandgap openings. Laser shock modulation of 
semimetallic graphene to a semiconducting material with controllable 
bandgap has the potential to benefit the electronic and optoelectronic 
industries.
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bandgap and modulate the work function of graphene have 
been attempted, including doping,[22,23] hydrogen adsorption,[24] 
formation of graphene nanostructures[25,26] and multilayers, 
they have not yet been able to tune work function and yielded 
large bandgaps (always <1 eV);[27] as a result, the device perfor-
mance based on graphene is still under restriction. Hence, an 
alternative method to modulate the electron energy structure of 
graphene is required to fully realize the potential of graphene in 
future semiconductor industry. To improve this intrinsic insuf-
ficiency of graphene, strain-engineering is an effective method 
to achieve bandgap opening. Based on the lattice symmetry of 
the wave vector at K point in graphene,[27,28] it has been sug-
gested that uniaxial tensile or compressive strain perpendicular 
or parallel to the CC bonds would break the lattice symmetry, 
thus opening a bandgap and changing the work function in gra-
phene.[29–32] However, most strain-engineering work has only 
realized a small bandgap opening, without effective nanoscale 
bandgap control. To date, shear strain across bilayer graphene 
has been used to open the bandgap to 0.3–0.4 eV.[33] Based on 
first-principles calculations, Gui et  al. and Hicks et  al.,[34–36] 
have proposed that the simultaneous expansions of CC rings 
in two perpendicular directions can result in a pseudo gap of 
0.48  eV. Ariza et  al.[37] have predicted that plastic deformation 
induced by the pentagonal and heptagonal rings associated 
with stacking faults and partial dislocations in graphene sheets 
would lead to significant bandgap opening of 0.8 eV. Moreover, 
it has been reported that the simultaneous strain and curvature 
in graphene would locally alter the energy band structure,[38–40] 
presumably leading to bandgaps exceeding 1 eV. Here, an opto-
mechanical approach has been studied to achieve asymmetric 
inhomogeneous elastic–plastic strain in monolayer graphene 
to modulate its bandgap structure and Fermi-level, realizing 
bandgap development over 1.7–2.1 eV and a Fermi-level range 
of 0.6 eV, for the first time.

In this work, a high strain rate (dε/dt) ≈ 106 s−1 is performed 
by laser shock imprinting, which leads to excellent formability 
and toughening of graphene,[41,42] to realize inhomogeneous 
local asymmetric elastic–plastic strain in graphene. The strain 
is controllable by changing the incident laser power. Single-
layer graphene was deformed via laser shocking onto an 
e-beam fabricated SiO2 nanomold with designed geometries 
to open its bandgap, whose dimensions can precisely be con-
trolled, resulting in patterned strain profile over large areas. In 
addition, the Kelvin probe force microscopy (KPFM) results of 
strained graphene showed that the work function is control-
lable with range to ≈0.6 eV, which is enough for energy barrier 
self-alignment in graphene–semiconductors based electronic 
and optoelectronic devices to achieve exciting performances. 
Scanning electron microscopy and atomic force microscopy 
were employed to characterize the deformed surface profile. 
Scanning tunneling spectroscopy was employed to evaluate the 
electronic bandgap of single-layer inhomogeneous straining 
graphene. The atomic-scale strains in the graphene were 
quantified using high-resolution transmission electron micro
scopy (TEM), and subsequently used as input into molecular 
dynamics (MD) simulations. Density functional theory (DFT) 
was used to perform band structure calculations. The large 
asymmetric plastic–elastic strain produced in graphene by laser-
shocking-induced large graphene electronic bandgaps while 

also permitting tuning of other important characteristics such 
as the graphene work function. The tunable inhomogeneous 
straining by laser shock is highly promising for material engi-
neering, electronic, and optoelectronic applications.[43–46]

The experimental setup schematic is depicted in Figure 1a. 
Graphene sheet is placed between the Si/SiO2 mold and an 
aluminum film. The laser shock is performed on aluminum 
film and large strain is transduced to graphene layer. Several 
tens of gigapascals pressure shock is generated by tuning the 
laser power, thereby inducing 3D inhomogeneous strain in 
single-layer graphene; a small-scale MD simulation of strained 
monolayer graphene achieved by laser shock is shown in 
the inset. Figure  1b shows the evolution of nanoshaped gra-
phene. An animation of the simulation process of producing 
strained monolayer graphene is depicted in Video S1 in the 
Supporting Information. Nanotrenches with controlled dimen-
sions (width and depth) were fabricated on SiO2 substrates 
by electron beam lithography (EBL) and then used as a mold 
for laser shock nanoimprinting. Figure  1c,d depicts typical 
molds with varying trench widths all on one substrate. More 
detailed scales of nanotrench molds are shown in Figure 1e,f. 
Atomic force microscopy images of nanostrained laser shock 
nanoimprinted graphene are shown in Figure 1g and enlarged 
Figure  1h 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 
dimension and the laser shock pressure. We have also meas-
ured Raman spectra of graphene after laser shocking, at eight 
selected point’s locations of nanotrench and another location 
between the nanotrenches (Figure S1, Supporting Informa-
tion). Their corresponding Raman spectra mapping is shown 
in Figure  1i. In our experiments, the laser shock is directly 
performed on an aluminum foil to induce large strain which is 
transferred to graphene, so laser induced defects in graphene 
can be ignored. The high-quality graphene and clean transfer 
method can also eliminate the influence of contaminations on 
Raman peak shifts. As a result, the Raman peak shifts can be 
attributed to the large strain in graphene. After laser shocking, 
the 2D peak (≈2680 cm−1) and G peak (≈1600 cm−1) both show 
obvious red shift from points b–h, indicating that the strain is 
largest at the trench edge, and then decreases from the trench 
edge to the center of the trench. To evaluate the crystal quality 
of graphene after laser shocking, the intensity ratio between 
D peak (≈1350 cm−1) and G peak (ID/IG) is also calculated 
(Figure S1, Supporting Information). The ratios are smaller 
than 0.7, 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 chemical vapor deposition (CVD) monolayer gra-
phene, which is in accordance with the strain distribution on 
graphene after laser shock.

The schematic diagram of the shaping of graphene is shown 
in Figure  2a. Scanning tunneling microscopy (STM)-based 
spectroscopy was carried out to evaluate the actual local band-
gaps in the strained graphene sheet to validate our assumption 
that the local inhomogeneous strains caused by laser shock 
resulted in the opening of the bandgap of graphene. The local 
lattice strain profile as a function of position was calculated with 
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the help of molecular dynamics simulations to demonstrate the 
induced strain in graphene along the trench. The calculated 
strain profile is depicted in Figure 2b with largest strain located 
at the edge of the nanotrench. We also used variable-separation 
scanning tunneling microscopy (VS-STM) to examine the influ-
ence of the inhomogeneous local strain on the local electronic 
structure of the strained graphene sheet. We have selected 
seven points located at the curved graphene, as marked in 
Figure  2b. Point 1 is far away from the nanotrench, showing 
no strain at this point. The normalized differential conductance 

(dI/dV)–V is proportional to the surface density of states in gra-
phene providing an estimate of the local effective bandgap. The 
normalized differential conductance (dI/dV)–V as a function 
of bias voltage is depicted in Figure 2c at designated locations 
as shown in Figure  2b which confirms the opening of the 
electronic bandgap in strained graphene. For the unstrained 
graphene above the trench (point 1), the linear steep slope indi-
cates that this location is metallic suggesting that the bandgap 
is close to zero. However, at the edge of the trench (point 2), the 
negligible conductance in a large bias voltage region indicates 

Adv. Mater. 2019, 31, 1900597

Figure 1.  a) Schematic diagram illustrating experimental setup of laser shock, the inset is the depiction of nanoshaped graphene along with sche-
matic representation of graphene’s band opening due to asymmetric elastic straining 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 nanoshaped graphene under laser shock. 
c) FESEM image of SiO2 mold used for the purpose; (d) and (e) show zoomed in version. f) Nanotrenches with depth 100 nm. g) AFM images of 
shaped graphene with mold 1 (400 nm in width and 100 nm in depth), and (h) shows the zoomed AFM profile. i) Raman spectra mapping of unstrained 
graphene and strained graphene in the nanotrench.
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a large strain induced bandgap opening. The bandgap opening 
decreases when the induced strain decreases at the respective 
position on the slope of the trench. Figure 2d 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 ten points along the same trench, and Figure  2e 
shows the corresponding effective bandgaps as a function of 
distance (nm) across the trench as shown by the dashed white 
horizontal line in Figure  2d. The dI/dV curves for selected 
points in Figure 2e are included in Figure S2 in the Supporting 
Information. The highest effective bandgaps of 1.3 ± 0.38 and 
1.7  ±  0.24  eV are observed at the edge of the trench marked 
with the vertical dashed line whereas smaller bandgap openings 
ranging from 0.55 ± 0.14 and 1.15 ± 0.14 eV are observed in the 

interior region of the trench. Thus, we observed the opening 
of the bandgap of graphene up to 1.7  eV by straining in one 
step solely using laser shock produced large strains. The reason 
for the opening of the bandgap at the trench can be attributed 
to combined elastic and plastic strains, which will be discussed 
later. Recent studies about strain-induced graphene suggest 
that the bandgap opening is contributed from elastic in-plane 
straining.[38–40] On the other hand, this plastic–elastic strain 
can also tune Fermi level of graphene, leading to the elimina-
tion of energy barrier caused by misalignment of Fermi level in 
graphene–semiconductor heterojunction. Figure  2g shows the 
topology image of laser shock imprinted graphene sample on 
Si/SiO2 mold, where the sample surface is uniformly and peri-
odically imprinted. Figure 2f shows the CPD along the sample 
surface, ranging from 0.732 to 0.643 V. Profile of the graphene 
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Figure 2.  a) Schematic of the STM measurement on nanoimprinted graphene sheet. b) The calculated strain as a function of position along the trench 
using MD simulations, the inset shows the details of locations of bandgap measurements by STM (room temperature in constant-current mode, with 
Isetp = 0.2 nA and Vbias = 2 V). c) 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 microscopy image of graphene strained on the same nanotrench, and e) the corresponding 
effective bandgaps as a function of position along the white dashed line in (d). f) Profiles for topology and CPD. g) Atomic force microscopy (AFM) 
3D surface profile of topology of graphene on silicon mold, and h) the corresponding KPFM image. i) DFT calculated and measured results of work 
function for the strained graphene at various locations along the trench.
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sample and its corresponding KPFM is measured as shown 
in Figure  2h. Based on density functional theory calculation 
of the work functions of the plastic–elastic strained graphene, 
the work functions of graphene at seven locations from the edge 
of the trench to the center (points A–G) is observed to increase 
substantially with increase of strain, as shown in Figure  2i. 
The work function 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 functions of 
the strained graphene trench at the corresponding seven loca-
tions in Figure 2b are found to be in the range of 4.39–4.91 eV, 
which are obtained by subtracting the CPD from the work func-
tion of the tip. Due to the measured work function results, the 
tunable Fermi level of graphene can be up to ≈0.6 eV, providing 
an important energy barrier self-alignment capability to achieve 
high performance for graphene–semiconductor devices.

Laser shock on another mold (mold 2) with 300  nm width 
and 100 nm depth was also carried out. The effective bandgap 
as a function of distance for mold 2 is illustrated in Figure S3 
in the Supporting Information. When we compared the results 
for two different molds (mold 1 and mold 2), we observed a 
striking difference between bandgap plots, which implies that 
the edge region has bandgap opening as high as 2.1 ± 0.25 eV 
in mold 2 case. The central regions exhibit a small bandgap of 
0.4 eV in the case of mold 1, whereas the bandgap is as high 
as 1.0 eV in the central region for the mold 2 case. This is due 
to larger strain in mold 2 with narrower width, which suggests 
that laser shock imprinting technique can modulate the levels 
of strain in graphene by substrate design to precisely tune 
its bandgap. Figure  3a displays the large-scale STM mapping 
of laser-shock-induced patterned graphene. The inset shows 
the fast Fourier transform (FFT) results for the graphene pat-
tern, the periodicity of the signal indicates that the prominent 
bandgap opening coincides with the pattern and no break in 
larger scale graphene is induced by laser shock. Figure  3b 
shows the SEM image of the patterned graphene. Figure 3c–i 
illustrates the STM measured I–V curves at several locations 
along the yellow line on Figure 3a. With the laser-shock-induced 
strain decreasing, the I–V curve steepens, and when the strain 
increases, the I–V curve becomes flatter, indicating the periodic 
modulation of bandgap opening in graphene.

Figure 4a is a high-resolution TEM (HRTEM) image of the 
single-layer graphene strained by mold 1. A close-up view of 
the marked region is presented in Figure 4b, revealing aligned 
carbon atoms along three directions (orange arrows). Yellow 
hexagons marking carbon rings with alternate atoms are illus-
trated in Figure  4c. To evaluate the uniformity in the struc-
ture of graphene, the blue triangle is depicted in Figure 4e, in 
which three blue edges are identical with the orange arrows in 
Figure 4b. Figure 4d shows another region with a larger visible 
graphene structure. The close-up view of a marked region of 
Figure  4d is shown in Figure  4e along with the strain assess-
ment measured by atomic distances. It is observed that atoms 
in two directions are relatively closer than the equilibrium 
distances in graphene as well as atomic distances in the third 
direction are larger, indicating nonuniform straining of gra-
phene. We have also observed tension in one direction and 
compression in other direction, inducing shear strain and bond 

angle changes in graphene structure. The atomic distances 
from TEM images were used to assess strain and to validate the 
molecular dynamics simulation results. Omicron (UHV) STM 
system was used to obtain the atomic resolved topographic 
image (I = 10 nA, V = 0.2 V) and study the effect of laser shock 
straining on the atomic movements and reconfigurations. The 
STM images of graphene at three different locations along 
the trench which experienced different levels of straining are 
shown in Figure 4f–h. In Figure 4f near the trench valley, the 
hexagonal structure of graphene is preserved with only small 
distortion caused by atomic displacements, due to smallest 
strain in this area. However, at another location on the slope of 
trench (Figure 4g), higher distortion in the hexagonal structure 
as compared to Figure  4f can be observed, indicating higher 
levels of elastic strain in laser shocked graphene. At the trench 
edge location with the largest strain (Figure  4h), few Stone–
Wales defects are observed to indicate the occurrence of plastic 
deformations. Such reconfigurations occur in atomic sheets to 
release the strain in the systems. High-resolution TEM cross 
sectional view (Figure S4, Supporting Information) was added 
to study the straining effects from the lattice parameters in the 
laser shock strained graphene on a 300 nm width trench mold. 
The pixel intensity profile (Figure S4a, Supporting Information) 
was used to calculate the lattice distance between neighboring 
atoms. The elastic lattice strain can be estimated by calculating 
the distance between second neighboring carbon atoms com-
pared to that of the unstrained lattice parameters (0.243 nm) at 
six locations (Figure S4c, Supporting Information). The points 
of higher strains indicated plastic deformations, i.e., presence 
of Stone–Wales defects and the reference distances for second 
neighboring carbon atom distances for such 5-7-7-5 membered 
rings were taken from the simulation as depicted in Figure S4d 
in the Supporting Information. The strains at various positions 
were summarized in Figure S4b in the Supporting Information. 
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 atomic reconfigurations 
in graphene such as Stone–Wales defect formation and vacancy 
formations. Based on the HRTEM, we have also observed dis-
tinct deformations in inhomogeneous straining multilayer gra-
phene induced by laser shock, as shown in Figure S5 in the 
Supporting Information. Even though the multilayer sample 
may not be as technically promising as single-layer graphene, 
its ease of handling in practical devices makes it worth evalu-
ating. In some designs the plastic strain induced at the edge 
of the trench is not desirable in graphene, 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 further prove 
the large bandgap opening in laser shock is also applicable 
to mechanical exfoliated graphene sample, we also measured 
photoluminescence (PL) spectrum of inhomogeneous straining 
graphene. From the results (Figure S6, Supporting Informa-
tion), the peak near 675 nm is PL response from Au substrate, 
which exists in all 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 bandgap opening due to the 
large elastoplastic strain. With the decrease of strain from the 
edge to the center (points 2–4), the reduction of PL intensity 

Adv. Mater. 2019, 31, 1900597
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which is related with bandgap of graphene is observed, sug-
gesting the reduction of bandgap opening with the decrease of 
laser-shocking-induced strain. The strong PL signal suggests 
that strained monolayer graphene possesses high quality. Thus, 
it would retain mobility which is perhaps the most significant 
attribute of graphene useful for fast nanoelectronic applications 
such as in FETs, sensing, THz wave guiding, etc.

For strained graphene, the crystal structure is observed to 
be skewed hexagonal shape, which is influenced by both axial 
and shear strain components. The bond angles of carbon atoms 
in graphene are also observed to be different than 120°, these 
results confirm asymmetric levels of inhomogeneous straining 
in graphene at the atomic scale. Since the enhanced level of 
strain differences in different directions would cause enor-
mous asymmetries in the system, the dislocations in graphene 
would break the local symmetry thereby causing local rise of 

potential energy. We have closely followed experimental results 
on bandgap opening with molecular dynamics simulations of 
laser shock straining of graphene and then estimated bandgap 
employing DFT methods. It was not feasible to conduct sim-
ulations 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 cases. 
Simulations were carried out on three different configura-
tions to study the effect of the aspect ratio on straining and the 
bandgap opening of graphene. Further details of the molecular 
dynamics and DFT simulations are explained in the Supporting 
Information. To better validate the hypothesis that the bandgap 
opening was due to localized dislocation-induced plasticity and 
asymmetric elasticity, we have focused on 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.  

Adv. Mater. 2019, 31, 1900597

Figure 3.  Large-scale patterned graphene sheet. a) STM mapping and b) SEM image of the patterned graphene. The inset in (a) shows the FFT results, 
which indicates the periodicity of patterned graphene. c–i) The STM current measured at several locations on the yellow line on (a), which indicates 
the periodic modulation of graphene’s bandgap.
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Permanent deformation was observed only at the edge for all 
three configurations which confirms that plasticity is observed 
only at the corner of strained graphene. Continuum crystal 
plasticity defines displacement field at every material point as 
against to atomistic description where we only have discrete 
atomic positions. Thus, to define a gradient, the displace-
ment field is linearly interpolated between the atoms.[47] Stu-
kowski and Arsenlis[48] developed a technique of separation of 
elastic and plastic decomposition of the deformation applied 
in molecular dynamics. With this technique, the bond vectors 
are mapped to the neighboring atoms to derive a stress-released 
state to measure atomic strains. More details of strain calcula-
tions are discussed in the Supporting Information.

The mechanical responses of the strained graphene and the 
atomic lattices for the configuration with depth-to-diameter ratio 
of 100  nm/400  nm are studied as depicted in Figure  5. Since 
Stone–Wales 5-7-7-5 defects in graphene represent evidence  
of plastic straining, the elastoplastic stress–strain response is 
observed only at location A (edge of nanotrench), as seen in 

Figure  5a, where graphene sustains largest strain. The plastic 
regime is found beyond strains of 0.18 for this configuration. 
The atomic model of the deformed configuration at location A 
is depicted in Figure  5b. Ratios of the bond lengths detected 
from simulations to the bond length of pristine graphene were 
calculated and plotted as seen in Figure 5b, where green marks 
average bond length of 1.42 Å. Onset of plasticity is marked by 
Stone–Wales 5-7-7-5 defects which are observed in Figure  5b. 
Extreme ratios are observed around plastically deformed 5-7-7-5 
defects, leading to the modifications in the electronic properties 
of graphene. Thus, the large bandgap opening around loca-
tion A is mainly due to plastic regime marked by Stone–Wales 
defects. Figure 5c reveals that the stress–strain behavior of gra-
phene at location D (the trench slope) is purely elastic without 
any Stone–Wales 5-7-7-5 defects. However, as seen from 
Figure  5d, the different colors of these bonds represent the 
different relative bond lengths of graphene under the trench 
slope, displaying strongly asymmetric deformations in the form 
of six-membered rings. Interestingly, there were no plastic 

Adv. Mater. 2019, 31, 1900597

Figure 4.  a) TEM image, b) HRTEM image of selected region shown in (a); c) atomic spacing in (b). d) TEM image of another region of strained gra-
phene. e) HRTEM of the region shown in (d). Distances along three directions are shown in (e). Omicron (UHV) STM system was used to obtain the 
atomic resolved topographic image (I = 10 nA, V = 0.2 V) and study the effect of laser shock straining on the atomic movements and reconfigurations. 
f–h) STM images of strained graphene sheet 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.



© 2019 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim1900597  (8 of 11)

www.advmat.dewww.advancedsciencenews.com

Adv. Mater. 2019, 31, 1900597

strains at location D (center of trench), yet a bandgap opening 
of up to 0.87  eV was observed at this location due to asym-
metric elastic straining. In Figure 5e, the stress–strain behavior 
at location G is also elastic but relatively less as compared to 
location D. This relatively elastic deformation leads to more 
moderate asymmetric bond lengths in graphene six-membered 
ring (Figure 5f), meaning the narrowest bandgap opening. The 
evolutions of atomic structure at three locations A, D, and G 
of strained graphene can also be revealed through molecular 
dynamics simulation, as shown in Figures S7–S9, dynamically 
verifying the different deformation process of atomic structure 
evolution in graphene under different strain. The description 
of the dynamic processes of molecular structure at locations 
A, D, and G are demonstrated by MD simulation as shown in 
Video S2 in the Supporting Information.

We have closely followed experimental results on bandgap 
opening DFT simulations, to estimate the bandgaps in 
inhomogeneous straining graphene opened under different 
depth-to-diameter ratios, as shown in Figure  6. The bandgap 
values calculated by DFT vary based on location across the 
nanotrench depending on the level of straining. These values 
are often underestimated by DFT calculations as reported by 

previous researchers.[9] For the model of depth-to-diameter ratio 
of 100  nm/400  nm, the effective bandgaps show a gradually 
decreasing trend from points A–G. It is interesting to note that 
band opening of up to 0.527 eV is observed at location G due to 
asymmetric strains in elastic regime, whereas band opening of 
≈1.365 eV is observed near the edge of the nanotrench (A point) 
due to dislocation-induced plasticity. The other two models of 
graphene (with depth-to-diameter ratios of 100 nm/300 nm and 
100  nm/500  nm, details in Figures S12 and S13, Supporting 
Information) are also investigated to indicate the higher strains 
in 3D inhomogeneous straining graphene with higher depth-to-
diameter ratio, implying larger bandgap opening under higher 
depth-to-diameter ratio. The bandgap 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 graphene at the edge of the trench. It is important 
to note that if the depth-to-diameter ratio is increased steeply 
(over 50%), then the graphene lattice at the edge of the trench 
could break and graphene would be converted to amorphous 
form.

Laser-shock-modulated inhomogeneous straining is thus an 
outstanding optomechanical technique with immense potential 

Figure 5.  a) The stress–strain response extracted at the edge of the nanoshaped graphene. It is clear from the plot that graphene undergoes through 
elastoplastic deformation which is also depicted by the 5-7-7-5 defects seen from (b). Ratios of bond lengths were calculated and plotted as seen in 
(b) where green marks the average bond length of pristine graphene 1.42 Å. c,e) The elastic stress–strain response at location D and location G of 
deformed graphene and (d) and (e) denote bond length ratio. It is interesting to note that bandgap opening of 0.527 eV was observed at this location 
due to asymmetric strains because of asymmetric bond length ratios even in elastic regime.
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for applications, which would create semiconductor zones at 
the shallow slanted portions of strained graphene. The shape 
of graphene is at nanoscale from 30 to 200 nm, which can be 
controlled through precise design of the nanomold. A desired 
bandgap can be provided by designing the mold dimension 
and applying appropriate laser shock pressure. This opens new 
possibilities for novel applications based on complicated nano-
structures in 2D materials, such as topological insulators and 
quantum pseudo-magnetic field. Such freedom of designing 
the level of electronic bandgap and the feasibility of selection 
of such high bandgap zones at desired locations can also yield 
a new class of graphene-based metamaterials and can have a 
huge impact on future generations of optical and optoelectronic 
devices.

In summary, laser shock nanostraining of graphene on 
e-beam fabricated nanotrench-shaped nanomolds has been 
evaluated for electronic bandgap engineering by scanning tun-
neling spectroscopy and other analytical techniques. For the 
first time, strain tunable bandgap creation is observed in gra-
phene with the bandgap value up to 1.7–2.1  eV which attrib-
utes to asymmetric elastic–plastic straining behavior under 
the nanoscale ultrahigh strain rate imprinting process during 
laser shocking. Such a high level of bandgap development in 
graphene without any extrinsic effects beyond graphene itself 
has not been reported earlier and is first of its kind. Numerous 
applications in electronics and optoelectronics based on such 
tunable bandgap formation in graphene are enabled by this 

capability of converting the semimetallic graphene to semicon-
ducting graphene with designed bandgaps.

Experimental Section
3D Straining of Graphene: CVD graphene coated on copper sheet was 

first transferred on SiO2 mold by wet chemical transfer method. In brief, 
methyl methacrylate was coated (100 nm) onto graphene and then it was 
hardened to poly(methyl methacrylate) (PMMA) by heating the sample 
at 60  °C for 30 min. Copper was then etched away by using aqueous 
FeCl3 solution. The copper-free sample was then gently transferred to 
clean deionized water and it was then transferred to fresh water for 
3–4 times until there was no yellowish color remaining in water even 
after the sample was kept for 30 min. The graphene sheet having PMMA  
on the top was then transferred to the SiO2 mold while it was floating 
on the water surface. PMMA was then removed by dissolving it in 
acetone followed by isopropyl alcohol and deionized water, respectively.  
The sample was then adequately dried in N2 jet. The dried graphene was 
laser shock nanostrained by employing laser shock pressure on graphene 
sheet stretched on the SiO2 mold. A pulsed (10  ns) Q-switch Nd:YAG 
laser (Continuum Surelite III, 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 was calibrated by a photosensitive paper (Kodak 
Linagraph, type: 1895). Glass slide was used as the confining media, 
and aerosol graphite painting (Asbury Carbons, USA) was coated on 
thin (4 µm) aluminum foil (Lebow Company Inc., Bellevue, WA, USA) 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 nanofeatures were fabricated through electron beam lithography or 
focused ion beam (FIB) milling and the trench width was 400 and 300 nm 

Figure 6.  Band structure for strained graphene at different locations marked (a–g) from edge to center were plotted. The bandgap opening at regions 
near the edge were found out due to onset of plasticity, and the bandgap opening near the center was found out due to asymmetric elastic straining 
in graphene. h) The bandgaps at different locations from edge to center for all three configurations with diameters of 300 nm (aspect ratio: 33%), 
400 nm (aspect ratio: 25%), and 500 nm (aspect ratio: 20%). Higher bandgap opening is observed at lower aspect ratios near edge of strained 
graphene.
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for the two trenches (mold 1 and mold 2). Depth was 100 nm for 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 stage.

Microscopy: The surface morphology was imaged by SEM (Hitachi 
S-4800 field-emission scanning electron microscope) at an operating 
voltage of 5  kV and an atomic force microscope (Veeco Dimension 
3100 AFM) was employed to scan the nanoimprinted graphene surface 
at nanoscale under tapping mode.

STM, VS-STM, and KPFM: An omicron ultrahigh vacuum (UHV) 
STM system was used to obtain the atomic resolved topographic 
image (I  = 10 nA, V  = 0.2  V). Scanning tunneling microscopy was 
then performed at room temperature. STM was performed at room 
temperature in constant-current mode, with a set-point current 
between 200 and 350 pA and an applied sample bias between 2 and 
3 V. The differential conductance, dI/dV, was measured using VS-STM, 
in which both the bias voltage and tip-sample separation were varied 
in a controlled manner. The dI/dV measurements were conducted at 
room temperature using a lock-in technique with a modulation voltage 
of frequency 1 kHz and amplitude 100 mV. A monolayer graphene was 
transferred onto the Al foil, followed by laser shock imprinting (LSI) 
process toward a 1600 nm periodicity trench mold. Kelvin probe force 
microscopy (KPFM) was used to characterize both topology and the 
distribution of contact potential difference (CPD) along the laser 
shocking imprinted area.

PL Measurements: Photoluminescence was measured by using Alpha 
300R confocal Raman imaging system (WITec) at room temperature. 
The graphene was transferred onto the SiO2/Si nanomold, and then Au 
electrode was deposited, followed by laser shock processing to compress 
the graphene into the nanonold. PL measurement was conducted before 
the electrical property testing (see Figure S4 inset in the Supporting 
Information for the structure of the device).

TEM: The TEM samples for strained graphene were prepared by 
lift-out method by FEI Nova 200 focused ion beam with a Klöcke 
nanomanipulator, to cut cross sectional view of the graphene vertical 
to the nanotrench. The top view of graphene near the edge of the 
nanotrench was also obtained for TEM by FIB. The microstructures 
were examined using an FEI Titan 80-300 and a Tecnal T20 transmission 
electron microscope.

Simulation: Molecular dynamics simulations had 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. Tight binding density functional theory had been employed 
to calculate the band structure of the strained graphene as a function 
of position for 3 molds with different aspect ratios. Work function 
at different seven locations on the strained graphene had also been 
calculated using DFT calculations. Details of calculation are described in 
the Supporting Information.

Supporting Information
Supporting Information is available from the Wiley Online Library or 
from the author.
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