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Introduction

Deformation of two-dimensional (2D) materials 
has been widely investigated to introduce three-
dimensionality (3D) to 2D materials and to modulate 
their material properties in extrinsic ways by applying 
mechanical strains [1, 2]. One of the widely used 
deformation strategies is the ‘crumpling’ of 2D 
materials, which utilizes elastic compressive strains 
to form out-of-plane buckle-delaminated structure 
of a 2D material [3–6]. Structural characteristics, 
such as height (or amplitude) and wavelength of 
crumpled structures, are mainly controlled by 
substrate prestrains, which had been applied to 
the substrate prior to a 2D material transfer. These 
crumpled 2D materials exhibit enhanced light–matter 

interactions [5, 7], increased piezoresistivity with 
higher stretchability [8, 9], and tuneable wettability 
[3, 10]. However, the crumpling method produces 
relatively simple, delocalized crumple structures, 
where crumples are formed everywhere in 2D 
materials. Although there have been various efforts 
to impart higher complexity in wrinkled 2D material 
structures [11], the fabrication process requires a 
special patterning process, and the substrate material 
restricts the stretchability of the resulting structures.

Crack lithography is an unconventional patterning 
technique to form patterns via material failures, and 
it has been demonstrated as a time- and cost-effective 
approach with high throughput [12]. Various external 
forces, such as optical [13], thermal [14, 15], electrical 
[16], and mechanical forces [17] or combined forces 
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Abstract
The crumpling of two-dimensional (2D) materials is one of the most widely used ways to create 
three-dimensional (3D) out-of-plane structures from 2D materials and to apply in-plane strain 
for strain-induced material property modulation. Although the elastic compressive strain induced 
crumpling of 2D materials is a simple and versatile way to form 3D structures, the resulting 
structures are rather simple where crumples are formed in a delocalized manner. Here, we report a 
new approach inspired by crack lithography to localize deformation and achieve localized crumpling 
of 2D materials. As a result, a mixed-dimensional structure composed of flat (2D) and crumpled 
(3D) structure is formed monolithically in 2D materials. We present structural analysis of our 
mixed-dimensional structure of graphene, where the localized prestrain was amplified to be 330% 
of the macroscale prestrain. In addition, we demonstrate the material densification and the strain 
localizations of our mixed-dimensional structure of monolayer MoS2 and graphene based on Raman 
and photoluminescence spectral characterizations. Finally, our mixed-dimensional graphene 
structure is fabricated into a stretchable strain sensor, where it exhibits four times enhanced gauge 
factor compared to that of delocalized crumpled graphene.
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[18], can be used to apply tensile stress and introduce 
cracks in materials. Among them, mechanical force 
induced crack formation has advantages in its fabrica-
tion process, for example, the rapid process [19] and 
the controllable structures with applied  mechanical 
strain control [20]. This crack-assisted patterning 
strategy via mechanical forces can be easily com-
bined with the 2D material crumpling method since 
mechanical deformation of a substrate is utilized in 
both strategies.

In this paper, we report a simple method to localize 
crumples in specific portions of a 2D material surface 
by localizing applied prestrains, while other portions 
of the 2D material surface remain flat. We realized the 
localized crumples of 2D materials on an elastomeric 
substrate with a stiff skin layer on top. The skin layer 
fractured with applied prestrains forms crack-assisted 
patterns. The crack-assisted pattern width was tunea-
ble with the surface treatment time to form a skin layer. 
Furthermore, the applied prestrains were localized at 
openings between two cracked patterns because the 
patterns of the stiffer skin layer stretch much less than 
the original soft substrate under the skin layer does. 
The localized prestrain at the crumpled region is also 
amplified, and it was estimated to be 1000%, which is 
3.3 times the macroscale prestrain. The strain locali-
zation effect is characterized with Raman spectrum 
mapping of graphene 2D–3D mixed-dimensional 
structure and with photoluminescence (PL) mapping 
of monolayer MoS2 2D–3D structure. Finally, the gra-

phene 2D–3D structure was fabricated into a strain 
sensor, and its gauge factor was 4 times higher than 
delocalized crumpled graphene, which is originated 
from prestrain localization and amplification.

Results and discussion

Figure 1 illustrates the unique configuration and 
the fabrication process of crack-assisted mixed-
dimensional structure of 2D materials. Figures 1(a) 
and (b) show schematic illustrations and a scanning 
electron microscope (SEM) image of our 2D–3D 
structure. On a crack-patterned substrate, a 2D 
material (graphene in this image) formed into out-of-
plane crumpled structures in W1 regions and remained 
to be flat in W2 regions. Our continuous flat (2D) and 
crumpled (3D) structure of 2D material is unique 
because applied prestrain is localized at the W1 regions 
where we can achieve localized crumples formation 
with higher prestrains than the applied macroscale 
prestrain.

The fabrication process of the crack-assisted 2D–
3D mixed-dimensional structures with localized and 
amplified prestrain is shown in figure 1(c). First, we 
treated an elastomeric substrate (3M™ VHB™) with 
oxygen (O2) plasma to form a stiff skin layer (figure 
1(c)-(I)). The thickness of the skin layer was controlled 
by the plasma treatment time. We then stretched the 
elastomeric substrate with a skin layer to form crack 
patterns on the elastomeric substrate (figure 1(c)-

Figure 1. Configuration of the crack-assisted 2D–3D mixed-dimensional structures and fabrication process. (a) Schematic 
illustration of monolithically formed flat (2D)—crumpled (3D) structure. The width of crumpled region is W1, and the width 
of flat region is W2. (b) SEM image of the 2D–3D mixed-dimensional structure and a schematic illustration describing prestrain 
localizations. Scale bar is 500 nm. (c) Fabrication process of the crack-assisted 2D–3D mixed-dimensional structure.
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(II)). We used macroscale prestrains of 300% in x-axis 
and 30% in y -axis, and the cracks were formed along 
y -axis owing to fracturing of the skin layer by x-axis 
stretching. The relatively small amount of prestrain in 
y -axis (εy ) induced the micrometre-scale undulating 
topography observed at the surface of flat regions (W2) 
when εy  is released, and the undulating topography 
became flatter with decreasing εy  (figure S1 (stacks.
iop.org/TDM/6/044001/mmedia)). We applied a 
relatively small amount of prestrain in the y -axis to 
avoid potential fracture due to unintended tensile 
stress in y -axis during handling. Since the stiffer skin 
layer is less stretchable than the elastomeric substrate, 
the skin layer was barely stretched during this stretch-
ing step and most of stretching occurred at the freshly 
exposed elastomeric substrate. While the substrate 
was stretched with the applied prestrains, a 2D mat-
erial (graphene in this image) was transferred onto the 

stretched substrate (figure 1(c)-(III)). Once the trans-
fer process was completed, prestrains applied in both 
x- and y -axes were gently removed to form the mixed-
dimensional structure of 2D materials (figure 1(c)-
(IV)). This mechanical property change due to plasma 
treatment enables us to create patterns on the elasto-
meric substrate with crack lithography technique (fig-
ures 1(c)-(II) and S2) and to localize crumpled struc-
tures of 2D materials only in W1 area, by localizing 
applied prestrain (figures 1(c)-(III and IV)).

To demonstrate our capability to control widths 
of W1 and W2, and wrinkle wavelength of the localized 
crumples, we analysed our mixed-dimensional struc-
tures prepared with different plasma treatment times. 
The crumpled region width (W1) and flat region width 
(W2) become wider as the plasma treatment time on 
the substrate becomes longer (figure 2(a)) because 
the longer plasma time induces the thicker skin layer 

Figure 2. Structural controllability and strain localization and amplification effect of the crack-assisted 2D–3D mixed-dimensional 
structure. (a) SEM images of the crack-assisted 2D–3D structures of graphene prepared with different plasma treatment times. 
(b) Structural controllability of W1 and W2 in graphene 2D–3D structures by modulating plasma treatment time. (c) Wrinkle 
wavelength (λ) analysis of graphene crumples in W1 regions as well as delocalized crumpled graphene sample (marked as ‘No 
treatment’ in the plot). (d) Raman spectra of crumpled and flat graphene from the 2D–3D mixed-dimensional graphene structure. 
(e) Graphene G peak intensity mapping of a Raman line scanning across the 2D–3D mixed-dimensional graphene.
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(figure S2). We further investigated W1 and W2 regions 
shown in figure 2(a) with atomic force microscope 
(AFM) as well as tilted view SEM images to present 
mixed dimensionality of the fabricated structure (fig-
ures S3 and S4). A statistical analysis on W1 and W2 was 
conducted by measuring widths from multiple SEM 
images to characterize our structure quantitatively 
(figure 2(b)). We observed that the average values of 
W1 and W2 linearly increased with increasing plasma 
treatment time, whereas the ratio between them, 
Rw  =  W2/W1, remained to be almost constant (Rw,15 s  =   
3.33, Rw,30 s  =  3.31, Rw,45 s  =  3.35, Rw,60 s  =  3.23). 
In addition, we estimated amplified prestrain at the 
crumpled region (W1), and it was approximately 3.3 
times larger than the applied macroscale prestrain 
when Rw is 3.3 (see supplementary information sec-
tion 2 for more discussion).

We further demonstrate that the localized strain at 
W1 determines wavelength (λ) of the crumples (fig-
ure 2(c), representative SEM images of each case are 
shown in figure S5). As a control sample, we prepared 
uniaxially crumpled graphene with same prestrains of 
300% (in x-axis) by 30% (in y -axis) without plasma 
treatment on the substrate. The average wavelength 
of uniaxially crumpled graphene on an elastomeric 
substrate without plasma treatment (λno treatment) was 
estimated to be 146 nm  ±  19nm (±1-standard devia-
tion). On the other hand, average wavelength values of 
crumpled graphene at crumpled region (W1 region) 
prepared with different plasma times were estimated 
to be much smaller than λno treatment. Specifically, the 
structure fabricated on 15 s plasma treated substrate 
showed the largest wavelength (λ15 s) among the four 
plasma treatment cases. λ15 s was 83.9 nm  ±  31.5 nm 
(about 57% of λno plasma). The smallest wavelength case 
was λ60 s, and it was 51.9 nm  ±  10.6 nm (about 36% 
of λno plasma), implying larger localized prestrain com-
pared to other cases. Since the crumpling of graphene 

in our samples occurred under extremely high com-
pression, we assume that the crumpled structure is well 
developed over the area such that the larger prestrain 
does not create additional number of winkles but does 
induce geometrical deformations [21]. The amplified 
prestrain at W1 regions was estimated to be as high as 
1000% (see supplementary information section 4 for 
more discussion).

To characterize the prestrain localization in W1 
region of our mixed-dimensional graphene struc-
tures, we carried out Raman characterizations. Raman 
spectroscopy on the crack-assisted 2D–3D graphene 
structures clearly shows the localized deformation of 
our mixed-dimensional graphene (figures 2(d) and 
(e)). Raman spectra were collected from two points, 
one from W1 and the other from W2. Both spectra 
show two distinct characteristic peaks of graphene: G 
and 2D bands [22]. Raman intensity from crumpled 
region (W1) was larger than the one from flat region 
(W2), implying material is densified at the W1 region 
due to localized crumples. A line scan of Raman spec-
tra clearly shows periodic intensity change over the 
graphene 2D–3D mixed-dimensional structure (fig-
ures 2(e) and S6).

We further expanded our approach to 2D trans-
ition metal dichalcogenide (TMDC) monolayer, 
i.e. monolayer MoS2 synthesized by metal organic 
chemical vapour deposition (MOCVD). PL spectra of 
semiconductor materials are also sensitive to applied 
in-plane strains owing to strain-induced bandgap 
modulation [23–26]. A 2D semiconducting material, 
monolayer MoS2 was used to form crack-assisted 2D–
3D mixed-dimensional structures. We took PL spectra 
from a point in W1 region and a point in W2 region to 
compare the intensity and A exciton peak position of 
monolayer MoS2 (figure 3(a)). The centre of A exci-
ton PL peak from a crumpled MoS2 region was red-
shifted with respect to the centre of PL peak from a flat 

Figure 3. PL spectroscopy of MoS2 2D–3D mixed-dimensional structure. (a) MoS2 A exciton PL spectra from two point: a point 
from crumpled region (W1) and a point from flat region (W2). A exciton peak of crumpled region was red-shifted, which implies 
the material is under tension, and the intensity of the peak is enhanced. (b) and (c) PL areal mapping of 20 μm by 10 μm window: 
(b) intensity mapping of the peak and (c) peak wavelength shift mapping.
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MoS2 region, which implies MoS2 in crumpled region 
is under tensile stress. The tensile strain estimated in 
the crumpled region (W1) was approximately 0.27% 
[24]–0.38% [25]. The peak intensity was higher in the 
spectrum from crumpled region, owing to the mat erial 
densification as well as the exciton funnelling effect 
[27].

Furthermore, we performed PL 2D mapping to 
show continuous spectral change in 2D–3D MoS2 
structures. Figure 3(b) shows maximum intensity 
mapping over a 20 μm by 10 μm window. As we dis-
cussed in figure 3(a), crumpled region (W1) exhibits 
higher PL intensity, which is clearly shown in our 2D 
mapping results (figure 3(b)). PL peak shift in MoS2 
2D–3D structures was also observed in PL 2D map-
ping (figure 3(c)). The peak shift (Δλ) was calcu-
lated based on measured PL wavelength from each 
point and the average PL wavelength over flat the area 

(Δλ  =  λ  −  λavg). We observed red-shift in the crum-
pled region (W1) with respect to the flat region (W2), 
which implies the crumpled MoS2 structure is under 
tension, consistent with the PL analysis in figure 3(a).

Finally, we carried out systematic studies of 
mechanical stretchability of our mixed-dimensional 
graphene structures. We prepared a crack-assisted 
2D–3D mixed-dimensional structure with prestrains 
of 300% (in x-axis) and 30% (in y -axis) and investi-
gated the morphology change under different tensile 
strains (e.g. 0%, 100%, and 200%) with SEM imaging 
(figure 4(a)). Similar to previously reported crum-
pled  graphene structures [5, 28, 29], we found that our 
crack-assisted 2D–3D structure is also mechanically 
stretchable. Specifically, crumpled graphene struc-
tures in crumpled region (W1) became flatter with 
increasing tensile strain. On the other hand, undulat-
ing  structures in flat region (W2), which formed along 

Figure 4. Mechanical stretchability and strain sensor demonstration. (a) Schematic illustrations and SEM images of our crack-
assisted 2D–3D structures under different tensile strain: (I) ε  =  0%, (II) ε  =  100%, and (III) ε  =  200%. This highly stretchable 
2D–3D mixed-dimensional graphene was fabricated into a strain sensor, and the sensor showed (b) enhanced piezoresistivity owing 
to amplified prestrain at localized crumples, and (c) mechanical robustness over 1000 cycles.

2D Mater. 6 (2019) 044001
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the x-axis in the SEM images, became more obvious 
because the substrate contracted in the transverse 
direction (along y -axis) due to the Poisson effect.

The mechanical stretchability and the localized, 
amplified prestrain in our crack-assisted 2D–3D 
structures enables our structure to exhibit enhanced 
piezoresistivity for strain sensors. We fabricated the 
graphene 2D–3D structure-based strain sensor and 
measured its resistance over tensile strain of 70% 
(figure 4(b)). As a control device, a delocalized crum-
pled graphene prepared with the same prestrains 
was also fabricated into a strain sensor. Gauge factor 
(Gf  =  ΔRN/Δε, where ΔRN  =  ΔR/R0  =  (R  −  R0)/R0,  
R0 is resistance at 0%, and ε is applied strain), which 
is also the slope of line plots shown in figure 4(b), of 
2D–3D graphene structure was approximately 4 times 
larger than that of delocalized crumpled graphene. 
Specifically, Gf of 2D–3D mixed-dimensional gra-
phene was 0.33, and Gf of delocalized crumpled gra-
phene was 0.082. We attribute the increased gauge 
factor to the strain amplification at W1 regions for 
enhanced piezoresistivity. We believe our approach 
can be combined with existing approaches, such as 
using heterostructures [30], to achieve even higher 
gauge factor.

We also characterized mechanical robustness 
of our 2D–3D mixed-dimensional graphene-based 
strain sensor (figure 4(c)). As our device was mechani-
cally stretched and released, we monitored its electrical 
resistance up to 1000 cycles and compared with initial 
resistance prior to any stretching. Our results showed 
that the electrical resistance of the graphene 2D–3D 
structure remains minimally changed up to 1000 
cycles of stretching and releasing, implying negligible 
structural/material failure during the cycles.

Our results clearly showed that the synergistic 
combination of crack lithography and crumpling 
of 2D materials is a simple and versatile approach to 
achieve 2D–3D mixed-dimensional 2D materials with 
localized and amplified prestrains. We believe there 
are three unique aspects of our work. First, we demon-
strate the new concept of “2D–3D mixed-dimensional 
structures” which are created through the unconven-
tional strategy—combination of crack lithography 
and the crumpling method. This strategy suggests a 
simple but versatile way to form mixed-dimensional 
structures, which possess higher structural complex-
ity compared to structures prepared solely with either 
crack-lithography or crumpling method. Second, 
we successfully demonstrate our new approach ena-
bles localizing and amplifying the applied prestrain 
at selected portions of the 2D materials (W1 regions). 
The localized and amplified prestrains crumple a 2D 
material only at selective W1 regions, with 3.3 times of 
applied macroscale prestrain, and locally modulate the 
material functionality of the deformed 2D mat erial, 
such as piezoresistivity enhancement. Finally, the high 
mechanical stretchability with improved strain locali-

zation of the 2D–3D mixed-dimensional structure 
also makes our structure a promising candidate for 
flexible and stretchable electronic devices.

Conclusions

In this paper, we demonstrate the crack-assisted 2D–
3D mixed-dimensional structure formation of 2D 
materials for localization of crumpled structure. Our 
fabricated structure forms a monolithic structure 
of flat (2D) and crumpled (3D) 2D materials 
without a conventional lithography process, and 
the amplification and localization of prestrain were 
demonstrated through structural and spectroscopic 
characterizations. The localized prestrain in a 
crumpled 2D material region was 3.3 times higher 
than the applied prestrain. Specifically, an applied 
macroscale prestrain of 300% leads to a local 
prestrain of 1000%. Furthermore, the mechanical 
stretchability and robustness of our 2D–3D structure 
were demonstrated with approximately 4 times higher 
gauge factor when configured as a strain sensor. We 
believe our new approach opens up a new possibility in 
research field of 2D strain engineering and mechanical 
self-assembly by enabling localized crumples and 
amplified strain.

Materials and methods

Graphene synthesis
Graphene samples were synthesized in a low-pressure 
chemical vapour deposition (CVD) system (Rocky 
Mountain Vacuum Tech Inc., CO). Copper foil was 
purchased from MTI (EQ-bccf-25u, MTI corp., CA) 
and cut into 4 inches by 2.5 inches piece for synthesis. 
A copper foil was pretreated by submerging into a 
bath of acetic acid (Sigma-Aldrich, MA) for 10 min to 
gently remove surface oxides on the copper foil. The 
pretreated copper foil was then inserted into the quartz 
tube of the CVD system, and the system was heated up 
to 1035 °C in 45 min under low pressure (150 mTorr) 
and hydrogen atmosphere, followed by annealing 
process for an hour at 1035 °C. Then graphene growth 
was started with adjusting pressure to 520 mTorr 
and introducing methane (CH4) gas with a flow rate 
ratio of 2:1 between methane and hydrogen. The 
growth time was 5 min, and the growth was finished 
with turning off hydrogen and methane gases and 
electric heater, turning on argon gas line, and reducing 
pressure to 330 mTorr. CVD system was cooled down 
to room temperature.

Graphene transfer
Unwanted graphene on the backside of copper foil was 
removed by oxygen plasma before graphene transfer. 
Poly(methyl methacrylate) (PMMA C6, MicroChem, 
MA) was spin-coated onto the top graphene to protect 
the graphene from oxygen plasma. The PMMA/

2D Mater. 6 (2019) 044001
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graphene/copper foil was flipped, and backside graphene 
was etched by oxygen plasma. PMMA layer was removed 
by submerging in an acetone bath for 5 min. Then 
graphene/copper foil was cut into 3 cm by 1 cm pieces. 
Meanwhile, an elastomeric substrate (3M™ VHB™ 
4910, 3M, MN) was plasma treated at low pressure, 
0.2 mbar, under oxygen atmosphere (Nano plasma 
system, Diener Electronic GmbH, Germany) to form 
skin layer. The plasma power was 500 W, and duration 
of surface treatment was controlled, from 15 s to 60 s. 
The plasma treated VHB substrate was pre-stretched 
with our custom-built stretcher setup. After the substrate 
prestretching, the graphene/copper foil piece was gently 
put onto the prestretched elastomeric substrate with 
a skin layer keeping the graphene facing the substrate. 
A drop of an aqueous solution of sodium persulfate 
(Na2S2O8, Sigma-Aldrich, MA) was applied onto copper 
foil, and the puddle of solution was kept larger than the 
copper foil. Once the copper foil was completely etched 
by the solution, the solution was removed and replaced 
with deionized (DI) water. The DI water puddle was 
replaced with fresh DI water 2–3 times for rinsing 
purpose. After the last rinsing with DI water, prestrains 
applied to the substrate were carefully removed, and we 
let the sample rest for few hours to restore the substrate’s 
original size.

MoS2 synthesis and transfer
MoS2 samples used in this paper were single layer MoS2 
grown by metal organic chemical vapor deposition 
(MOCVD) at relatively low temperature [31–33] on a 
SiO2/Si substrate. The MoS2/SiO2/Si sample was gently 
put onto a prestretched elastomeric substrate with 
a skin layer, keeping the MoS2 facing the substrate. A 
DI water droplet was applied onto the Si/SiO2/MoS2, 
and the penetration of DI water between MoS2 and 
SiO2 allowed the delamination and transfer of MoS2 
onto the elastomeric substrate. DI water was removed 
from the puddle, and SiO2/Si was carefully removed. 
Prestrains applied to the substrate were carefully 
removed, and we allow the sample rest for few hours to 
restore the substrate’s original size.

Crack-assisted structural analysis: crack width and 
height analysis (figure S2)
The crack width and height of crack-patterned 
elastomeric substrate with a stiff skin layer were 
analysed based on AFM (MFP-3D, Asylum Research, 
CA) height profiles. Same AFM system was used to 
scan W1 and W2 regions shown in figure S3.

Crack-assisted structural analysis: W1 and W2 
analysis (figure 2)
The crumpled region width (W1) and the flat region 
width (W2) were analysed based on SEM (Hitachi 
S-4800, Hitachi, Japan) images. Same SEM system was 
used for the rest of SEM images presented in this work.

2D material wrinkle wavelength in crumpled region 
(W1) analysis (figures 2 and S5)
Crack-assisted 2D–3D structures of graphene were 
fabricated with four different plasma treatment times, 
i.e. 15, 30, 45, and 60 s, and the wrinkle wavelength 
analysis was conducted using SEM images of those 
samples.

Raman spectroscopy (figures 2, S6 and S7)
Renishaw Raman/PL system (Renishaw, UK) was used 
for Raman spectroscopy. Point measurements (figures 
2(d) and S7) were performed on randomly selected 
points in flat region and crumpled region with 630 nm 
wavelength and exposure time of 30 s. Laser spot size 
of the system is 1.5 μm. Line scan (figures 2(e) and S6) 
of Raman spectroscopy was conducted over 20 μm 
length with 0.25 μm step size.

PL measurement (figure 3)
NanoPhoton Raman/PL system (NanoPhoton Raman 
11, Japan) was used for PL mapping. The excitation 
source was a 532 nm laser, and the excitation power 
was 20 μW to prevent thermal damage to MoS2 and the 
polymer substrate. The line-shape illumination with 
step size of 0.2 μm and exposure time of 5 s were used 
for fast PL areal mapping.

Strain sensor fabrication and characterization
A uniaxially crumpled graphene on a VHB substrate 
and a crack-assisted 2D–3D structure sample were 
fabricated with prestrains of 300% and 100%. Each 
sample was re-stretched with strains of 200% and 
50%, and a shadow mask was used to cover the middle 
portion of the graphene. 40 nm-thick Au was deposited 
onto each sample by thermal evaporator (Nano 36, 
Kurt J. Lesker, PA) to form electrodes. At each electrode, 
a thin copper foil was attached with a conductive silver 
paint (Ted Pella). A strain sensor device was connected 
to a sourcemeter (Keithley 2614B, Keithley, OH), and 
voltage-current was measured over the voltage range 
of  −1V to 1V.
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