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Controlled construction of nanostructures in graphene*
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We report on the laser-assisted fabrications of nanostructures in graphene membranes supported on polymer films. By
using a laser beam to deposit heat locally, irradiated polymer instantaneously melts and vaporizes. During laser drilling of
the polymer, the single-layer graphene membrane adheres to the polymer surface and consequently forms tens of nanometer
deep wells. Due to the short time scale of laser irradiation, heat diffusion in the polymer is negligible, and the excitation
energy is highly confined in the polymer. As a result, graphene nanowells of hundreds of nanometers in diameter can be pat-
terned with high fidelity. With the increasing of nanowell density, we observe the spontaneous formation of nanowrinkles
connecting pairs of nanowells in the graphene membranes. Importantly, Raman spectra confirm that no defects are intro-
duced in graphene membranes by laser irradiation under our experimental conditions. Our results highlight the possibility
to construct nanostructures and to design novel devices based on graphene.
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1. Introduction

Graphene is a single-layer honeycomb crystal of densely
packed carbon atoms.!!! It exhibits unique electrical, ther-
mal, and mechanical properties,>! and inspires a variety of
applications.[®~1%) In particular, graphene-based nanoelectron-
ics has been attracting tremendous attention due to its high

13141 Unfortunately, graphene is a zero-gap

carrier mobility.!
semiconductor whose conduction and valence bands touch
at the Dirac point. Thus, graphene field effect transistor
(FET) cannot be turned off due to the absence of a bandgap,
which results in a low current on/off ratio and poses seri-
ous obstacles towards further applications of graphene FET.
To solve this problem, a number of theoretical and ex-
perimental investigations have been carried out to open a
band-gap in graphene. For example, plasma assisted oxi-
dation was applied to pattern graphene nano-dots and nano-
ribbons. Geometrical quantum confinement in these nanos-
tructures was shown to create a band-gap up to a few hun-

15171 However, plasma-assisted oxi-

dred meV in graphene.!
dation is prone to induce edge-disorders and edge-defects in
graphene,!!>18] and thus this method seriously degrades the
carrier mobility in graphene.!'”! Recently, anisotropic etch-
ing of graphene by hydrogen plasma was successfully demon-
strated to create graphene nano-ribbons with zigzag edges (Z-
GNRs), and the values of carrier mobility of FETs fabricated
on Z-GNRs were in a range from ~ 3500 cm?-V~!l.s~! to
~ 1000 cm?-V~!.s7!. However, the Z-GNR FET exhibited
a quasi-metallic transport behavior with a low on/off ratio of
~ 3 at room temperature.?! Therefore, there is still a need to
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open a band-gap with little/no degradation of the crystalline
structure of graphene.

The single-layer nature of the graphene membrane makes
it amenable to external deformation, offering the possibility
to manipulate graphene’s geometry and physical properties by
strain forces. Consequently, methods based on strain engi-
neering have been proposed to modulate the electronic prop-

e.?1=231 For example, strain was proven to

erties of graphen
induce the shift of the Dirac point in graphene and a band-
gap can be introduced by creating a pseudo-magnetic field

2325-281 When a strain with triangular symmetry

in graphene.!
was introduced, the resulting periodic pseudo-magnetic field
with triangular symmetry could lead to a Landau-level-like
energy spectrum with multiple energy gaps in graphene.!>!
Recently, a pseudo-magnetic field was measured to be above
300 T in graphene nano-bubbles formed by strain.!**! In ad-
dition, wrinkles in graphene membranes have been proposed
to effectively modulate the electronic properties of graphene
by changing local potential and inducing effective magnetic
field,[21:29:301 which, for example, can be applied to band-

e.391 On the other hand, some

gap engineering in graphen
new physical phenomena have been observed in wrinkled
graphene, and novel wrinkle-based nano-systems could be
built up.3'-331 For example, the wrinkled graphene mem-
brane has recently been shown to be a good candidate for
field emitters and thermal motors. 3334 Until now, several ef-
forts have been made to construct nanowrinkles in graphene

5.135-381 For example, a previous study induced ten-

membrane
sion forces in suspended graphene by thermal effects, and pe-

riodic wrinkles were formed in the direction parallel to the
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tension force.[?”] The amplitudes of the wrinkles were in a
range from 0.7 nm to 30 nm and the wavelengths were from
370 nm to 5 pum. Our previous study investigated thermally in-
duced structure changes of graphene membranes supported on
polymer substrates.[*8 Strain forces were induced due to the
mismatch in thermal expansion coefficients between the poly-
mer and graphene. We found that the movements of polymer
chains at elevated temperatures could assist the dynamical be-
haviors of graphene on the polymer surface, which resulted in
the formation of nanometer-scale wrinkles at graphene edges.
Besides this, a systematic study was recently conducted on
the wrinkling of graphene supported on SiO,/Si substrate with
randomly distributed SiO, nanoparticles.*°! After being an-
nealed, single-layer graphene was found to adhere to the sub-
strate at low nanoparticle density, except for regions near
the SiO, nanoparticles. As the nanoparticle density was in-
creased, nanowrinkles in the graphene membranes were grad-
ually formed between two nanoparticles. However, it should
be noted that all the methods mentioned above lack precise po-
sition control of graphene nanostructures, and practical meth-
ods to introduce local strain forces at defined positions in
graphene membranes are still lacking. Here, we report on
the controlled construction of nanowells and nanowrinkles in
graphene membranes supported on polymer. A laser is able
to heat local regions effectively because of its focused na-
ture and high energy. Therefore, we utilize a focused laser
beam to ablate the polymer at defined positions. Subsequent
atomic force microscopy (AFM) studies show that after poly-
mer ablation, single-layer graphene membranes adhere to the
underlying polymer and form wells of tens of nanometers in
depth and hundreds of nanometers in diameter. Both positions
and sizes of the nanowells can be well-defined by laser irra-
diation. Moreover, at increased nanowell density, nanowrin-
kles are formed spontaneously to connect neighboring nanow-
ells in the graphene membranes, therefore the positions of the
nanowrinkles are also defined between the nanowells.

2. Experiments

A 230-nm thick polystyrene (PS, molecular weight,
200 K~300 K) layer was spin-coated on a silicon wafer. The
thickness of the PS layer was set at such a value that the con-
trast of single-layer graphene on it is maximized (Fig. 1(a)).
The sample was then baked at 180 °C for 30 min to completely
remove the solvent toluene. Graphene flakes were then de-
posited on the top of the polymer substrate by mechanical ex-
foliation of natural graphite. The sample was then placed un-
der a micro-Raman microscope equipped with a high precision
motorized XY stage (Renishaw inVia Raman spectroscope).
A focused laser beam (514 nm) of the Raman spectroscope
was used to ablate the polymer at defined locations. The laser
beam was focused with a 100 X objective lens (N.A. = 0.90)

and the corresponding laser spot was about 1.0 micrometer in
size. We note that in typical Raman spectrum characterization,
in order to avoid thermal effects, the laser density is generally
set at no more than 10%, while the corresponding laser power
is less than 1 mW. However, in our study, in order to trans-
fer enough heat to the polymer substrate, the laser was set at
a 50% density, and the corresponding laser power was mea-
sured to be about 4.5 mW. Single-layer graphene was irradi-
ated for 72 s, while few-layer graphene was irradiated for 92 s.
The distances between the irradiated spots were controlled by
the XY stage with a sub-micrometer resolution, and the values
of the distances were varied from hundreds of nanometers to
several micrometers. We then carried out AFM (Dimension
3100 Veeco) measurements on the laser-irradiated samples to
illustrate the structure changes of graphene membranes. AFM
measurements were performed in tapping mode with a silicon
tapping tip under ambient conditions.

3. Results and discussion

Typical optical images of single-layer and few-layer
graphene membranes before and after laser irradiation were
shown in Figs. 1(a) and 1(b), respectively. A series of bright
yellow spots can be identified in the laser-irradiated areas. We
first compare the Raman spectral*>*!] recorded at the same
position of the single-layer graphene membranes with 10%
laser density and 50% laser density (Fig. 1(c)). The survival
of the graphene flake after polymer ablation can be confirmed
by the G and 2D bands in Raman spectra in Fig. 1(c).[*?]
The increased laser density leads to a red-shift of the G band,
which indicates a rise in the local temperature of graphene at a
higher laser density.!> The increased Raman baseline intensity
at 50% laser density may be caused by a fluorescence effect af-
ter polymer ablation.[*3] Small molecules are produced by the
decomposition of PS during laser irradiation, [**! which causes
a fluorescence effect in the Raman spectrum. Importantly, the
integrity of the graphene crystalline structure was supported
by the absence of the D band around 1350 cm™!, since the D
band is generally observed in defects and disorder regions of
graphene.* These results demonstrate that the laser irradia-
tion does not result in any damage to the crystalline structure
of graphene under our experimental conditions.

AFM measurements were further carried out to illustrate
the details of laser-irradiated areas in single-layer and few-
layer graphene. As shown by AFM topographic images in
Figs. 2(a) and 2(b), shallow nanowells were formed in single-
layer and few-layer graphene after laser irradiation. The cor-
responding AFM height profiles (Figs. 2(c) and 2(d)) confirm
that the nanowells are about ten nanometers in depth and sev-
eral hundred nanometers in diameter. As mentioned above, the
nanowells were formed due to the ablation of PS during laser
irradiation, and the top graphene membranes adhere tightly
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to the polymer substrate by van der Waals interactions. It
should be noted that the edges of the nanowells are quite sharp
(Fig. 2(a)), which indicates that the excitation energy by laser
is highly confined and heat diffusion in the polymer is negligi-
ble. Importantly, the laser beam can be positioned by the XY
stage with a submicrometer resolution, and therefore, the po-
sitions of the nanowells in graphene membranes are precisely
determined in our study. Moreover, the sizes of the nanow-
ells can also be controlled via changing the irradiation time

(Fig. 2(b)).
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Fig. 1. (color online) (a) Optical image of graphene on PS substrate
before laser irradiation. Single-layer and few-layer graphene of the
sample are indicated with SL and FL. (b) Optical image of the same
graphene sample after laser irradiation with a 50% density. The laser-
irradiated spots can be identified as bright spots in single-layer and few-
layer graphene. Scale bars in panels (a) and (b) are both 5 pm. (c) Ra-
man spectra recorded in the laser-irradiated single-layer graphene with
laser densities of 10% (dashed curve) and 50% (solid curve). The to-
tal time for the collection of a typical Raman spectrum of single-layer
graphene is 72 s. The spectra are offset for clarity, and the positions of
G band and 2D band are indicated with vertical dashed lines.

Wrinkles (indicated with dashed line) with heights of
~ 1.5 nm are sometimes observed around the nanowells in
single-layer graphene after irradiation (Fig. 2(b)). The phe-
nomenon indicates that the surrounding graphene of a nanow-
ell is under strain after irradiation. As mentioned above,
graphene adheres tightly to the ablated PS substrate to form
nanowells. As a result, the sagged graphene nanowells will
generate stretching strains in the flat surrounding regions due

to the elasticity of graphene.3%46] It has been reported that a

material under strain is inclined to generate out-of-plane defor-
mation (bending) other than in-plane deformation (stretching),
as its thickness is reduced.*>*7! Graphene is the thinnest two-
dimensional material, and the sp> carbon bond of graphene
exhibits an inextensible but bendable nature.*8! Therefore, to
release the in-plane elastic stretching strains in the surround-
ing regions, the graphene membrane may wrinkle through out-
of-plane buckling. In this study, the nanowrinkles are only de-
posited around the nanowells, other than in other regions, indi-
cating that the positions of nanowrinkles could be determined
by the nanowells.
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Fig. 2. (color online) (a) and (b) AFM height images of selected ar-
eas indicated with solid line box and dashed line box, respectively, in
Fig. 1(b). (c) and (d) The corresponding height profiles of the black
lines in panels (a) and (b), the respectively. Scale bars are both 2 um in
panels (a) and (b).

Moreover, as indicated by an arrow in Fig. 2(b), one of
the nanowrinkles even connects two neighboring nanowells.
Herein we suggest that with the further careful design of the
nanowell density, nanowrinkles may be constructed with high
fidelity to connect neighboring nanowells in graphene. We
then construct nanowells with various distances in the single-
layer graphene membrane (bright spot arrays in Fig. 3(b)).
The distances between every two neighboring nanowells range
from several hundred nanometers to several micrometers, and
the nanowell density increases as the distance decreases. As
evidenced in Fig. 3(c), no connective nanowrinkle can be de-
tected between any two neighboring nanowells when the dis-
tance was set as 2 wm. It indicates that there is a criti-
cal nanowell density for the successful construction of con-
nective nanowrinkles between nanowells, because the stretch-
ing strains induced by the nanowells are localized. There-
fore, if the nanowells are deposited too far from each other,
it is not possible to create connective nanowrinkles between
the nanowells. When the distances between the nanowells
decrease (the nanowell density increases correspondingly),
nanowrinkles may be constructed between every two neigh-
boring nanowells to connect them, and a network of nanow-
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ells and nanowrinkles can be formed. As shown in Fig. 3(d),
nanowrinkles (as indicated with arrows) spontaneously form
in the graphene membrane when the distances between ev-
ery two neighboring nanowells decrease to less than 1.5 pm.
Howeyver, it should be noted that some nanowells are still not
connected by the nanowrinkles in this image. Here, we antici-
pate that the distribution of the stretching strains generated by
the sagged nanowells is inhomogeneous around the nanowells
in graphene membrane. Therefore, some surrounding areas of
the nanowells are not strained efficiently to induce the wrin-
kling of graphene in these areas.

Fig. 3. (color online) Optical images of graphene on PS substrate before
(a) and after (b) irradiation, with scale bars being both 10 um. (c) and
(d) Selected AFM images of graphene areas marked with solid line and
dashed line boxes in panel (b), with scale bars being both 2 pm.

Therefore, besides the careful design of the nanowell den-
sity, it is also necessary to confine the stretching strains to
improve the productivity of nanowrinkles in graphene mem-
branes. Here, as shown in Figs. 4(a) and 4(b), we con-
struct separated nanowells along the longitudinal direction of
a narrow graphene ribbon. We suggest that, owing to the
high length/width ratio of the graphene ribbon, the stretching
strains induced by the nanowells will be mainly placed along
the longitudinal direction of graphene ribbon in the narrow
graphene ribbon. As a result, nanowrinkles will be generated
in the ribbon with high fidelity if the nanowells are deposited
closely enough. As evidenced in Figs. 4(c) and 4(d), it is ap-
parent that nanowrinkles are successfully constructed between
any two neighboring nanowells. Besides this, the lengths of
the nanowrinkles are smaller than 1.5 pm and the numbers of
nanowrinkles between every two neighboring nanowells are
less than 3. As shown in Fig. 4(e), the heights of the nanowrin-
kles are around 1.5 nm and the widths are around 30 nm.
Therefore, a network of nanowells and nanowrinkles is reli-
ably constructed in the graphene ribbon. The nanowells and
nanowrinkles will change the electron-hopping amplitude be-
tween carbon atoms, which is expected to affect the band-gap,

wave-function, and Fermi-velocity in graphene. The isolated
nanowell or nanowrinkle acts as a random scattering center
and our well-controlled method offers a good opportunity to
construct the strained superlattices and thus realize a signifi-
cant transport gap in graphene.

(2) b (c)

Height/nm
=
s

0 150 300 450
Position/nm

Fig. 4. (color online) Optical images of graphene ribbon on PS substrate
before (a) and after (b) irradiation, with scale bars being both 2.5 pum.
(c) Selected AFM images of the irradiated area marked with dashed box
in panel (b), with scale bar being 2 um. (d) Zoom-in analysis of the area
marked with white dashed box in panel (c), with scaled bar being 1 um.
(e) Height profile of the dashed line marked in panel (d).

4. Conclusions

In the present paper, we demonstrated laser-assisted con-
struction of nanostructures in graphene membranes supported
on PS substrates. Detailed analyses show that the PS poly-
mer in laser irradiated areas is ablated by heat. Because
the graphene membrane adheres strongly to the polymer sub-
strate, nanowells form with sharp edges in the graphene mem-
branes. At an increased nanowell density, nanowrinkles spon-
taneously form in graphene membranes to connect two neigh-
boring nanowells. Importantly, both the positions and the sizes
of the nanowells can be precisely defined by the laser beam,
and consequently the positions of the nanowrinkles can also
be defined. Thus, we demonstrate the first study of controlled
fabrication of nanowells, nanowrinkles, and their networks in
graphene. Moreover, Raman spectra demonstrated that the
laser ablation under our experimental conditions causes no
damage to the integrity of graphene membranes. Our method
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represents a novel approach to fabricating the diverse nanos-

tructures that are based on graphene.
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