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Permanent micro-modifications in single-layer graphene with a spontaneous periodic structural

change have been induced by femtosecond (fs) laser irradiation. These modifications present a

regular variation along the radial direction from a central ablated region. Based on the obtained

micro-Raman spectrum and the reflective micro-spectrum of laser-irradiated graphene, structural

modification with periodic variations containing several spectral regimes has been observed, which

was in good agreement with periodic topography of the structure observed using an atomic force

microscope. It has also been found that several regions of the laser induced structures were with

different optical properties, which were identified to be correlated with different modification

mechanisms. In addition, after fs laser processing, graphene still maintains crystallinity. This work

may be helpful for the development of graphene-based microstructures or devices by fs laser

pulses. Published by AIP Publishing. https://doi.org/10.1063/1.4997343

Two-dimensional (2D) materials of single-atom-layer

scale have drawn great attention for fabrication of various

electronic and photonic devices.1 Graphene is still one of the

most favorable members in the 2D material family due to its

excellent properties that are promising for versatile applica-

tions.2–4 Nevertheless, it is also necessary to modify the

specific properties of graphene to satisfy diverse require-

ments for practical applications. Towards this purpose, modi-

fications of graphene by femtosecond (fs) laser irradiation,

which takes advantage of distinct interaction mechanisms

with 2D materials to enable extremely localized energy

deposition, receive increasing interest of researchers.5,6 The

irradiation of ultrafast pulsed lasers has been applied in abla-

tive patterning, thinning, and direct writing to 2D materi-

als.7–9 In addition, direct irradiation with fs laser pulses

has become a versatile technique to fabricate photonic and

optoelectronic devices in bulk transparent materials.10,11 The

focused fs laser pulses produce localized modifications of

micro- or sub-micrometric scales on the surface or inside the

materials, in which permanent changes may be created, due

to avalanche ionization induced by fs pulses.12–14 Recently,

the irradiation with fs laser pulses has become an efficient

technique for the fabrication and modification of carbon-

based materials.15–19 For modification of graphene, cutting,

doping, defect introduction, folding, etc., have been imple-

mented successfully.14,18–24 In addition, the advantage of

fs-laser microprocessing of 2D materials enables cost-

effective fabrication of micro- or nano-structures towards

various devices.20,25,26

Nevertheless, the details of localized modification due to

the fs laser irradiation on graphene require further investigation

in order to obtain a better understanding of the laser-induced

effect, which is helpful to realize more precise engineering of

the micro- or nanoscale patterns in single-layer materials. In

this work, we employ fs-laser irradiated graphene on an insula-

tor system and study the spontaneous micro-modification of a

single-layer graphene (SLG) irradiated by fs laser pulses. The

surface morphology and the Raman spectroscopy have been

investigated in order to characterize the fs-laser induced effect

on graphene.

Experimentally, in this work, the fs laser beam was

focused at the graphene, inducing the ablation at the center

and the formation of a series of radial ring structures from

the ablated region center. Single-layer graphene was a cus-

tomized product coated on a 10� 10 mm2 surface of an opti-

cally polished sapphire wafer, which was produced to be a

continuous membrane by chemical vapor deposition (CVD).

Graphene was irradiated with a fs pulse laser (amplified

Ti:Sapphire laser, 795-nm center wavelength), with a pulse

width of 100 fs, a repetition rate of 1 kHz, and a nearly

Gaussian profile (M2 at the laser output was<1.4 in both

axes). The laser beam was focused via a 10� objective lens

(N.A.¼ 0.3) with a 20 mm-focal-length on the surface of the

graphene sample. The irradiation fluence was controlled by

using a set of neutral filters and a laser attenuator (consisting

of a half wave plate and a linear polarizer) positioned just

before the microscope objective. The calculated spot radius

was �2.0 lm (assuming a perfect Gaussian beam profile).

The graphene sample was mounted on a XYZ motor-driven

positioning stage in order to produce a micrometric transla-

tion on the three axes. The processing was performed in air

at room temperature. The number of pulses incident on each

spot was fixed to 1000, which was controlled with a mechan-

ical shutter. To generate a clear structural boundary, we

chose a corresponding peak fluence of �1 J/cm2, which was

slightly above the multipulse fs ablation thresholds of SLG

(0.15 J/cm2 with 50-fs-duration) and substrate sapphire

(0.89 J/cm2 with 150-fs-duration).21,27 In this case, the inten-

sity at the central part of the spot was large enough to pro-

duce a plasma density exceeding the critical value, leadinga)drfchen@sdu.edu.cn
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to laser ablation by the well-known Coulomb explosion,

which results in a shallow crater in the focal spot center,

with the minimal thermal effect to the surrounding mem-

brane.17 Via this mechanism, the area of the ablated material

can be controlled, and an obvious edge between ablation and

surrounding regions can be detected.

The calculated beam fluence at focus is demonstrated in

Fig. 1(a). Figure 1(b) shows the surface topography of the

crater and the surrounding area observed using an atomic

force microscope (AFM). The undulations have a larger

extension than the focal spot and present a spatial periodicity

along the radial direction from the ablation crater. A scan-

ning electronic microscopy (SEM) image was depicted to

show the details [Fig. 1(c)]. Obviously, the fs multi-pulses

impacted the sapphire substrate and made a deep pit with a

1.3-lm-diameter crater, which was identical to the substrate

ablating threshold. A ring area, with a diameter of �3 lm,

was covered with massive fragments, which was correspond-

ing to the graphene ablating threshold of 0.2 J/cm2. At this

point, it is important to point out that the sample height

variations cannot be easily observed using an optical micro-

scope [see Fig. 1(d)]. In contrast, a slightly “polished” area

can be found around the irradiated spot, which is marked by

a dashed circle in Fig. 1(c). Such a phenomenon, the creation

of spontaneous periodic surface structures during laser irradi-

ation, has already been observed in several transparent bulk

materials.12,28,29 We consider that a mass of graphene frag-

ments induced by the Coulomb explosion was transferred to

other regions by the shock-wave after the explosion.13

We employed an optical microscope (Olympus BX43)

with integration of a micro-Raman spectrometer to further

investigate these spatial periodic modifications. Raman spec-

troscopy has become a powerful technique to study the

microstructure of 2D material research.30 It is particularly

successful for graphene due to its non-bandgap, which makes

incident radiation resonant at all wavelengths, and therefore,

the Raman spectrum contains information about both atomic

structures and electronic properties.31,32 The SLG sample

was placed on a 3-axis motorized stage (0.1-lm-resolution)

of the microscope system. A 532 nm-laser-beam was focused

on the sample by a microscope objective (100�, 0.8 NA),

which was used to collect scattered light. After the objective,

a long-pass filter (cut-off at 186 cm�1, OD> 6 @ 532 nm)

was used to block the excitation light signal and to distin-

guish the scattered Raman signal. The signals were coupled

into a fiber with a diameter of 100 lm and analyzed using a

high-resolution (<8 cm�1) spectrometer. To probe the

Raman scattering of micro-modification, we measured the

spectra along a 28-lm-line, which passed though the center

of the ablation crater, covering all the modified area, with a

spatial interval of 1 lm controlled by the motorized stage.

First, we have inspected the areas around the ablated crater

via Raman scattering spectra and confirmed the absence of

possible impurities induced by fs laser pulses (see supple-

mentary material). Typical Raman spectra of graphene in the

spectral range of 1200 cm�1 to 2900 cm�1 consist of D, G, and

2D bands, whose peaks usually are located at �1350 cm�1 (D

band), �1580 cm�1 (G band), and �2680 cm�1 (2D band),

respectively. Figure 2(a) shows a Raman spectrum of the CVD

pristine SLG sample, in which the D, G, and 2D bands are

marked. From the spatially resolved Raman measurements, a

part of the spectra, corresponding to the whole G band from

1500 cm�1 to 1650 cm�1, were extracted and re-plotted as a

contour map [Fig. 2(b)] according to their spatial positions.

Figure 2(c) shows an enlarged view of the region marked by

the dashed line in Fig. 2(b). In this figure, several areas with

different spectral signatures (peak centers and widths) can be

distinguished at different spatial positions. These regions are

labeled regions I to IV and marked in Fig. 2(c) from the abla-

tion crater to the outside. Figure 2(d) shows a sketch map of

I–IV regions, which correspond to different spatial modifica-

tion areas. The same spectral treatment was applied to the D

band (1250 cm�1 to 1450 cm�1) and the 2D band (from

2550 cm�1 to 2800 cm�1), and the contour maps are shown in

Figs. 3(a) and 3(b), respectively. Again, spectral changes can

be observed in 2D and D bands for different spatial positions,

including the peak height and width and spectral red- or blue-

shifting.

To further reveal the effect of the micro-modification,

nonlinear curve fittings based on the Lorentz-peak function

were utilized to obtain heights, widths, and center positions

FIG. 1. (a) The calculated fluence at focus. (b) and (c) The AFM image and

SEM image of the irradiated region of graphene. (d) The optical microscopy

image of the irradiated region.

FIG. 2. A typical SLG Raman spectrum (a) without fs irradiation; a contour

map cut from the G band spectrum (b) and its magnified area (c) at the fs

irradiated spot; a schematic diagram (d) for regions I to IV.
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of the peaks of G, 2D, and D bands, respectively. Figures

3(a) and 3(b) show contour maps of 2D and D bands, respec-

tively. The fitted center positions and full width at half maxi-

mum (FWHM) of G and 2D peaks at different positions are

shown in Figs. 3(c) and 3(d), respectively. The segmented

regions were labeled by block symbols, which were consis-

tent with regions of Fig. 2(c). The ratios of fitted 2D (D) and

G peak intensities [abbreviated as I2D/IG (ID/IG)] were calcu-

lated and are shown in Fig. 4(a).

Based on the obtained spectra, the locations of regions I to

IV were defined from the ablation crater to 0–�3 lm (I),

�3 lm to 6.5 lm (II),�6.5 lm to 10.5 lm (III), and �10.5 lm

to 13.5 lm (IV) along the radial direction. Compared to the

pristine SLG sample, a series of spectral changes have been

induced in region II, including FWHM of G peak [FWHM(G)]

broadening, the blue-shifting center position of G peaks

[Pos(G)], the red-shifting center position of the 2D peak

[Pos(2D)], decreased I2D/IG, and increased ID/IG. First, it was

illustrated that the number of layers in region II may increase

according to the Pos(2D) red-shifting [Fig. 3(c)] and the ratio

of I2D/IG decreases rapidly [Fig. 4(a)].33 Combined with the

AFM image (an obvious bulge appears on the location of

region II), it can be observed that the laser irradiation induced

a folded graphene structure and a mass of defects. In this

region, a 3-lm-width ring area was covered by folded gra-

phene, where the maximum ratio of I2D/IG is �1:1, which

was close to the value of CVD bi-layer graphene (BLG).34

On the other hand, the ratios of ID/IG varied inversely with

the crystal size, which means that defects were induced.

Thus, an average inter-defect distance LD and a defect density

n2
D demonstrate the level of defects and disorder of graphene,

which is expressed as32,35

L2
D ¼

4:3� 103

E4
L

IðDÞ
IðGÞ

� ��1

; (1)

where EL is the excitation energy. In terms of defect density

n2
D ¼ 1=ðpL2

DÞ,

n2
D ¼ 7:3� 10�9E4

L

IðDÞ
IðGÞ : (2)

In region II, the values of LD and n2
D were calculated to

be from 12.5 to 24.2 nm and from 53.8 to 199.5 [all the val-

ues are shown in Fig. 4(b)]. The defect distance was as short

as 12.5 nm at the position close to the crater, therewith

increasing rapidly with the position along the radial direction

FIG. 3. Contour maps of 2D band (a)

and D band (b) spectra; center posi-

tions (c) and full width at half maxi-

mum (FWHM) (d) of both bands.

FIG. 4. Ratios of ID/IG and I2D/IG (a)

and calculated LD and n2
D(b) at differ-

ent spatial positions.
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and decreasing gradually at the end of this region. The mini-

mum defect distance has revealed that the SLG sample has

turned to nano-crystalline graphene and still maintained the

graphene lattice, which was larger than 3 nm.36 Based on this

effect, we can speculate that the folded graphene fragments

have been gathered near the center and re-deposited to form

a BLG. A mass of defects and disorders has been produced

by this process, which also induced nano-crystallization in

graphene.

For regions III and IV, we implemented the same analy-

sis as for region II. In regions III and IV, instead of the fold-

ing effect found in region II, it has been observed that a large

amount of debris has appeared on the surface, produced by

the Coulomb explosion during the fs-laser ablation and

maybe transported by the shock-wave. From the obtained

spectra, it was reasonable to conclude that the re-deposition

of graphene was negligible. According to undulation of the

curve in Fig. 4(b), the fragmentations and defects have still

been produced by such an adhesion process. The values of

the defect distance and density have been calculated to be

23.5 to 29.6 nm and 35.8 to 56.6 (23.9 to 29.7 nm and 35.5 to

54.9) in region III (IV), respectively.

A homemade reflective micro-spectrometer was built

with an optical microscope illuminated with a halogen lamp,

and a spectrometer was placed at the conjugate plane of the

sample. The incident light was projected on the sample sur-

face, and the reflected light from the sample surface was

collected into the spectrometer (measured range of 300 to

1100 nm). Other experimental arrangements were the same

as the micro-Raman setup except that the long-pass filter

was removed. The collected spectral data were normalized

considering the reflectivity of sapphire substrate as 100%.

Therefore, we obtained the reflective ratios of graphene and

the sapphire substrate as a spectrum at the effective wave-

length from �500 to 1050 nm. Figure 5(a) shows such spec-

tra for the positions X¼ 3, 7, 9, and 11 lm and the pristine

sample, with the inset showing the magnified segment from

500 to 600 nm. Figure 5(b) presents a contour map with the

reflective spectra arranged at different positions X from �12

to 12 lm (zero-position corresponding to the center of the

ablation crater). A series of contour line changes have been

observed in the map, which reveals that the relative reflec-

tance of micro-modifications corresponding to the sapphire

substrate was varying, indicating intrinsic correlation with

the obtained micro-Raman spectra. In addition, the results

also suggest that the refractive indices, which were relative

to the substrate, have been modified in the investigated

areas.

In summary, we have studied the optical effects of

fs-laser irradiated graphene at the micrometric scale by

micro-Raman spectroscopy. Permanent micro-modifications

caused by fs pulses provided a measurable optical signature

in the Raman spectrum of graphene. The presence of periodic

structural modifications has been detected in surroundings

of the ablation crater induced by fs pulses at the SLG. The

induced structures consisted of four regions that were corre-

lated with different mechanisms. These four regions have

been characterized by micro-Raman scattering, which were

coincident with data from the AFM, SEM, and Micro-

reflectance investigations. This work may be helpful for the

development of graphene-based microstructures or devices

by fs laser pulses.

See supplementary material for the Raman scattering

contour maps of the graphene on the sapphire sample after

the fs-laser irradiation.
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