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The effect of line-by-line laser scanning on the properties

of laser-induced graphene
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Technology of polyimide (PI) film carbonization by direct laser treatment attracts much attention due to the

versatility and ease of obtaining the carbon material, laser-induced graphene (LIG), used in the creation of various

sensors and functional devices. In this work LIG film structures are obtained by line-by-line scanning of a cw

CO2 laser beam over the surface of the PI film. The synthesized carbon film material is studied by optical and

scanning electron microscopy, X-ray photoelectron spectroscopy and Raman spectroscopy. It is shown that the

Raman spectra of a single LIG line and a set of overlapping LIG lines significantly differ from each other. It is

found that multiple laser scanning of the PI film leads to a marked decrease in the number of defects in the LIG

structure as well as to a significant decrease in the specific surface resistance of the synthesized film material. The

results obtained can be used in the synthesis of LIG film structures with improved characteristics.
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1. Introduction

In recent years, new wearable and wireless technologies

are rapidly developed and influence both the nanosystem

industry and daily life. In order to increase performance

and comfort, flexible materials and various microdevices are

more widely used in these areas [1–4]. Carbon materials

such as graphene, graphene oxide and carbon nanotubes

are widely utilized in their manufacture [5–8]. One of

the most efficient carbon material production methods is

carbonization of various precursors due its convenience

and cost-effectiveness. Carbonization may be carried out

by means of chemical, thermal and laser exposure [9–11].
among these methods, direct laser exposure has such

benefits as cost-effectiveness, achievement of any desired

geometrical shape of the target material and no need for

special media [12,13].
Synthetic and natural polymers may be used as precursors

for laser pyrolysis [7,11,14,15]. Various devices have been

developed by means of laser processing of these materials.

However, for mass production of microdevices, stable com-

mercial carbon materials are required. From this perspec-

tive, polyimide (PI) is an ideal precursor for laser pyrolysis

and simultaneously serves as a substrate material. PI is an

easily available material that is characterized by flexibility,

resistance to most of solvents and is often used for electrical

and heat insulation [16]. It was a PI-film that was first

used in 2014 [17] to produce a graphene film structure by

line-by-line scanning with focused pulse-periodic CO2-laser

radiation that was named
”
laser-induced graphene“ (LIG).

From that time, a lot of research publications regarding this

material have been published due to its advantages for the

production of microsupercapacitors, filters, membranes, gas

sensors, etc. [18–24]. In the great majority of publications,

LIG was synthesized using pulse-periodic lasers that operate

in various spectral bandwidths [25–27]. Pulse-periodic

laser exposure of PI-film at moderately high frequencies

(e.g. for CO2-lasers about 6 kHz [28]) cannot ensure

homogeneity of the synthesized LIG film structure on the

film surface. Therefore, the use of cw CO2-laser radiation

for achievement of a more homogeneous LIG film structure

is of interest. In our recent papers, we have shown that LIG

may be synthesized on PI-film surface using cw CO2-laser

radiation [29,30]. In particular, it has been demonstrated

that the LIG film structure produced using this method has

a drag-effect photocurrent generation capability [31–33] in a

wide spectral range from 266 nm to 1064 nm. The purpose

of the research is to investigate in more detail the influence

of LIG on PI-film synthesis using line-by-line scanning with

cw CO2-laser on LIG structure in order to achieve LIG with

improved properties for the manufacture of, for example,

microsupercapacitors.

2. Research targets and methods

To form LIG samples on the 100µm-thick- PI-film

surface a laser machine generating cw radiation up to 40W

at 10.6µm. A laser beam was focused to the PI-film

surface by a 51mm lens. The focusing lens was located

inside a V-shaped nozzle and blown with air flowing from

the lens to the focused beam waist. This ensured the

lens surface protection against contamination with PI-film

laser processing products. The focused laser spot diameter
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Figure 1. a — scheme of LIG production on a PI-film using line-by-line scanning with focused cw CO2-laser radiation, b — photo of

LIG on PI-film in a form of a logotype, c — typical SEM images of a LIG surface synthesized using a cw CO2 laser. d — SEM image

of a LIG surface synthesized using a pulse-periodic CO2-laser (Reprinted from [28] with permission from Elsevier). cw CO2 laser beam

scanning was performed in plane XY with the beam moved parallel to axis Y from left to right, then the beam was shifted with a 25 µm

increment along axis +X , then the laser beam was moved in the opposite direction to axis Y (i.e. from right to left) etc.

measured by 1/e2 intensity level on the PI-film was equal

to 190µm. The power of the incident radiation on the

PI-film surface was varied by the laser machine power

supply unit. The optimum scanning rate found during

the preliminary investigations remained unchanged and was

equal to 220mm/s. For the schematic image of the laser

pyrolysis process, see Fig. 1, a. The laser nozzle scanned,

i.e. line by line went over the PI surface attached to a glass

substrate, along axis Y and shifted after each line at 25µm

along axis X . The automated laser control system allowed

one to achieve the LIG of free-shape. As an example,

Fig. 1, b shows a photo of a logo of the Udmurt Federal

Research Center, Urals Branch of the Russian Academy

of Sciences (the organization to which the authors of this

publication are affiliated), produced by LIG formation on a

PI-film surface.

The sample surface morphology was characterized using

Neophot 32 optical microscope coupled with ToupCam

U3ISPM18000KPA (USB3.0) digital photo camera [34],
and a scanning election microscope (SEM) (Thermo Fisher

Scientific Quattro S). The structure of PI-film and carbon

films produced by laser exposure was analyzed using a

Raman spectrometer (HORIBA HR800, excitation wave-

length 632.8 nm) with laser power density of 14 kW/cm2.

All Raman spectra of LIG samples shown herein are given

after substraction of the luminescence background. In addi-

tion, Raman spectra of the synthesized LIG film structures

with different number of lines and scanning iterations are

normalized by the D band intensity. Atomic composition

and chemical bonds of films were studied using an X-ray

photoelectron spectrometer (SPECS, MgKα excitation at a

constant energy analyzer transmission energy of 15 eV).
Sample resistance was measured by DC measurement

method at room temperature.

3. Results and discussion

Fig. 1, c shows the images of a LIG film surface

synthesized by means of 6.2W laser radiation using a

scanning electron microscope. Fig. 1, c shows the lines that

resemble ploughed field furrows and the inset in Fig. 1, c

clearly shows a porous structure, with pore size up to 1µm.

It should be noted that the LIG LIG surface structure

obtained using a cw CO2-laser significantly differs from

the LIG surface structure obtained in [28] by means of

a pulse-periodic CO2-laser (see Fig. 1, d). Comparison of

photographs in Fig. 1, c, d shows that LIG pulse-periodic

cw laser radiation provides more homogeneous structure

along the laser beam scanning line as compared with LIG

synthesis using pulse-periodic laser radiation. According

to the X-ray photoelectron spectroscopy data (XPS) (see
Fig. 2), carbon (90.8 at.%), oxygen (7.5 at.%) and nitrogen

(1.7 at.%) are present in the surface layer of the typical

LIG film. The main peak in C1s spectrum is associated
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Figure 2. C1s-, O1s- and N1s-spectra of laser-induced graphene

with indication of most probable spectral components obtained us-

ing an X-ray photoelectron spectrometer. An oxide-free sp2-carbon

(with bond energy 284.4 eV) content is 68.5%.

with unfunctionalized graphene carbon with a bond energy

of 284.4 eV. The high-energy portion of the spectrum is

associated with the presence of various oxygen-containing

groups, including ether, phenol, carbonyl, carboxyl and

carbonate groups, and of C-N bonds. In O1s spectrum,

components from groups with double and single bonds

between carbon and oxygen atoms and a small component

at 535.0 eV that may be attributed to the surface adsorbed

oxygen are observed. In N1s-spectrum, components from

pyridine, pyrrole and substituting (graphite-like) type nitro-

gen atoms, which appeared as a result of nitrogen-containing

PI pyrolysis, are observed. Graphene containing such

nitrogen components, is known to have a higher potential

for creation of microsupercapacitors due to higher electron

mobility as compared with nitrogen-free graphene [35].
XPS spectra of synthesized LIG film structures closely

match the LIG research findings obtained in other papers,

for example, in [36,37].

Fig. 3 shows Raman spectra of PI-film surface depending

on the power of cw CO2-laser. The Raman spectrum

of a PI-film not exposed to laser radiation shows lines

that according to [38–41] may be attributed to a breathing

mode of the aromatic ring (1122 cm−1), C-N stretching

vibrations (1390 cm−1), C=C (∼ 1600 cm−1), and C=O

(1789 cm−1). It is known that when a PI film is

heated up to 550◦C, oxygen and nitrogen are released,

when it is heated up to 700◦C, carbonization takes place,

and when it is heated up to 3000◦C, graphenization

occurs [28,42,43]. During exposure to 2W laser radia-

tion (Fig. 3, curve 2), PI-specific bands disappear and

D (1350 cm−1) and G (1590 cm−1) bands appear which

is indicative of the beginning of carbonization. Raman band

D is caused by the defects in the hexagonal structure of

sp2-atoms and it is absent in Raman spectra of defect-free

graphite and graphene [44]. G-band is associated with the

longitudinal mode of carbon atoms.

Fig. 3, curve 3 shows the Raman spectrum of a LIG

obtained at 6.2W taken at an random point on the

sample surface. Increased laser exposure power obviously

increases the local temperature in the area of laser radiation

interaction with the PI-film and as a result 2D-band

(∼ 2660 cm−1) appears. This band is attributed to the loss

of energy of a quantum of exciting radiation on excitation

of excitation transverse optical vibrations of carbon atoms in

graphene [45]. Narrowing of D- and G-bands and reduction

of D- and G-band intensity ratio ID/G are also observed.

Such changes in the spectrum show that graphene layers

are being formed [28].
A single-layer graphene Raman spectrum is distinguished

by the intense 2D-band which is fitted with one Lorentz

curve with a half-width of 25 cm−1, with I2D/IG > 1, where

I2D and IG are 2D and G band intensities, respectively [44].
When the number of layers is increased, 2D-band trans-

forms and represents itself a sum of several peaks shifted

relative each other on a frequency scale. As a result, the

cumulative 2D-bands width is increased and its Raman shift

is increased. At the same time, its intensity as compared

with G band is reduced significantly [46]. Fig. 3, curve 3

shows that 2D-band has a half-width of ∼ 45 cm−1 with

I2D/IG ≈ 0.5. It may be also noted that the Raman shift

of 2D-band in the recorded Raman spectrum coincides

with the that of graphene measured in [44] at 633 nm

laser excitation. Thus, I2D/IG, 2D-band Raman shift and

half-width show that the synthesized carbon material is

composed of numerous graphene layers located in random

positions with respect to each other [45,46]. Fig. 3, curve 3

show thats ID/IG is equal to 0.5. This is indicative of the

presence of defects in graphene layers [45].
It should be noted that the averaged spectrum of LIG

synthesized at 6.2W (Fig. 3, curve 4) differs from the

single spectrum shown in Fig. 3, curve 3. In the averaged

spectrum, ID/IG ≈ 1, and the observed 2D-band is identical

to 2D-band in Fig. 3, curve 3 in terms of position, intensity

and width. Thus, the main difference of these spectra is in

the relationship of D- and G-bands which can be explained

by the structural heterogeneity of LIG. With further increase

in the laser power up to 15W, D, G and 2D band widths are

also increased which is indicative of the growing number of

defects in the LIG structure (see Fig. 3, curve 5). It should
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Figure 3. Raman spectra (1) in a given point of PI-film and
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laser radiation exposure, and of carbon structure, averaged by

10 points, obtained on PI-film after (4) 6.2W and (5) 15W laser

radiation exposure.

be noted that at this power, exfoliation of a LIG layer from

the PI-substrate is observed and achievement of a stable film

becomes difficult.

In all LIG spectra, D′-band (∼ 1615 cm−1) is present that
is attributed to the double resonance scattering process [45].
This band may be indicative of the defects in graphene

layers due to the presence of nitrogen demonstrated by

the XPS data (see Fig. 2) [47]. The D and D′ intensity

ratio indicating the type of defects is ∼ 3.5 which means

that the defects prevail on the graphene layer edges [48].
Spectra shown in Fig. 3, (curves 2, 3 and 4) are typical of

LIG [14,15,17,49,50].

Scanning with 190µm laser beam with 25µm increments

means that the laser beam repeatedly passes the same film

segment which shall obviously influence the morphology

and structure of the target material. In order to investigate

this, LIG samples were synthesized on the PI surface with

the number of lines produced as a result of laser scanning

at 6.2W varying from one to five.

Fig. 4 shows the surface images of these samples obtained

using an optical microscope and SEM cross-sectional images

of the same samples. It can be seen that the LIG stripe

width increases with the increase in the number of lines

(it is ∼ 200µm for single line and ∼ 300µm for five

lines). However, single line is characterized by formation

of flake-like structures (see Fig. 4, a). Such flakes are

clearly seen on a cross-section in Fig. 4, f. After formation

of the second line, the amount of flakes is significantly

reduced which is clearly seen in Fig. 4, b, g. Since each

next line goes through the previous line with its larger

area, this, most likely, can be single explained by the

fact that these flakes are removed by the air flow (from
the laser nozzle) that protects the focusing lens against

contamination. In order investigate structural differences

in LIG stripes with different number of lines, their Raman

spectra were measured. The measurements were carried

out across the stripe with an increment of 10µm beginning

from the edge and ending at 200µm (the stripe width with

one line) from the starting point. Such distance was chosen

in order to consider the same number of points for each

stripe during averaging.

Fig. 5, a shows Raman spectra (averaged by 20 measured

spectra) of LIG stripes formed by line-by-line laser scanning

with different number of lines. Fig. 5, a shows that a reduced

number of defects in the LIG structure is observed with

the increase in the number of lines. This is demonstrated

by the reduction of intensity ratio of D- and G-bands (see
Fig. 5, b). Thus, for the sample with single line — ID/IG
is 2.39, while for the sample with five lines — this parameter

is equal to 1.35. On the contrary, the intensity ratio of

2D-band and G-band I2D/IG grows from 0.35 to 0.42 for

one and five lines, respectively. Simultaneously, D-, G-, and

2D-band half-widths are reduced (Fig. 5, c), and 2D-band

Raman shift is increased with the increase in the number

of lines (Fig. 5, d). All this indicates that the number of

defects in graphene layers is reduced and the degree of

graphenization is growing.

Such influence of the number of lines on the LIG

structure can be explained as follows. During laser

processing of one line on PI-film along axis Y (see Fig. 1, a),
partial graphenization of the surface takes place and a

stripe with a width about 200µm (see Fig. 4, a) is formed.

Then laser is shifted along axis X by 25µm and moves

along axis Y in the opposite direction. A large portion

of the beam area passes over the partially graphenized

layer again, thus, increasing the degree of graphenization.

The next line again passes over the two previous lines

with its larger area and further increases the degree of

graphenization. Thus, the laser moves about 8 times over

the first line area with the lowest number of intersections

on the band edges. For this reason and due to the fact that

the laser beam intensity is minimized on its edges, on the

perimeter of an individual line we observed spectra where

2D-band is absent and wide D- and G-bands are present, i.e.

amorphous carbon spectra similar to the spectrum in Fig. 3,

curve 2.

Taking into account the knowledge that the repeated laser

pass over the already made LIG line increases the degree

of graphenization, it can be expected that the repeated

laser scanning of the whole LIG sample will produce LIG

with improved properties. For this, five LIG samples with

different number of scanning iterations were prepared. At

the first stage, all samples were scanned line by line in

normal conditions, and as a result a LIG layer was formed

on each sample. At the second stage, one more line-by-line

laser scanning was carried out on the already made LIG

layer on the four remaining samples. At the third stage,

three of the previous four samples were scanned, at the
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(b) Intensity ratios of D- and G-bands (circles), 2D- and G-bands (squares), (c) half-widths (FWHM) of D-, G-, 2D-bands and (d)
positions of G- (circles) and 2D-bands (squares) vs. the number of lines per LIG stripe.

fourth stage — two samples were scanned, and at the fifth

stage — one sample was scanned. Thus, five LIG samples

with different number of scanning iterations were formed:

from one to five.

Fig. 6, a shows Raman spectra of LIG samples formed

by line-by-line laser scanning with different number of laser

scanning iterations averaged by 20 spectra.

It can be seen that with the increase in the number of

iterations, ID/IG and I2D/IG are reduced (see Fig. 6, b).
Thus, for the LIG sample produced by single scanning,

ID/IG = 1.06 and I2D/IG = 0.48, while for the LIG sample

produced by five scanning iterations, ID/IG = 0.78 and

I2D/IG = 0.34. D-, G- and 2D-band half-widths remain

approximately at the same level (see Fig. 6, c) and Raman

shifts of G- and 2D-bands are slightly increased (see
Fig. 6, d).
It is interesting to note that in additional experiments,

when the distance between the lines was increased, the

degree of surface graphenization of PI-film was decreased

which is demonstrated by the increase in ID/IG and

decrease in I2D/IG. Moreover, whatever the distance

between the lines, the degree of graphenization consistently

grows during the repeated laser scanning.

One of the key parameters of the LIG film structures

(in terms of the development and manufacturing of electrical

devices and sensors on their basis) is resistivity per

square (hereinafter referred to as
”
sheet resistance“ RS).

Therefore, the influence of multiple laser scanning on RS

was investigated. For this, 25 samples with LIG film

structure were synthesized in a form of a 0.5× 3.0 cm

square. The first five LIG samples were obtained by single

scanning, the next group of 5 samples was obtained by

double scanning, the third group of 5 samples was obtained

by triple scanning, etc.

Fig. 7 shows RS vs. the number of scanning iterations

where each point was obtained after averaging of the

measured sheet resistance of five samples synthesized in

the same conditions. It can be seen that RS of the LIG

film structure synthesized by single laser scanning over

the PI surface is equal to 29.0�/�. With the next

scanning iterations, RS is steadily decreased. After quintuple

scanning, RS is reduced to 21.3�/�, i.e. by more than 25%

as compared with the value achieved by single scanning.

The dependence of the LIG sheet resistance on the number

of scanning iterations overall correlates with the respective

ID/IG shown in Fig. 6, a, i.e. the LIG sheet resistance
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drops with the number of defects in the LIG structure.

Investigations using the optical microscope and SEM show

that the LIG layer thickness is increased (up to 40%) with

the increase in the number of scanning iterations, which is

one of the reasons of synchronous reduction of RS. This

shall obviously influence the electrochemical properties of

the synthesized LIG film structures. Investigation of such

structures is of apparent interest, but is not covered herein.

4. Conclusion

The performed investigations show that PI-film pyrolysis

by line-by-line scanning with 2W focused cw CO2-laser

beam (waist diameter 190 µm) results in transformation

of the PI-film into an amorphous carbon structure. When

the power is increased up to 6.2W, surface graphenization

begins, i.e. LIG formation begins. At a higher power

(> 6.2W), LIG is also formed, however, the risk of LIG ex-

foliation from the PI-film is increased. Raman spectroscopy

shows that the number of defects in a single LIG line is

significantly greater than in the LIG stripe containing a

superposition of LIG lines partially superimposing on one

another (ID/IG is reduced from 2.39 to 1.35). Multiple

laser scanning in the same segment on the PI-film surface

with a specified area also reduces the number of defects in
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the LIG layer (ID/IG is reduced from 1.06 for the LIG

layer produced by single scanning to 0.78 for the LIG

layer produced by quintuple scanning). It is shown that

the increase in the number of laser processing iterations up

to five is followed by the reduction of the sheet resistance

of the synthesized LIG film structure by more than 25%.

The findings may be used for further improvement of

the conductive carbon structure synthesis technology for

manufacture of various sensors and electronic devices.
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