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The graphitic carbon has been widely investigated due to excellent optical and electrical performance.
The graphitic carbon structure is prepared by a laser-induced technology. The microscopic morphology
of the porous structures is analyzed through optical microscopy and scanning electron microscopy. It is
confirmed that graphitic carbon is formed on the basis of the Raman spectrum analysis. The effect
of the laser power and scanning rate on the photothermal conversion and electrical characteristics of
the graphitic carbon film are investigated in detail. The electrical conductivity increases with the grow-
ing laser power and action time. The ability of photothermal conversion increases with the growing
scanning rates, and reaches the highest temperature under the laser scanning rate of 5 cm/s at the fixed
laser power of 4.5 W. Finally, the physics mechanism is discussed in depth
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1. Introduction

The two-dimensional material graphene has
widely been investigated in supercapacitors [1], bio-
therapy [2], and sensors [3] due to its unique opti-
cal and electrical properties. A variety of physical
and chemical methods have been used to prepare
graphene, such as mechanical exfoliation [4], chem-
ical vapor deposition [5], and Hummers method [6].
Despite tremendous advances in the preparation
of graphene, a simple and low-cost method is
still desired for its commercialization to substitute
the complicated synthetic route in practical applica-
tion. Graphene or graphitic carbon can be rapidly
prepared by a laser direct writing (LDW) technol-
ogy based on the photothermal or photochemical re-
duction principle [7]. As for wearable electronics [8]
and flexible energy storage devices [1, 9], the pat-
terning [9, 10] and in-situ fabricating graphene [11]
nanomaterials are further desired for future com-
mercial applications.

LDW can generate micro/nano-structures and
prepare nanomaterials via a high temperature abla-
tive and/or photochemical process [12, 13]. Laser-
induced graphene is a multi-process synergistic re-
action to prepare nanomaterials by destroying and
recombining a chemical bond under the influence of
high photon energy [11, 14, 15]. The parameters of
a laser, such as the laser power and scanning rate,
have a very important effect on the electrical per-
formance of materials. In addition, it is essential
to study the photothermal conversion of the LDW
microstructure for the potential photo-to-heat and
thermoelectricity application [16, 17].

Here, we use laser-induced technology to pre-
pare porous graphitic carbon and further study
its photothermal conversion ability and electronic
characteristics. The laser-induced graphitic carbon
has an excellent photothermal conversion capabil-
ity when it is irradiated by using a 808 nm laser
with a power 0.6 W, and its line resistance can
reach about 30 ohms/cm. The physics mechanism
is further discussed in detail.

2. Experiments

In this experiment, the commercial polyimide
(PI) film with the thickness of 0.08 mm is ob-
tained from Tianjin Jiayin. The PI film is cut
into a square having a surface of 5× 5 cm2, and
is carefully treated in alcohol solution. The PI
film is then pasted onto a glossy photo paper and
the bubbles are removed to ensure the surface flat-
ness. The designed graphics can be formed by
the acting PI film under ambient conditions through
a 450 nm wavelength laser direct writing system
(Tianjin Jiayin). The maximum power of the laser
device is 5.5 W and the diameter of the focused laser
spot is about 100 µm. In this system, the laser spot
is precisely adjusted in the x and y directions by
a scanning system (the working area is 20× 20 cm2).
The laser radiates directly on the PI film, accord-
ing to the predefined patterns and parameters, as
shown in Fig. 1a. All of the laser experiments are
performed under ambient conditions.

The surface morphology of laser-induced
graphitic carbon is analyzed by optical microscopy
(DMM-330C, Gold phase optical microscope,
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Fig. 1. (a) Laser-induced graphitic carbon pro-
cess schematic. (b) The square matrix sample of
graphitic carbon. (c) Raman spectra of the car-
bonized area (sample: laser power: 140 mW, scan-
ning speed: 1 mm/s). (d) Expansion figure of the
2D peak from (c).

Shanghai) and scanning electron microscopy (SEM
Hitachi SU-8020, Hitachi Company, Tokyo, Japan).
Raman spectra are collected via Micro Raman
spectroscopy system (Renishaw) equipped with
a laser power of 5 mW at a 514 nm laser excitation.
For measuring the photothermal conversion per-
formance of graphitic carbon, a 808 nm NIR laser
beam is used. The resistance is measured using
a standard multimeter (UNI-T UT58B).

3. Results and discussion

Raman spectroscopy is used to distinguish chem-
ical compounds and molecular structures of the PI
material after laser treatment. As shown in Fig. 1c,
the Raman peaks of D, G, and 2D emerging at
1325 cm−1, 1597 cm−1 and 2639 cm−1 are detected
under excitation of laser energy, respectively. The D
peak is induced by defects or bent sp2-carbon
bonds in the graphitic lattice, the G and 2D
peaks originate from a second-order zone-boundary
phonon [18, 19]. The defects can be quanti-
fied by analyzing the ratio of the peak intensity
ID/IG [18, 20]. A number of defects can be formed
in the laser-induced graphitic carbon on polyimide
materials due to breaking the translational sym-
metry which indicates the formation of carbona-
tion and graphitic carbon. It can be concluded
that the semiconductor laser can convert PI into
graphitic carbon or carbon hybridization [11, 12].
The in-plane crystallite sizes of the laser-induced
graphitic carbon can be determined by an empir-
ical expression derived from typical characteristic
peaks of Raman spectra [21, 22]. A relative report
on the grain size of graphitic carbon has been dis-
cussed as [21]:

La = 2× 10−10λ4
(
ID
IG

)−1

,

Fig. 2. The graphitic carbon surface is analyzed
by an optical microscope, PI film is treated by the
laser power of 4.5 W and different laser scan rates:
(a) 15 cm/s, (b) 7.5 cm/s, (c) 5 cm/s, (d) 3.75 cm/s,
(e) 3 cm/s, (f) 2.5 cm/s.

where La represents the size of the grain, λ is
the wavelength of the Raman laser excitation
(514 nm) and the ID/IG denotes the D and G
area integrate peaks ratio from the Raman feature.
The size of the graphitic carbon nanocrystal is cal-
culated as 45.9 nm, according to the formula.

The action time of the laser plays an important
role in the electrical, optical, and thermal character-
istics of the thin film. The surface structure of laser
treatment areas at different laser scanning rates at
the fixed power (4.5 W) is observed using an opti-
cal microscope, as shown in Fig. 2. It can clearly
be seen that the PI surface performs clear patterns
when the laser scanning rates are 7.5 cm/s and
5 cm/s, while the boundary distinction is blurred for
slow scan rates (3.75 cm/s, 3 cm/s and 2.5 cm/s)
and a fast scan rate (15 cm/s). The laser scan-
ning rate determines the laser action time which
directly affects the conversion degree of graphitic
carbon. The slow scanning speed may also lead to
a large thermal expansion, and the overlap observa-
tion between the strips is obvious. The slow scan-
ning speed may also result in discontinuous trans-
formation of graphitic carbon due to the appear-
ance and transformation of some regions. The high
energy density of the laser is an important factor
to ensure that the PI film reaches the conversion
heating temperature. The degree of carbonization
depends on the duration of the laser action and on
the laser power. In addition, the degree and depth
of carbonization will increase with the laser power
growth.

Figure 3a shows the surface morphology char-
acterization of the carbonized PI surface analyzed
by the scanning electron microscopy with the laser
power fixed at 1 W and the scan rate of 0.2 cm/s.
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A foamy-like surface is generated on the PI surface
with the line width of ≈ 100 µm due to a rapid lib-
eration of gaseous products. Figure 3b shows that
carbonized films exhibit a porous network struc-
ture due to a large amount of gas produced during
the process of laser treatment. The pore size distri-
bution range of porous nanostructures is 2 to 10 µm.
It is worth noting that unique porous structures
render a high surface area to enhance their light
absorption performance. The formation of these
honeycomb-like carbonized structures is ascribed to
the synergistic effects of the photo heat and optical
chemistry during the irradiation process of the short
wavelength semiconductor laser [14].

The effect of a scanning rate on photothermal
conversion performance [23] is studied in depth.
The irradiation light source is an 808 nm wave-
length near-infrared laser with the power of 0.6 W.
Figure 4a shows the photothermal conversion per-
formance of the samples on which the laser acted
with the fixed power of 4.5 W, with different scan-
ning rates from 0 to 5 cm/s. The temperature
of carbonized film reaches 114.2 ◦C for the sample
with the 5 cm/s scanning rate at the time below
150 s while a blank test shows that the tempera-
ture change of the PI film is only 20 ◦C in the same
conditions. The excellent photothermal conversion
ability can be ascribed to the porous surface mor-
phology and carbonized characterization. It may be
concluded that the carbonized film can rapidly con-
vert the 808 nm laser energy into heat which can be
attributed to the strong NIR absorption and good
thermal insulation function. Figure 4b shows that
the carbonized PI surface temperature is predomi-
nantly maintained at around 110 ◦C and the open
measuring environment can lead to a small differ-
ence of temperature for the samples with the scan-
ning rate from 3 cm/s to 7.5 cm/s. As for samples
with a laser scanning rate of 2.5 cm/s, the low sat-
uration temperature may result from longer laser
irradiation due to the carbide on the surface of
the sample leaving the PI film. Rapid heating and
high balance temperature will be useful for the fields
that require fast temperature switching and micro
heating device.

As shown in Fig. 4c, temperature variation of
carbonized film increases and then slightly goes
down with the growth of the laser scanning rate
under the 808 nm laser light illumination, which
can be ascribed to two key factors. The amount
of the graphitic carbon production plays an impor-
tant role during the process of photothermal conver-
sion. The amount of the forming graphitic carbon
increases with decreasing of the laser scanning rate.
In addition, a large laser scanning rate can lead
to removing a part of the carbonized film. It is
necessary to point out that a faster heat loss can
slightly influence the temperature variation at open
environment. The heating rate is mainly changed
from 5 ◦C/s to 6 ◦C/s with the laser scanning rate
increasing from 3 cm/s to 15 cm/s. The heat loss

Fig. 3. The surface morphology of the porous
graphitic carbon is characterized by a scanning elec-
tron microscope.

Fig. 4. (a) The photothermal conversion scheme
of graphitic carbon and carbide hybridization film
irradiated by an 808 nm near-infrared laser with
different speed; the laser is turned off after irradi-
ation for 10 min. (b) The saturation temperature
via different laser scanning rates. (c) The speed of
film reaches its maximum temperature via the laser
scanning rate. (d) The heat transfer time constants
are calculated by fitting.

of environmental exchange is larger due to a larger
carbonized pore size when the laser scanning rate
is 2.5 cm/s. The thermal equilibrium time con-
stant for the heat transfer time can be obtained us-
ing temperature versus time data recorded during
the cooling of the solution (Fig. 4d) based on the en-
ergy balance equation [24, 25]. Figure 4d shows
the time constant of the heat transfer time which is
determined as the negative reciprocal slope of ln(θ)
and t with the temperature and time data recorded
during the solution cooling. It can be seen that
the transfer time t of laser-induced graphitic car-
bon is shorter than that of polyimide which may
be due to the fact that the absorption of near-
infrared light by graphitic carbon is higher than
that of polyimide. In addition, the porous graphitic
carbon structure may lead to the multiple diffuse
scattering of light in the graphitic carbon film to
be fully absorbed. It is consistent with the re-
sult in Fig. 4a, further proving that laser-induced
graphitic carbon has more advantages than poly-
imide’s good thermal performance.
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Fig. 5. (a) The variation of resistance with the
laser power increase at the fixed laser scanning
rate. (b) The variation of resistance with a differ-
ent laser scanning rate at the same laser power. (c)
The variation of resistance after treating by oxygen
plasma and ultraviolet light. (d) The laser-induced
graphitic carbon can make the bulb emit light, but
polyimide cannot.

In order to accurately measure the resistance be-
tween two points, an electrical test device is con-
structed to guarantee the same contact force, dis-
tance and other conditions for each measurement.
The laser-induced graphitic carbon has a compact
network of graphitic carbon flakes, thus the mea-
surement direction does not affect the resistance
value (other measurement conditions are the same).
The resistance can only be measured in the di-
rection of the laser movement in the experimen-
tal measurement process. Figure 5a shows that
the resistance value per unit length decreases as
the laser power increases. As the power increases,
the degree of hybridization of graphitic carbon and
carbon increases leading to the line resistance de-
crease. Figure 5b shows that polyimide is irradiated
through changing the scanning rate at the same
laser power (4.5 W). The line resistance of each
sample is measured (measurement distance is 1 cm),
and it is found that the conductivity increased as
the laser scan rate decreased. This can be ascribed
to the yield of graphitic carbon increases as the rate
decreases, which can lead to more electronics trans-
port channels formed [26]. The high laser scan-
ning rate can lead to producing various cracks and
the graphitic carbon falling off from the film due to
laser treatment. Figure 5c shows that the resistance
of the laser-induced graphitic carbon has not obvi-
ously changed after treating by oxygen plasma and
ultraviolet light, indicating that the LIG film ex-
hibits excellent stability. The graphitic carbon film
shows good electronic circuit for the conductivity
application, as shown in Fig. 5d.

The result of the resistance measurement shown
in Fig. 5a–b is the resistance measured by a two-
point method. Relative to the surface resistance,
a four-point method is much better than a two-point

method. Understanding the electrical characteris-
tics of the laser action is partly the focus of this
paper. There are many factors that affect the mea-
surement of resistance by the two-point method,
for example contact resistance. A fixed device is
used to measure the resistance to avoid human influ-
ence as much as possible, which can ensure the dis-
tance between probes and the working pressure of
probes so as to secure the accuracy of measurement.
In addition, the resistance is an anisotropic relative
to the direction of the line. The resistance along
the laser scanning direction is smaller than that per-
pendicular to the laser scanning direction. There
are two main reasons for that. One is that there are
very small intervals perpendicular to the laser scan-
ning direction. These intervals may not be enough
depth-affected by the laser, resulting in greater re-
sistance. The other is that these intervals may only
be burned by the laser and they are not involved in
the process of laser photo reduction.

The mechanism of conversion of polyimide
into graphitic carbon is discussed by consider-
ing the photothermal [26, 27] and photochemi-
cal [28, 29] processes. Firstly, the photothermal ef-
fect may play an important role in the laser-induced
graphitic carbon process. An incandescent state
is presented in the laser-induced graphitic carbon
process which can lead to the temperature of laser
acting on the material reach around 1700 ◦C [11].
The heat causes lattice vibrations [30]and destroys
the C–O, C=O and N–H bonds in the imide ring
(–CO–NH–CO–) [31]. Most of the oxygen and ni-
trogen are removed during the process of the porous
structure forming due to producing gas. In ad-
dition, the photochemical process may be another
key factor because it generally occurs in a shorter
wavelength (450 nm) ultraviolet laser [32, 33].
In the laser-induced graphitic carbon forming pro-
cess, the amount of graphitic carbon can increase
with the increase of the laser power and action
time which can increase the ratio of graphitic car-
bon formed on the surface of the polyimide. Note
that the formation of a graphitic carbon network
leads to a further increase of the conductivity.
As for the photothermal conversion, the pore struc-
ture plays a key role in excellent photo absorb-
tion through the process of many time diffractions.
Therefore, the number, shape and size of the pores
have a great influence on the temperature increase
and heat energy storage.

4. Conclusions

Graphitic carbon can be prepared by a one-step
laser-induced technique. The semiconductor laser
can convert polyimide into graphitic carbon or car-
bon hybridization based on analyzing the Raman
spectrum. It is found that the electrical conductiv-
ity of porous graphitic carbon grows with the laser
power increasing and the scanning rate decreasing,
and the optimized resistance value (30 ohms/cm)
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can be obtained by changing the laser parame-
ters. The highest photothermal conversion tem-
perature of the thin film can reach 114.6 ◦C un-
der the action of the 808 nm laser with the power
of 0.6 W. The test result further shows that the
laser-induced graphitic carbon exhibits an excellent
thermal conversion capability and favorable electri-
cal conductivity for the electrical and photothermal
application.
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