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Abstract: The paper presents the experimental results of nanostructures formation under the influence of femtosecond 
laser radiation on carbon samples at liquid nitrogen temperatures. Two femtosecond laser systems were used to study the 
processes of laser action on highly oriented pyrolytic graphite and glassy carbon samples in liquid nitrogen: titanium-
sapphire laser system with wavelength 800 nm, pulse duration 50 fs, energy 1 mJ, and repetition frequency of 1 kHz; 
ytterbium laser system with wavelength 1030 nm, pulse duration 280 fs, energy 150 µJ, and repetition frequency  
of 10 kHz. Cryostats, including those with the possibility of observing the laser action process, were collected for the 
experiments. As a result of laser action on the surface of the processed carbon samples, sheets of exfoliated graphene of 
various sizes and shapes (sheets, tapes, crumpled graphene), as well as nanostructures in the form of nanopeaks, were 
obtained. The mechanisms of graphene exfoliation under femtosecond laser action in liquid nitrogen, consisting  
in intercalation and further heating of nitrogen molecules in the interplanar space of graphite, were proposed.  
The possibilities of further research and development of technologies for graphene formation using laser radiation are 
presented. 
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Аннотация: Представлены результаты экспериментов по формированию наноструктур при воздействии фемто-
секундного лазерного излучения на углеродные образцы при температурах жидкого азота. Для исследования 
процессов лазерного воздействия на образцы высокоориентированного пиролитического графита и 
стеклоуглерода в жидком азоте использованы две фемтосекундные лазерные системы: титан-сапфировая лазерная 
система с длиной волны 800 нм, длительностью импульсов 50 фс, энергией 1 мДж, частотой повторения 1 кГц; 
иттербиевая лазерная система с длиной волны 1030 нм, длительностью импульсов 280 фс, энергией 150 мкДж, 
частотой повторения 10 кГц. Для проведения экспериментов собраны криостаты, в том числе с возможностью 
наблюдения процесса воздействия. В результате воздействия лазерного излучения на поверхности обработанных 
углеродных образцов получены листы отслоенного графена различных размеров и формы (листы, ленты, 
скомканный графен), а также наноструктуры в виде нанопиков. Предложены механизмы эксфолиации графена 
при фемтосекундном лазерном воздействии в жидком азоте, заключающиеся в интеркалировании и дальнейшем 
нагреве молекул азота в межплоскостное пространство графита. Приведены возможности дальнейшего развития 
исследований и развития технологий формирования графена с помощью лазерного излучения. 
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1. Introduction 
 

At present, one of the promising directions in 
fundamental and applied science is the study of 
surface modification of carbon materials under laser 
radiation. Carbon nanomaterials represent a whole 
class of materials demanded by modern micro- and 
nanoelectronics. Immediately after its discovery and 
presentation to the scientific community, graphene 
attracted wide attention which led to the appearance 
of a large number of works devoted to its properties 
and methods of obtaining. Their results are 
summarized in a number of review works [1–6], on 
the basis of which conclusions about the current state 
of the problem can be drawn. 

Due to its electronic structure and chemical 
composition, graphene is extremely attractive for 
creating new nanomaterials and using it in 
nanoelectronic devices [7–10]. Graphene has a 
number of important chemical and physical 
characteristics, such as strong mechanical strength, 
unusually high electrical and thermal conductivity, 
large specific surface area and capacity (550 F⋅g–1), 
adjustable band gap, manifestation of the quantum 
Hall effect, extremely high charge carrier mobility, 
high elasticity, and good electromechanical 
characteristics [11–13]. Electrons propagate through 
the two-dimensional structure of graphene and have a 
linear relationship between momentum and energy, 
thus behaving like massless Dirac fermions. Hence, it 
follows that graphene contains a two-dimensional 
(2D) gas of charged particles with electronic 
properties described by the Dirac equation, and not 
by the Schrödinger equation for particles with a 
certain effective mass. 

These features make graphene an extremely 
versatile promising carbon material for a variety  
of applications, including high-performance 
nanocomposites, transparent conductive films, 
sensors, nanoelectronic devices, and as promising 
electrode materials for energy storage – 
electrochemical capacitors with high specific power, 
fast charge-discharge and long life cycle [14, 15]. 

Realization of the high potential for the applied 
use of graphene and materials including graphene is 
possible provided that simple and inexpensive 
methods for obtaining this functional material with 
specified characteristics and dimensions are 
developed. One of the key processes of nano- and 
microscale surface treatment of materials is 

femtosecond laser ablation of matter in liquid media. 
Laser treatment due to its simplicity and versatility 
makes it possible to structure the surface of materials 
with low cost, high productivity and repeatability of 
results, as well as the localization of exposure, which 
is a fundamental advantage over other methods of 
material processing [16]. 

Today, there are many methods of liquid-phase 
separation of graphene based on the use of 
surfactants. The main conditions for the effective use 
of the liquid-phase separation method are the high 
penetrating ability of liquid molecules into the 
interlayer space of graphite, the existence of  
a mechanism for weakening interlayer bonds, and  
a method for separating layers. Thus, further crystal 
separation into its constituent monolayers becomes 
possible. 

This work presents an approach which allows 
eliminating two serious drawbacks of existing 
implementations of the liquid-phase separation 
method: the duration of treatment and contamination 
with residues of surfactants. For graphene exfoliation 
(detachment of graphite planes), the applied approach 
uses laser photomechanical effects which manifest 
themselves more strongly, the shorter the pulse 
duration of the laser radiation, optimally in the 
femtosecond range. It is known that rapid laser 
heating leads to the appearance of strong 
thermoelastic stresses, as a result of which the front 
surface of the irradiated sample may spall off in the 
region of exposure to femtosecond laser radiation 
[17, 18]. However, as studies show, in the interaction 
field of laser radiation and carbon materials [19, 20], 
including their nanostructuring purposes, some 
thermal effects accompanying laser action prevent the 
direct formation of nanostructures with clear 
boundaries. 

Therefore, for the successful use of laser 
radiation for graphene exfoliation, it is necessary to 
provide special conditions for the rapid cooling of the 
laser area. For this purpose, we used a cryostat 
module (for simplicity, it was open), the role of 
which was to fix and cool the sample. In addition, 
when the target is exposed to laser action, a larger 
temperature gradient is created in the positioning of 
the medium, which increases thermoelastic stresses. 
This scheme ensured the production of graphene 
material of various classes in times that are several 
orders of magnitude shorter than in other methods of 
graphene synthesis. 



 

Khorkov K.S., Prokoshev V.G., Arakelian S.M. 

 

Journal of Advanced Materials and Technologies. 2021. Vol. 6, No. 2

103

2. Materials and Methods 
 

2.1. Initial Materials 
 

Targets made of highly oriented pyrolytic 
graphite (HOPG) HOPG-1.7-10×10×1-1 and glassy 
carbon GC-2000 were used as initial samples for 
graphene production. HOPG is, in principle, the best 
material for peeling graphene from a graphite target, 
since it is formed from high-quality graphite layers 
that are practically parallel to each other. Glassy 
carbon, on the other hand, has a rather complex 
structure, which is a tangle of randomly intertwined 
carbon ribbons cross-linked with carbon bonds of 
various multiplicity. It is obvious that glassy carbon 
cannot be a source of flat graphene sheets. However, 
for a number of graphene applications, for example, 
as a material for electrodes of supercapacitors or for 
reinforcing nanoceramics, it is necessary that it has  
a complex developed surface. 

 
2.2. Methods 

 

During the experiments, two femtosecond laser 
systems were used: a titanium-sapphire laser system 
(Avesta-Project, Troitsk, Russia): λ = 800 nm, 
τ = 50 fs, Epulsemax = 1 mJ, f = 1 kHz; an ytterbium 
laser system TETA-10 (Avesta-Project, Troitsk, 
Russia): λ = 1030 nm, f = 10 kHz, τ = 280 fs, 
Epulsemax = 150 μJ, which, together with analytical 
equipment, make it possible to study the interaction 
of laser radiation with a wide range of materials along 
given trajectories and under required conditions.  
The experimental schemes are shown in Fig. 1. 
Liquid nitrogen covered the graphite sample  
with a layer about 5–10 mm thick. The diameter of 
the laser radiation spot on the target surface reached 
100 μm [21]. 

To carry out the experiments, optical schemes 
for the action of laser radiation on matter, including 
the features of specific experiments in various media 
with controlled parameters, were assembled. Devices 
for fixing samples identifying areas of laser 
interaction using optical microscopes and deposition 
of products of laser action (laser ablation) on a 
substance in atmospheric air and liquid nitrogen were 
designed. The use of a high-speed camera in the 
complex allowed both to follow the process of laser 
exposure to the sample in real time and to evaluate 
the quality of the processing performed. The software 
interface allowed to stop broadcasting the video image 
at the current frame, as well as to take a snapshot of 
the current image in order to analyze it [22]. 

The operation principle of the experimental unit 
with a double-circuit cryostat is as follows  
(Fig. 1b). The carbon sample 4 is placed in the 
cryostat 6 and installed in the chamber 8 connected to 
the turbomolecular pump 5. Through the liquid 
nitrogen supply system 7, the cryostat is filled and the 
sample is processed with laser radiation. The source 
of liquid nitrogen is a heat-insulating vessel 11.  
The treatment is carried out by laser radiation 9 
emitted from the source 1 and directed by means of 
mirrors 2. The laser radiation is introduced through 
the transparent windows of the vacuum chamber and 
cryostat 10. Elimination of combustion products and 
liquid nitrogen vapors is carried out through the 
exhaust system 3. The used liquid nitrogen is 
discharged into the tank 12 where it is further 
evaporated.  

Upon completion of the laser treatment, the 
targets were kept in vivo until the liquid nitrogen was 
completely evaporated. The study of laser action on 
graphite targets was carried out on the basis of 
images obtained using a scanning electron 
microscope (SEM) Quanta 200 3D (FEi Ing., USA) 
 

 

 
 

Fig. 1. Experimental schemes of graphene structures formation: 
a – with an open cryostat; b – with a double-circuit cryostat 
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and Raman spectra using a probe nanolaboratory 
Ntegra Spectra (NT-MDT, Zelenograd, Russian 
Federation).  

The developed method [23] significantly 
increases the efficiency of the production process for 
this promising material. It assumes not only a short 
laser processing time, but also a fundamental 
exclusion of the purification stage of the resulting 
graphene from chemicals used in other methods as 
technological media. The liquid nitrogen used in the 
considered method evaporates rapidly under natural 
conditions. The latter factor is especially important, 
since it provides a higher purity of both the resulting 
graphene and its production process.  

 
3. Results and discussion 

 

When processing HOPG samples in liquid 
nitrogen using an ytterbium laser system, the velocity 
of the laser beam on the target surface was from 10 to 
100 cm⋅s–1. Accordingly, depending on the scanning 
speed of the beam, each area of the target surface was 
exposed to femtosecond laser radiation from  
1 to 10 pulses. The graphene split off at a laser beam 
speed of 25 cm⋅s–1, when the overlap of laser pulses 
was 75 %. With a larger overlap, a strong destruction 
of the target surface and, at the same time, the peeled 
carbon material begins, which is caused by the 
addition of energy and the development of a laser-
induced plume above the affected surface area. 

The bulk of the obtained graphene material has 
linear dimensions of a few micrometers (Fig. 2).  
As a rule, split-off sheets have numerous folds, but 
there are also separate sheets with a flat surface  
(Fig. 2b). Individual graphene structures reaching 
sizes in the range from 10 to 30 μm were registered 
(Fig. 3). Also, graphene sheets of various shapes

were obtained: tapes with a width of up to 50 μm and 
a length of more than 150 μm and plates with a 
characteristic size of more than 150 μm [24]. 

The thickness of the obtained graphene sheets 
was assessed using a scanning electron microscope 
along the edge of a relatively flat plate shown in  
Fig. 2b. The registered sheet thickness (taking into 
account focusing errors) does not exceed 10 nm, 
which corresponds to multilayer graphene combining 
about 30 graphite layers. 

The analysis of the highly oriented pyrographite 
surface treated with femtosecond laser radiation 
showed a strong influence on the results of the 
uneven intensity distribution over the cross section of 
the laser beam. In the central part of the focusing 
spot, packets of graphite layers are torn out  
(Fig. 4a). These layers are spaced from each other, 
but cannot be considered as separate graphene 
structures. 

The advantages of the developed method are 
visible when compared with the closest 
implementation of the method for producing 
graphene by liquid-phase graphite exfoliation [25], 
which proposes to exfoliate graphene in liquid 
nitrogen when the surface of pyrolytic graphite is 
exposed to nanosecond laser radiation. The target 
surface was treated with a stationary laser beam 
focused into a spot with a diameter of 500 μm for  
20 min. At the same time, such dimensions of the 
laser spot on the target did not lead to delamination of 
graphene sheets with a large surface area.  
The geometrical characteristics of the obtained 
graphene are similar to our results with an increase in 
the area of the irradiated surface, which makes it 
possible to increase the mass yield of the graphene 
material. 

 

 
 

                                 (a)                                                                                           (b) 
 

Fig. 2. SEM images of graphene material: 
a – a cluster of graphene sheets; b – a graphene sheet (on the insert – the sheet edge) 
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                                                (a)                                                                        (b) 
 

Fig. 3. SEM images of graphene material with linear dimensions 10 µm (a) and 30 µm (b) 
 

 
 

                                                (a)                                                                        (b) 
 

Fig. 4. SEM images: a – packages of graphite layers; b – delamination of the upper graphite layer 
 

Graphene sheets obtained by processing the 
glassy carbon surface using the ytterbium laser 
system have a fundamentally different shape  
(Fig. 5). Graphene sheets form crumples with  
a complex folded structure. Crumples with a 
characteristic size of about 1 micron were recorded. 

The complex relief of the recorded surface of 
these structures did not allow direct measurement of 
graphene sheets thickness; however, the transverse 
dimension of the crumple bends was about 40 nm.  
It is obvious that the crumple has a transverse 
dimension not less than twice the sheet thickness.  
In addition, it is necessary to take into account the 
presence of a certain bend radius. Thus, the thickness 
of the obtained graphene sheets can be estimated at 
the level of 15 nm, which is similar to the results 
observed during laser processing of HOPG targets. 

The formation of crumpled graphene can be 
explained by the destruction of the material surface. 
When laser radiation interacts with a carbon target, 

the initial carbon structures are destroyed (opened), 
deformed and cleaned, which determines the 
thickness of the obtained multilayer graphene. 

The general picture of processing the glassy 
carbon surface by femtosecond laser radiation of the 
titanium-sapphire laser system under conditions of 
 

 
 

Fig. 5. SEM image of crumpled graphene  
on the glass carbon surface 
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rapid cooling is rather complicated. In the ideal case, 
when the roughness of the sample surface is minimal 
and there are no foreign inclusions, the treated 
surface looks like a system of nanopeaks with 
practically the same height. Large irregularities 
(relative to the average size of the formed structures) 
distort the overall nature of the processing results. 

Studying the images of the sample surface 
treated with femtosecond laser radiation obtained 
using a scanning electron microscope (SEM images) 
revealed the absence of melting traces within the 
exposure area. Obviously, the destruction of glassy 
carbon under laser radiation during the set 
experiments proceeds according to the scenario 
standard for carbon and materials based on it. In other 
words, sublimation occurs. The destruction nature of 
the irradiated samples explains the fact that the 
boundaries of these areas are not traced in the tracks 
of the glassy carbon surface treatment by a laser 
beam moving at a speed that implies overlapping the 
areas of individual pulses. Otherwise (during 
melting), the rolls of the solidified melt quite 
expressively outline the spots of individual laser 
pulses. In this case, the limits of individual pulses can 
theoretically be determined by the change in the level 
of the treated surface. However, the relatively low 
energy of femtosecond laser pulses determines the 
insignificant value of this change. In addition, the 
modified surface is a system of nanopeaks that have a 
scatter of heights. This additionally masks the range 
of action of the individual laser pulses. 

Regions with both random and regular 
nanopeaks were recorded on the surface modified by 
laser radiation (Fig. 6). In the latter case, the 
nanopeaks form rows. 

Figure 6 shows that nanopeaks in a region with a 
regular arrangement have a diameter of about  
100 nm. The distance between the rows (the period of 
the general structure) is about 100 nm. The distance 
between the peaks in the row is also about 100 nm. 

It should be noted that there are two significant 
differences between the considered findings and the 
results of processing materials by ultrashort laser 
pulses in liquid media presented in the scientific 
literature. These differences can be explained only by 
a change in laser processing conditions due to the use 
of a cryogenic liquid (liquid nitrogen) as a buffer 
medium. 

Firstly, the formation of periodic structures with 
characteristic dimensions multiple of the wavelength 
of the incident radiation and tending to a value of  
100 nm was recorded when exposed to a large 
number of laser pulses. According to generalized data, 
the number of acting impulses should be 103 [26].  
In our case, the glassy carbon surface was treated 
with a laser beam moving over the target surface at a 
speed of 2.5 cm⋅s–1. In this case, there was 75 % 
overlap of the laser action areas, as in previous 
experiments. Nevertheless, the formation of regular 
structures with a period of about 100 nm occurred. 

Secondly, the currently obtained results of 
processing materials by ultrashort laser pulses 
showed an increase in the period of regular structures 
with an increase in the radiation energy density and 
determined the limit, at which the formation of 
periodic structures stops.  

Relatively large structures that are clearly of an 
interference nature are superimposed on the general 
picture of the surface modified by femtosecond laser 
radiation in the form of the nanopeaks system.  
They look like circles diverging from a common 
center. A typical view of these structures is shown in  
Fig. 7. The central circle is pronounced.  
The contrast of subsequent circles decreases away 
from the center of the system. The average diameter 
of the described structures determined from the last 
distinguishable circle is about 24 μm. 

 

 
 

                                                            (a)                                                   (b) 
 

Fig. 6. SEM images of nanopeaks on the glass carbon surface: 
a – a region with a random arrangement of nanopeaks; b – a region with a regular arrangement of nanopeaks 
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                                                 (a)                                                                        (b) 
 

Fig. 7. SEM images of microstructure on the glass carbon surface after laser processing: 
 a – general view; b – enlarged image  

 

 
 

                                                 (a)                                                                        (b) 
Fig. 8. SEM images of microstructure at an angle of 45° to the glass carbon surface after laser processing:  

a – general view; b – enlarged image 
 

The central region of the structures has an 
average diameter of about 7 μm. The first “dark” ring 
is about 800 nm wide. The period of subsequent 
structures is of comparable magnitude. Visually, the 
elements of the described structures have different 
brightness and can be conditionally divided into 
“light” and “dark”. Obviously, the brightness of the 
elements is determined by their height, i.e. the “dark” 
areas correspond to the depressions. This conclusion 
is confirmed by SEM images taken at an angle of 45° 
to the sample surface (Fig. 8). The glassy carbon 
surface modulated by microstructures is still an array 
of nanopeaks, both on protrusions and in depressions. 

Comparing the results of processing HOPG and 
GC by femtosecond laser radiation in liquid nitrogen 
showed that the use of the first material is preferable 
for the purpose of obtaining as smooth and thin 
graphene sheets as possible. Obviously, in this case, 
the decisive role is played by the initial internal 
structure of the irradiated materials.  

The thermal expansion of the graphite lattice is 
anisotropic, as are the values of the thermal and 
electrical conductivity of this material. The anisotropy 
for graphite is manifested the stronger, the higher the 
lattice ordering. The temperature coefficient of linear 
expansion in the direction of the basal planes is much 
lower than in the perpendicular direction, which 
contributes to the stratification of the structure during 
intense heating.  

Cooling graphite to liquid nitrogen temperatures 
reduces the lattice vibrations of the initial graphite 
material and the interlayer distance decreases to 
3.339 Å, while upon heating it increases to 3.465 Å 
(at 1000 °C) [25]. This procedure is often used due to 
the availability of rapid cooling technologies – 
appropriate boiling points and small sizes of nitrogen 
molecules ensuring its high fluidity. At low 
temperatures, the graphite lattice becomes less 
“plastic”, which is likely to make it possible to 
destroy interplanar bonds with a smaller energy 
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contribution to the places of local heating of nitrogen 
molecules diffused into the interplanar distance.  

When ultrashort laser pulses interact with a 
graphite sample in liquid nitrogen, several variants of 
structural changes in the material can be 
distinguished. When the power of laser radiation is 
insufficient for the occurrence of laser ablation 
processes [27], the energy of photons is absorbed by 
the lattice of carbon and diffused nitrogen. Due to the 
resulting sharp increase in the vibrations of the lattice 
and nitrogen molecules, weak interplanar π-bonds are 
destroyed. Peeling and splitting off graphite layers 
occurs mainly on defects of the processed structure 
(cracks, chips, scratches, including dissimilar lattice 
defects in the form of gaps that facilitate the 
penetration of liquid nitrogen molecules). 
Accordingly, an increase in the number of nitrogen 
atoms in the material lattice promotes more intense 
delamination of graphene sheets.  

Figure 9 shows the experimental result of 
graphene structures detachment on the HOPG surface 
in the crack region. In this case, it is clearly

noticeable that the separation begins from the center 
of the crack according to the mechanism described 
above. On the SEM image with a high magnification, 
it can be seen that individual structures exfoliate and 
bend in the direction from the starting point of 
separation at the base, and in some places they also 
delaminate. The next step for graphene sheets is their 
separation from the original sample during ultrasonic 
treatment and the formation of a colloid with 
deposition on a solid substrate. 

When the energy of laser radiation exceeds the 
ablation development threshold, the destruction of the 
graphite surface occurs in the area of laser action. As 
a result of laser ablation processes, a high-pressure 
region is formed on the walls of the formed cavity. 
The separation of the graphite structure into 
multilayer graphene with this mechanism occurs as a 
result of the reactive action of the ablation products.  

The SEM images (Fig. 10) show the scanning 
area of the laser beam which leads to “stepwise” 
separation of graphene layers upon activation of the 
femtosecond laser ablation mode [27].  

 

 
 

                                                 (a)                                                                        (b) 
 

Fig. 9. SEM images of the edges of graphene sheets with different magnifications: a –×1000; b – ×2000 
 

 
 

                                                 (a)                                                                       (b) 
 

Fig. 10. SEM images of the laser processing area with different magnifications: a – ×500; b – ×5000 
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Thus, the general mechanism of graphene 
exfoliation under femtosecond laser irradiation in 
liquid nitrogen is the detachment of the target surface 
layers as a result of interplanar bonds disruption in 
carbon samples due to the expansion of intercalated 
nitrogen into the gas phase upon laser heating with 
simultaneous cooling in liquid nitrogen.  

In terms of application purposes, we can talk 
about the development of electrical energy storage 
devices with increased capacity due to the use of 
crumpled graphene as a material for the electrode 
plates, which serves as a material that not only 
provides efficient transport for ion diffusion, but also 
has a significant specific surface area resistant to 
aggregation and a rigid structure [28–30], which 
allows maintaining this structure even after 
immersion in an electrolyte or ionic liquid solution.  

As practice shows, it is difficult to achieve 
theoretical extremely high values of graphene 
specific surface area (fundamental for such 
applications). Re-stacking and agglomeration of 
graphene sheets leads to a strong decrease in the 
available surface for charge accumulation and  
a decrease in the gravimetric capacity [31–33].  
The use of crumpled graphene as a basis is relevant 
for using energy storage devices in such schemes. 
Crumpled graphene can give superior capacitance 
values due to its high specific surface area, high 
electrical conductivity and resistance to graphitization 
compared to flat sheets.  

The operation principle of the discussed 
supercapacitor design, i.e. the charge accumulation 
mechanism, is based on the formation of an electric 
double layer on the electrode surface due to the 
desorption of ions from the solution. Today this 
technology is promising for the development of new 
types of supercapacitors with the formation of an 
electric double layer on the surface of electrodes 
made of crumpled graphene.  

Further development of our research will be 
associated with the electrophysical characteristics of 
various graphene structures, including the control of 
the band gap, regulation of the extremely high 
transport of charge carriers with a nonequilibrium 
state, and the features of the Hall effect.  
The possibility of obtaining highly transparent 
conductors allows to hope for their widespread use in 
thin-film devices of photonics and optoelectronics 
based on new physical principles (see, for example, 
[34]), including low-power displays, touch screens, 
LEDs, solar panel elements, etc.  

This corresponds to the general direction of 
exploratory research and breakthrough technologies 
using the unique properties of graphene, which is 

currently one of the key and massive high-tech 
developments for various applications. It is enough to 
cite only the titles of works on this topic.  
For example, a graphene superconductor was 
obtained [35]; in this case, the superconductivity of 
graphene can be turned off [36]. A two-dimensional 
spin field-effect transistor based on graphene was 
constructed [37] and a superconducting transistor 
made of graphene was presented [38]. The “magic” 
superconductivity of bilayer graphene is explained by 
the interaction with phonons [39–42]. In this case, the 
motion of photons and electrons in graphene can be 
described by one law [43], and entanglement can 
arise in a superconductor [44]. Similar effects for 
three-layer graphene are possible even at high 
temperatures [45].  

Progress in these fundamental areas should be 
associated with advances in such a field of 
fundamental and applied research as 
femtonanophotonics (see, for example, [46]). In fact, 
we are talking about the development of technologies 
based on new principles for controlling the functional 
properties of materials and creating the controlled 
characteristics of elements and systems on their basis 
in a given direction  in the process of their creation 
when the medium is exposed to laser pulses with 
extremely short time parameters, as well as the 
formation of spatial topological nanostructures of 
different dimensions with the manifestation of 
macroscopic quantum effects. In this aspect, 
graphene-like structures represent a fundamentally 
new class of 4D technologies, in which domestic 
scientific and technical developments are competitive 
in the global landscape of science intensive 
technologies. 
 

4. Conclusion 
 

This work presents the developed method for 
laser-induced graphene separation in liquid nitrogen 
using an ytterbium femtosecond laser system. It also 
demonstrates the possibility of forming ordered 
structures on the surface of carbon samples using a 
titanium-sapphire laser system.  

In the experiments, liquid nitrogen was used as a 
medium that helps to reduce the thermal effect of the 
plasma torch which is formed over the area of  
femtosecond laser radiation above the material 
surface during processing in air. The use of liquid 
nitrogen makes it possible to neutralize a number of 
negative features of air processing.  

Thus, it was found that graphene formation 
under the action of femtosecond laser radiation on 
carbon samples in liquid nitrogen occurs according to 
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the following two-stage mechanism: (i) breaking 
weak interplanar π-bonds due to heating of 
intercalated nitrogen into the graphite lattice; (ii) 
detachment of the target surface layers due to the 
formation of a high-pressure area in the walls of the 
laser cavity.  
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