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Laser technological approaches and techniques suitable for volumetric optical recording of digi-
tal data and image formation by creation of micromarks (data bits, pixels, and other information car-
riers) in the bulk of different materials are analyzed. Laser-induced marking centers with different 
controlled geometric parameters (size, shape, orientation, etc.) are obtained by varying the focal ar-
ea, wavelength, duration and energy of laser pulses, temperature of objects and also applying exter-
nal or local internal stresses in irradiated samples. The laser-based methods for creation of colored 
and dark marks in transparent glasses and polymers with special light-absorbing inclusions are stud-
ied. Black marks are created in plastics because of formation of carbonaceous products as a result of 
pyrolysis of the polymer matrix due to absorption of focused laser radiation by optical inhomoge-
neities. Embedding absorptive microparticles into the volume of transparent polymers makes the 
marking procedure more effective and predicted and it increases contrast and resolution of the mark-
ing area inside the plastics. The laser-based techniques of formation of light-emitting centers in spe-
cialized fluorescent materials and their applicability for data recording are discussed. Emitting 
marks are obtained in thermally stable photosensitive organic chromone-based materials by two-
photon interaction process under irradiation with a focused laser beam. 

Keywords: laser-induced marks, absorbing centers, color marks, light-emitting centers, image pixel, 
information carrier, transparent dielectrics, multiphoton absorption, volumetric recording 

1. Introduction 
Short pulses of focused laser radiation have the unique 

capacity to change the properties of a small local area in 
the bulk of transparent objects because of non-ideal optical 
transparency of the employed material, its absorptive in-
homogeneities (defects, inclusions, density fluctuations, 
etc.) and non-linear phenomena (multiphoton absorption, 
etc.) [1-6]. Regardless of the specific absorption mecha-
nism occurring under high intensity laser radiation, a super-
fast heating takes place in the vicinity of the laser beam fo-
cal region which drastically heats to extremely high tem-
peratures. Depending on the irradiated materials, this re-
sults in generation of high internal stresses with formation 
of a crack and/or void in solids, modification of the refrac-
tive index and structure in crystalline materials, redistribu-
tion of nanoparticles and microinclusions in composite 
compounds, change of the chemical composition in poly-
mers up to creation of a burnt area, and also creation of 
light-emitting centers in fluorescent organic materials [6-

27]. A resulting local area with the optical properties differ-
ent from those of the matrix (bulk), i.e. permanent microde-
fect (damage, crack, void, pore, etc.) can be considered as 
an information carrier or image pixel. Spatially controlled 
laser-induced volumetric formation of marking centers (in-
formation carriers) offers novel opportunities for creation 
of digital recording areas or images in a variety of materials 
and objects [8-10, 22-27]. 

In conventional optical recording methods, identical 
marks (point-like spots, round or elliptical pits, etc.) are 
used as elementary (one-bit) carriers. The capability of op-
tical recording can be enhanced by creation of multi-bit 
carriers. The key problem is how to create not only elemen-
tary (one-bit) carriers, but multi-bit carriers using a laser 
beam focused inside the materials. This can be solved by 
formation of parameterized marks, i.e. laser-induced cen-
ters with controlled parameters (shape, size, orientation, 
density, reflectivity, absorptivity, color, emissivity, bright-
ness, etc.). In practical applications, it will be desirable for 
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laser-induced marks to be parameterized and created in 
such a way so that their shapes and other characteristics be-
come easily distinguishable and thus directly usable in digi-
tal recording. 

Some of the existing laser-based marking techniques 
are in principle suitable for creation of marks with various 
geometric parameters in transparent dielectrics [6-11, 18-
21]. However, the possibilities to control the characteristics 
of such marks, as discussed in the literature, are rather lim-
ited, the corresponding techniques have not been developed 
enough to be widely used in many practical applications, 
therefore the analysis of the promising methods and further 
experimental studies are necessary. Aside from their linear 
dimensions, shapes and orientations, marking centers can 
be also characterized and differ in brightness (darkness), 
color, light-emitting ability and other characteristics [10-
22]. Thus, it would be particularly interesting to explore 
some specialized methods for creation of dark (black) and 
colored marks, and light-emitting centers. 

On the base of the experimental results and literature 
data on laser-induced formation of marks in various mate-
rials under different irradiation conditions, the laser tech-
niques for creation of geometrically parameterized, color-
enhanced, dark and light-emitting marking centers are dis-
cussed to develop new opportunities of efficient and relia-
ble volumetric marking, formation of images and recording 
of digital information. We have evaluated various laser-
based techniques of formation of parameterized micro-
marks in the bulk of different materials transparent for a se-
lected laser wavelength, which can serve as information 
carriers (data bits, pixels, and others) for 2D and 3D optical 
recording of digital data or creation of images. 

 
2. Laser-induced microdamages in solids (glass) and 
creation of parameterized marks 

Several methods and laser-based techniques of for-
mation of marks with predetermined geometric parameters 
(size, shape, orientation, density etc.) and morphology in-
side transparent solid-state materials particularly in glass 
have been discussed [6-12]. Different kinds of marks can 
be obtained by varying the laser focal area, wavelength, du-
ration, and energy of laser pulses, temperature of the object 
and also applying general external or local internal com-
pressive or tensile stresses in the irradiated object. However, 
possibilities for controlling the appearance of parameter-
ized marks which are easily distinguishable and usable for 
information recording are very limited and not studied well. 

Fig. 1(a) shows the schematic process of irradiation of a 
transparent sample with a focused laser beam to create a 
marking center (microcrack) in its volume. Marks with dif-
ferent sizes were formed under irradiation with a single 
pulses (τ = 7 ns) of the second harmonic (λ = 532 nm) of a 
YAG:Nd laser with increasing output energy E (Fig. 1(b)). 

The oblong marks in the scaled-up lateral view of the 
glass sample (Fig. 1(b), B) were obtained by an astigmati-
cally focused laser beam oriented vertically. Laser-induced 
extended microcracks in the ellipsoid-like shape focal area 
are oriented in the direction of the laser beam. The sizes of 
microcracks can be controlled up to a certain extent by ad-
justment of the length of the laser beam focal area. In this 
way it becomes possible to form dash-like marks with var-
ied lengths [9-11]. 
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Fig. 1  The schematic image illustrating the procedure of laser-
induced creation of a mark in the bulk of a sample which is trans-
parent for the applied laser radiation (a) and micrographs of laser-
induced marks formed inside the glass bulk by single laser pulses 
with different energy E. The micrographs (b) taken from the front 

A and lateral B sides (a) show the corresponding view of mi-
crocracks with different diameters d and lengths l (Table 1). 
 
The relationships between the geometrical parameters 

of marks and laser characteristics are shown in Table 1. 
 

Table 1  Dependences of the sizes (diameters d and lengths l) of 
the microcracks (Fig. 1(b)) on the output laser pulse energy E. 

No 1 2 3 4 5 6 

E, mJ 11.2 18.6 23.6 26.7 30.2 70.6

d, mm 0.19 0.25 0.26 0.28 0.40 0.53

l, mm 1.64 2.4 3.1 3.3 4.2 6.7 

 
Volumetric laser-induced marking in glass is realized 

by physical damage of the material and creation of a struc-
tural microdefect (crack, cavern, pore, void, etc.). (Figs. 
1(b) and 2). The size of the cracked area usually much ex-
ceeds that of the focused laser beam spot which can be lim-
ited to several micrometers. Therefore, it is important to 
create marks (information carrier) with smaller sizes to de-
crease the distance between neighbour marks and achieve 
higher recording density of digital data. If marks are rather 
large and not properly spaced, this leads to merging of mi-
crocracks from adjacent marks (Fig. 2(a)). 

For optimizing the morphology and decreasing the size 
of laser-induced marks, laser pulses with shorter wave-
length λ and duration τ were employed (Fig. 2(b)). To in-
crease the spatial resolution, minimize the distortion and 
avoid marks overlapping, laser-induced marking was car-
ried out in the glass preheated up to a softening state (Fig. 
2(b)). With this method mark spacing can be reduced. 

(a) ((bb))50 μm

 

Fig. 2  Laser induced marks inside the glass bulk created under 
different laser irradiation conditions: wavelength λ = 532 nm, 

pulse duration τ = 7 ns, temperature T = 20 °С and distance be-
tween marks a = 60 μm (a); λ = 355 nm, τ = 4.2 ns, T = 600 °С 

and a = 20 μm (b). Magnification is the same in (a) and (b). 
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Fig. 3  Microphotographs of two areas inside the glass sample 
subjected to uniaxial stress under laser-induced marking with 

lower (a) and higher laser pulse energy (b). 
 
Laser irradiation of an object subjected to uniaxial 

compression or tension can lead to appearance of dash-like 
cracks and line-like damages oriented along the stress gra-
dient. In Fig. 3, the array of marks appears shown as verti-
cal lines, the shape of each mark is elongated. The regions 
of the bulk glass shown in Fig. 3 were subjected to uniaxial 
deformation which created an internal stress field. This re-
sulted the appearance of extended microcracks along the 
stress gradient under irradiation with laser pulses of lower 
(a) and higher (b) energy. 

Thus, it is possible to control the length and orientation 
of such extended marks by respectively changing the mag-
nitude and direction of the external stresses applied to the 
transparent object during its irradiation with laser pulses 
focused to a point at certain depth inside the material [9, 
10]. The local compressive or tensile stresses can be pre-
induced with an additional CW or pulsed laser beam, spa-
tially coinciding with the recording pulse. 

Thus, laser pulses with longer wavelength and duration 
result bigger material damage and create larger mi-
crocracks. For really small marks, nano-, pico-, or femto-
second laser pulses of short wavelength (ultraviolet) should 
be employed [6-12]. The spatial resolution and density of 
created marks in glass objects can be increased by preheat-
ing the region where the volumetric recording area is 
formed to temperature close the material melting point [10]. 

 
3. Laser-based methods and technologies for creation 
of colored marks in glass 

Various laser-based technologies for color laser mark-
ing in transparent materials have been investigated and 
their optimization for industrial applications have been 
considered. Some promising approaches for formation of 
colored centers by a focused laser beam in glasses with 
special inclusions are analyzed. 

3.1 Glasses doped with metal oxide atoms 
Modification of the oxidation state of metal ions in 

doped glasses in the laser focal region leads to formation of 
color centers (light absorption is changed by polyvalent 
ions) [13-15]. Note that color centers are formed through a 
mechanism that is different from microdamage so fractures 
in the glass are in fact undesirable and should be eliminated 
by an appropriate selection of the laser irradiation parame-

ters. To form color marks, different types of lasers can be 
used with wavelength ranging from UV to IR and with 
pulse durations from femto- to tens of nanoseconds [14]. 

3.2 Photosensitive glasses 
Color marks can be created in glasses doped with impu-

rities based on F, Ag, Br, and others which are sensitive to 
laser radiation. For example, silicate glasses with impuri-
ties of salts of Na, Ca, Zn, and Al as well as glasses doped 
with Ag, Ce, and F change their complex refractive index 
after UV exposure and following thermal annealing [15-17]. 
A method for formation of latent (invisible) marks can 
therefore be implemented by employing laser pulses of dif-
ferent wavelengths and sufficiently high intensity leading 
to the generation of plasma and UV radiation in the focal 
area of the material. The resulting latent marks is not visi-
ble and will appear as colored marks only after thermal an-
nealing of the laser-irradiated object. 

Fig. 4 shows experimentally obtained brown-colored 
areas in the bulk of a special type of glass with embedded 
Ag-based photosensitive centers after irradiation with na-
nosecond pulses of an UV laser and following annealing. 
Single pulses (τ = 20 ns) of the 3rd harmonic (λ = 355 nm) 
of a YAG:Nd laser were used. Irradiation was carried out 
by an unfocused laser beam with the diameter of 5 mm in 
air. The exposure (energy density integrated over time) was 
collected by a series of a few hundreds of laser pulses and 
the value was about 50 J/cm2. The colored area with the 
size of a laser spot appeared after the corresponding steady-
state annealing of the sample in a muffle furnace. 

While obtained color marks are good for imaging, they 
appear to be too coarse for meaningful and efficient digital 
data recording. This might be due to the specific physical 
distribution of the photosensitive centers in the bulk of ma-
terial. To clarify the issue, further studies would be required. 

0.5 mm0.5 mm5 mm0.5 mm0.5 mm0.5 mm0.5 mm5 mm

 

Fig 4  Colored areas formed by nanosecond UV laser pulses in the 
Ag-doped glass. 

 
Fig. 4 demonstrates the maximally possible optical den-

sity (brown color) achieved in a single layer at the thick-
ness of a few tens of microns inside the glass bulk. Perhaps, 
the discussed colored marking technique is not well suita-
ble for bit-data recording because of energy inefficiency 
and impossibility to reach a small enough colored mark 
(pixel, data bit, i.e. information carrier). However the 
method of colored marking can be used for technological 
marking, creation of art items, etc. 

3.3 Transparent materials with colored impurities 
In the case of volumetric laser-induced marking of 

transparent materials containing colored impurity (micro-
particles acting as point defects), a mark (microcrack) cre-
ated in the bulk of such material can act as extended struc-
tural microdefect having gettering properties with respect 
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to point defects (colored micoparticles) [28]. Colored 
micoparticles move (diffuse) toward the created mark with 
high diffusion velocity as result of action of laser-generated 
high-gradient thermal and stress fields in the vicinity of the 
mark [5]. Moreover, accumulation of point defects (colored 
impurity) at extended defects (microcracks) can proceed af-
ter laser action as result of segregation of them in the resid-
ual stress field in the vicinity of an extended defect (mark). 
The segregation velocity depends on the stress gradient, 
characteristics of the material and point defects [28]. Thus, 
the concentration of colored impurity increases near the la-
ser-induced crack and this area appears as the colored mark. 

The initial concentration of a colored impurity in such 
materials is high, but it should be kept under the natural 
limit of color appearance to avoid seeing colorization. La-
ser-induced microdamage (mark) in the bulk of such mate-
rials, however, leads to apparent coloration due to the in-
creased impurity density in result of laser-stimulated diffu-
sion and segregation of color centers at that microdamage. 
Consequently, gettering properties of laser-induced micro-
damages with respect to colored impurity and velocities of 
diffusion and segregation of impurity particles under and 
after extreme conditions of irradiation define the color in-
tensity and formation time of the colored marking area. 

 
4. Laser-induced marking in transparent plastic mate-
rials and polymers with light-absorbing microparticles 

Plastic materials are suitable for creation of laser-
induced dark or black marks. Dark local areas can be rela-
tively easily formed inside polymers because focused laser 
irradiation changes the chemical composition of a molten 
(or even burned) area. We have investigated the dark spots 
in the centers of the volumetric marks created in commer-
cial plastics and attributed them to charring of the materials 
[18]. The resulting process was refined for persistent laser 
marking of laminating films [10]. 

The observed carbonization reaction occurs when the 
absorbed laser radiation energy increases the temperature 
of the material surrounding the focal region to a level suffi-
cient to incur degradation of the plastic. In presence of ox-
ygen it leads to combustion of the polymer, but in case of 
limited access of oxygen, only charring of the plastic with 
formation of a dark mark occurs. However, in case of suffi-
ciently high laser intensity, a void (pore) can be formed in 
the bulk of the plastic as a result of combustion of the ma-
terial in the central part of the focal region [18]. 

Dark marks are created in plastics by carbonaceous 
products formed as a result of pyrolysis of the polymer ma-
trix due to absorption of focused laser radiation by optical 
inhomogeneities including residual impurities or intro-
duced microinclusions. Contrast and resolution of laser 
marking inside transparent plastic materials can be in-
creased by embedding light-absorbing microparticles. In 
particular, volumetric formation of laser-induced marking 
centers in polymers can be enhanced by adding carbon-
based microparticles [19-21]. It is generally accepted that 
carbon-based objects can be considered as a black body 
[19-21, 29]. Therefore, the absorption spectrum of micro-
particles in plastic samples can be accepted as the black 
body absorption spectrum. In the numerical investigations, 
both light-absorption and light-scattering spectra of micro-
particles should be taken into account [28]. However, it is 

considered that light-absorbing microparticles in transpar-
ent polymers become such optical inhomogeneities which 
increase the absorption of laser radiation that causes drastic 
heating of the vicinity of the focal region and thus, changes 
of the chemical composition in polymers can be occurred 
up to formation of a burnt area [18-21]. 

Fig. 5 shows marks of different sizes obtained in poly-
styrene containing light-absorbing carbon microparticles 
under irradiation with single pulses of a YAG:Nd laser (λ = 
532 nm, τ = 7 ns) with different energies (1-3) and number 
of pulses (4-6). No marks are observed at E < 0.64 mJ. 

Microparticles suspended in the transparent polymer 
are heated under focused laser irradiation up to a tempera-
ture of several thousands of Kelvin. In the vicinity of laser-
heated microparticles, dark marks are created as result of 
pyrolysis of the polymer matrix. The occurrence of dark 
centers has a threshold nature, i.e. there is a minimum laser 
energy Eth at which marks are formed. The threshold laser 
pulse energy depends on the sizes and concentration (densi-
ty) of microparticles in polystyrene [19-21]. 
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Fig. 5  Micrographs of laser-induced marks formed in polystyrene, 
activated by light-absorbing carbon microparticles, at irradiation 
with a single pulse (1-3) and 10 pulses (4-6), respectively with 

energy E (mJ): 1.9 (1, 4), 3.7 (2, 5), 6.8 (3,6). 
 
In fact, that transparent polystyrene suspensions of car-

bon or another light-absorbing microparticles can be ap-
plied as a thin film on different objects. Laser-induced 
creation of marks in the volume of such polymers is an ef-
ficient technique for digital recording and thus it is possible 
to provide marking and supply relevant information for any 
object and item which is coated with that polymer film. 

Fig. 6 shows solidified polymer film (thickness ~ 0.2 
mm) with dark marks of different size which were created 
in the volume of the film under irradiation with different 
number of pulses (τ = 20 ns) of the first harmonic (λ = 1064 
nm) of a YAG:Nd laser with the same energy (E = 35 mJ). 
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Fig. 6  Micrograph of the marking area of the polymer film with 
light-absorbing microparticles showing the marks obtained as re-
sult of irradiation with different number of nanosecond laser puls-

es of the same energy. The numbers in the figure correspond to 
the number of laser shots. 
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By varying laser energies, number of pulses and em-
ploying focusing lenses with different shapes and focal 
lengths, it is possible to obtain marking centers with vari-
ous linear sizes and shapes (e.g. concentric circles of dif-
ferent diameters, ellipses, ellipsoids, spheres, bubbles, etc.) 
located at different depths. This can be used for laser-
induced creation of digitally recording areas in the bulk and 
subsurface regions of polystyrene and other materials. 

 
5. Laser-induced light-emitting marking centers in or-
ganic materials with photo-initiated compounds 

In conventional optical recording methods, crosstalk or 
interference of different recording components (marks) and 
layers often leads to reduced recording densities. It is pos-
sible, however, to improve the spatial resolution and thus 
the density of digital optical recording by using laser-
induced marks which act as light emission centers under 
backlight illumination [22-27]. The most promising materi-
als for such a purpose are those in which a local change in 
the complex refractive index, structure or spectral-
luminescent properties occurs in result of multi-photon ab-
sorption of ultrashort pulses of recording radiation. 

Emitting centers can thus be obtained in thermally sta-
ble photosensitive organic chromone-based materials in se-
lected layers by two-photon absorption of laser radiation 
with a wavelength that is not absorbed by the polymer ma-
trix and chromone molecules [22-24]. Separate organic 
molecules in the laser focal area change their structure be-
cause of two-photon absorption and they become fluores-
cent marks. The density of created marks depends on the 
energy and number of recording laser pulses. The distance 
between the neighboring emitting centers created in the 
polymer matrix with embedded chromone molecules by 
short laser pulses (λ = 532 nm, τ = 0.8 ns) is about 5 µm 
and mark sizes are less than 2 µm (Fig. 7). The brighter 
marks were created by increasing the number of recording 
laser pulses. 

The different number of laser pulses incident to the lo-
cal area of a given mark leads to creation of different num-
ber of induced fluorescent centers and thus to different 
brightness level. Fluorescent marks with specific intensities 
can therefore be created by multi-shot laser irradiation and 
careful selection of the applied number of laser pulses. The 
resulting light emitting marks can consequently be read and 
classified in respect to their brightness by standard photo-
detection methods [24]. Since even a single molecule of 
chromone can serve as a fluorescent center and the wave-
guide layer thickness is limited by the reading radiation 
wavelength, the maximum recording density depends only 
on the recording laser beam caustic parameters. 

10 µm10 µm

 

Fig. 7  Micrograph of laser-induced fluorescent marks formed in 
the volume of an organic chromone-based material by irradiation 
with single pulses of a YAG:Nd laser (λ = 532 nm, τ = 0.8 ns.). 

Brighter marks are obtained by increasing the number of record-
ing laser pulses. 

Embedded information can in fact be read by injection 
of UV radiation into waveguide layers located between the 
photosensitive layers. In such a case the UV radiation par-
tially penetrates into the adjacent layers with recorded 
marks and excites light emission from them due to fluores-
cence. Given that even a single chromone molecule can act 
as a fluorescent center and that the thickness of a wave-
guide layer can be as low as the reading radiation wave-
length, the maximum recording density and spatial resolu-
tion depend only on the caustic of the recording laser beam 
and can closely approach the known theoretical limits. 

The recording carried out by multi-photon excitation of 
organic molecules (photo-chromogenic chromones) and 
transition of them to a thermo-stable fluorescent state is 
much effective compared with another processes based on 
photoluminescence or refractive index change [25-27]. 

 
6. Conclusion 

The development of laser-based techniques for creation 
of geometrically parameterized, color-enhanced, and light-
emitting marking centers in different materials opens new 
opportunities for image formation, volumetric optical 
marking and digital recording in various physical objects. It 
is found that while studies on timing and energy character-
istics of laser pulses and irradiation conditions are of pri-
mary importance for the creation of parameterized marks 
with different geometries, the research and selection of ap-
propriate materials (commonly transparent dielectrics) play 
a key role in the marking with colored and light emitting 
centers. It is practically important to continue the experi-
mental work with organic materials transparent to selected 
laser wavelengths and investigate interaction of short laser 
pulses with polymers including study of the photolumines-
cent and nonlinear optical properties of organic chromone-
based materials as a promising recording medium. 
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