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Abstract.  The degree of destruction and evaporation of metal films 
(Au and Ti, thickness ~50 nm) with a gel layer during laser transfer 
of small volumes of a gel substrate is estimated depending on the 
laser fluence value. The dynamics of these processes for dry films 
and films with a gel layer at fluences close to threshold values is 
investigated using a probe beam of a He – Ne laser. It is shown that 
the presence of a gel leads to an increase in the ablation threshold, 
but the time during which the process of structural changes in the 
film material is completed does not change significantly. The results 
obtained can be used to improve the laser bioprinting technology.

Keywords: laser printing, gel microdroplets, Au and Ti metal films, 
ablation.

1. Introduction 

The technology of laser-induced forward transfer of matter, 
or laser printing [1 – 10], is widely used in biomedicine. One of 
the successfully developed areas is the method of laser engi-
neering of microbial systems (LEMS) [3, 11] for the isolation 
of microorganisms uncultivated and difficult to cultivate 
[12, 13]. The method is based on the transfer of small volumes 
of a gel substrate with living cells and microorganisms due to 
thermal cavitation caused by the absorption of a nanosecond 
laser pulse by a thin metal layer. 

In laser printing on a donor plate (a glass plate with a thin 
absorbing metal layer of gold, titanium, chromium, etc.), a 
layer of a gel substrate is applied, which may contain biomol-
ecules [2, 3], living cells [1], and microorganisms [4, 11 – 13]. 
The impact of focused pulsed laser radiation leads to local 
heating of the metal layer and the emergence of a rapidly 
expanding cavitation bubble [11], as a result, a small volume 
of gel containing a small number of living cells or microor-
ganisms is transferred to the receiving media. However, due 
to strong heating, the effect of focused radiation leads to the 
destruction and evaporation of the metal film, as well as to 
the ejection of metal particles together with the gel substrate 
[11, 14]. These factors can affect the transferred living sys-
tems; therefore, to improve the technology of laser printing, it 
is necessary to select the optimal regimes of laser exposure. To 

this end, it is necessary to consider the processes induced by 
the absorption of a nanosecond laser pulse with an appropri-
ate time resolution, paying special attention to the dynamics 
of changes in the morphology, melting, and destruction of the 
absorbing film exposed to laser radiation with fluence (sur-
face energy density) both above and below the ablation 
threshold. Studies must be carried out both with a gel layer on 
a metal film (conditions for laser printing with gel microdro-
plets) and without it. 

This problem can be efficiently solved by studying the 
dynamics of the reflectivity of a thin absorbing metal layer 
using probe laser radiation [15 – 19] and comparing the results 
with optical and electronic micrographs of destroyed and 
modified areas. 

The aim of this work is to study the dynamics of changes 
in the morphology and destruction of absorbing Au and Ti 
films of the donor substrate under nanosecond laser irradia-
tion with fluences both above and below the ablation thresh-
old under the conditions of gel microdroplets transfer.

2. Description of the experiment 

The experiment is schematically illustrated in Fig.1. The 
source of radiation with l= 1064 nm was a YLPM-1-1x120-
50-M ytterbium fibre pulsed laser (IPG IRE Polyus, Russia) 
with a tunable pulse duration (t = 1 – 120 ns) and pulse energy 
Ep = 2 – 900 mJ (beam quality parameter M 2 < 1.34). The 
laser pulse energy was calibrated using a thermal sensor 
S310C (Thorlabs, USA). To control the radiation, a two-mir-
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Figure 1.  Schematic of the experiment.
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ror galvanic scanning head LscanH-10-1064 (Ateko-TM, 
Russia) with an SL-1064-110-160 objective lens (Ronar-
Smith, Singapore) having a focal length of 160 mm (spot 
diameter at focus ~30 mm) was used. The focus position rela-
tive to the studied object was adjusted using a motorised ver-
tical translator. The pulsed radiation acted on Ti and Au 
metal films on glass substrates. The thickness of the films was 
~50 nm. In a number of experiments, a layer of gel (2 % aque-
ous solution of hyaluronic acid) ~200 mm thick was deposited 
on the metal film. 

A beam of a single-frequency He – Ne laser L02/2 (SIOS, 
Germany) with high frequency stability (l = 632.8 nm, output 
power 3 mW) was directed (at an angle of ~40° to the normal 
to the surface of the glass substrate) onto the site of pulsed 
laser action by means of a system of mirrors, lenses and 
microscrews, and a beam expander. The laser radiation was 
focused on the metal layer into a spot with a diameter of  
~30  mm. Focus control was carried out using an 
XCAM1080PHB/PHD/PHE digital camera (ToupTek 
Photonics, China) with a long-focus lens and an operating 
field of 4 ́  6 mm. The laser radiation consists of two mutually 
perpendicular linearly polarised modes. In the experiment, 
p-polarised radiation was used, which was obtained using a 
system including a polariser, an analyser, and a half-wave 
plate. 

The reflected He – Ne laser beam was focused on the active 
region surface of an ODA04A photodetector (Avesta, Russia) 
equipped with an amplifier. The diameter of the photodetec-
tor active region was 0.4 mm, its spectral range was 
320 – 1000 nm, the bandwidth was from 0 to 500 MHz, and 
the time constant was about 2 ns. A narrow-band interference 
light filter with a passband of 625 – 640 nm was placed in front 
of the photodetector. The He – Ne laser signal was recorded 
using a GDS-72304 digital four-channel oscilloscope (GW 
Instek, Taiwan) with a frequency band of 0 – 300 MHz. The 
signal recording was synchronised with a pulse acting on a 
metal film using an additional OD-007B photodetector 
(Avesta, Russia ) with a spectral range of 900 – 1700 nm, a 
bandwidth of up to 1700 MHz, and a time constant of 500 ps. 
This photodetector was placed under the test sample, on the 
axis of the pulsed laser radiation source. After laser exposure, 
the samples were examined using a PHENOM ProX scanning 
electron microscope (Phenom World, the Netherlands) and 
an HRM-300 Series optical 3D microscope (Huvitz, Korea). 
The structure of a titanium film on a glass substrate was ana-
lysed using a MiniFlex 600 X-ray diffractometer (Rigaku, 
Japan). 

3. Results of measurements and discussion 

It is known that when a short laser pulse with a sufficiently 
high intensity acts on a metal surface, an intense heating of 
the exposed region occurs due to the partial absorption of 
radiation [14, 20]. As a result, when the ablation threshold is 
exceeded, the material evaporates in the centre and melts at 
the edges of the irradiated area, and the accompanying hydro-
dynamic effects contribute to the partial or complete removal 
of the material from the laser exposure zone [21, 22]. 

From the obtained dependences of the diameters of holes 
in Ti and Au metal films on the pulse energy, assuming a 
Gaussian intensity distribution in the laser beam cross sec-
tion, we can relate the measured diameter of holes 2rd in the 
Au and Ti films with the threshold value of the laser fluence 
Fth [23]: 
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where F is the laser pulse fluence; rd is the measured radius of 
the hole in the film; and rf is the radius of the focal spot. 
Transforming the above expression, we obtain 
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Figure 2 shows the dependences of the square of the diam-
eters of the holes obtained in the Au and Ti films on the value 
of the logarithm of the laser fluence. The corresponding opti-
cal micrographs are also shown here. The obtained depen-
dences were used to estimate the threshold fluence values Fth 
for dry (without gel) films: for gold Fth » 180 mJ cm–2, for 
titanium Fth » 60 mJ cm–2. 

The presence of a gel layer on the absorbing metal layer of 
the donor substrate increases the ablation threshold. As can 
be seen from the example of a titanium film (Fig. 3), the for-
mation of a hole in it occurs at higher fluence values as com-
pared to a dry sample. Such a result is quite expected, since 
the presence of the gel leads to an additional outflow of heat 
from the metal film and a decrease in its heating. Note that 
there is no visible destruction of the film in the region of laser 
action at the minimum fluence value (27 mJ cm–2) in the pres-
ence of gel (Fig. 3b). In the case of a dry film, with the same 
fluence, the presence of cracks and micron-size holes can be 
seen in the affected spot. Similar cracks are also observed in 
the peripheral region of the spot at high fluence values. 

Figure 4 shows SEM images and a topographic picture of 
the surfaces of Ti and Au films at the threshold values of the 
laser fluence. In the case of a gold film, in the centre of the 
laser spot its strong deformation in the region of ~15 mm and 
a slight destruction with the formation of a rupture of ~ mm 
are observed. Probably, the gold melting temperature was 
reached in the centre of the spot, and the film was deformed 
as a result of its shock-like detachment from the substrate. It 
is also worth noting that an increase in the fluence to 
210 mJ cm–2 leads to the formation of a hole in the gold film 
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Figure 2.  (Colour online) Dependences of the square of the diameters 
of the holes obtained in Au and Ti films without a gel layer on the natu-
ral logarithm of the laser fluence (in mJ cm–2) and their linear approxi-
mations. The insets show the corresponding optical micrographs with 
illumination through film.
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with the appearance of several radial ruptures (due to the 
extremely weak adhesion of the Au film to the glass substrate) 
and peeling of the petals. 

SEM images of the surface of the titanium film (Fig. 4) 
show that in the process of thermal laser exposure, there 
occurred a change in the film morphology, characterised by 
the formation of numerous cracks having an irregular struc-

ture. At the same time, the topographic picture of the surface 
did not reveal significant height differences. The adhesion of 
the titanium film to the glass substrate is very high; therefore, 
the pulse pressure in this case was insufficient to detach the 
film from the substrate. We believe that the observed effect of 
cracking occurs due to different values of the coefficients of 
thermal expansion of glass and metal. 
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Figure 3.  SEM images of the titanium film surface (a) without gel and (b) with gel at various fluence values.
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Figure 4.  Images of the surfaces of gold and titanium films at the site of pulsed laser impact with fluence values close to the threshold: (a) SEM im-
ages of a metal film; (b) topographic picture of the surface.
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The changes in the morphology of metal films described 
above, as well as their pulsed heating, lead to time-dependent 
changes in the film reflectivity. The dynamics of these changes 
determines the time dependences of the coefficients of reflec-
tion and scattering of the He – Ne laser probe beam from the 
metal surface and, therefore, the signal at the photodiode out-
put (see Fig. 1). 

Figure 5 shows the time dependences of the coefficient of 
reflection of the He – Ne laser probe beam affected by the 
pulsed laser impact on a gold film without gel (Fig. 5a) and 
with a gel layer (Fig. 5b). 

Changes in the reflectivity of the Au film produced by the 
pulsed heating can be described based on the classical Drude 
theory. According to this theory, free electrons transfer the 
absorbed energy via collisions to the crystal lattice [24]. At a 
wavelength of 632.8 nm, the reflectivity decreases with 
increasing temperature up to the melting point of the film 
[19]. Therefore, the reflection coefficient measurement with a 
nanosecond resolution can be used to determine the onset of 
melting of the metal surface and to estimate the temperature 
at the site of pulsed impact. The character of the change in the 
gold film reflection coefficient at a wavelength of 632.8 nm 
during heating, calculated from the data of [25, 26], is shown 
in Fig. 6. From the dependence, it follows that upon heating 

a gold film to the melting point, its reflection coefficient 
should decrease by 6.3 %. 

As follows from Fig. 5, at a fluence of 180 mJ cm–2 in the 
case of a dry film and at a fluence of 350 mJ cm–2 in the pres-
ence of a gel, the reflected signal of the He – Ne laser after 
pulsed laser action decreases by about 6 %, and then again 
reaches the initial level. According to the above calculation 
(see Fig. 6), the temperature of the gold film reaches the value 
Тm. However, the times during which the reflection coefficient 
R(t) returns to its initial value differ little: for a film without a 
gel, this time is ~40 ns, and in the presence of a gel layer, 
about 60 ns. At a higher fluence (340 mJ cm–2) in the case of a 
dry film (Fig. 5a), the reflection coefficient decreases to 55 % 
in a time of ~20 ns, and Тm is reached in about 10 ns. 
Fluctuations in R(t) are observed in the time interval 
20 – 150 ns. Further, R(t) increases monotonically and reaches 
a constant level, which is approximately 6 % lower than the 
initial value. Since the gold film cooled down in a time of 
~300 ns, this decrease in R(t) can be explained by irreversible 
changes in the structure of the gold film [15]. 

In the case of a film with a gel layer (Fig. 5b) at a fluence 
of 540 mJ  cm–2, the slope of the initial segment of the R(t) 
dependence corresponds to the slope at a fluence of 
350 mJ cm–2. In this case, the melting point is reached in the 
same time ~20 ns. However, in this case, R(t) continues to 
decrease (with small fluctuations) and reaches a minimum at 
t = 50 ns. Then, a slight increase in R(t) occurs and a plateau 
with a value of ~70 % is observed after about 100 ns. The 
destruction and modification of the film that took place is 
probably caused by the formation of a small-diameter hole 
with the opening of petals and partial detachment of the film 
from the surface of the glass substrate (see Fig. 4). 

With further increase in the fluence to 810 mJ cm–2 at the 
initial stage the rate of change in R(t) increases. The melting 
temperature is reached as soon as in ~7 ns. Then R(t) gradu-
ally decreases and after about 80 ns falls to a minimum, fol-
lowed by a plateau with R(t) » 45 %. Compared to the pla-
teau at a fluence of 540 mJ cm–2, this plateau is much lower, 
which can be explained by the large diameter of the produced 
hole, as well as by more significant damage and morphologi-
cal changes in the area of laser impact. 

Under pulsed laser action on the surface of a titanium 
film, the reflection coefficient irreversibly decreases, regard-
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Figure 5.  (Colour online) Reflectivity dynamics for the surface of the 
gold film on a glass substrate probed by p-polarised He – Ne laser radia-
tion under the impact of an 8 ns laser pulse on (a) a dry metal film and 
(b) a film with a gel layer at various fluence values. The dashed horizon-
tal lines correspond to the initial level of the reflected signal and a de-
crease in this level by 6 %, and the vertical lines, to the time of reaching 
the maximum of the laser pulse (shown in the Figure). 
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Figure 6.  Dependence of the reflection coefficient of a gold film (calcu-
lated from the data of [25, 26]) for p-polarised radiation of a He – Ne 
laser incident at an angle of 40° on the heating temperature. The dotted 
line marks the melting point of gold (Tm).
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less of the fluence value (Fig. 7). An increase in the fluence in 
this case leads to a decrease in the reflected signal, which is 
probably caused by an increase in scattering by the titanium 
surface due to the formation of cracks (see Fig. 4). The 
destruction of the dry Ti film (Fig. 7a), in comparison with 
the destruction of the film with the applied gel layer (Fig. 7b), 
occurs at a lower fluence. This result is consistent with those 
obtained by analysing SEM images (see Fig. 3). Note that in 
all cases, the time it takes for the reflected signal to reach a 
constant level is ~50 ns. At the same time, the obtained exper-
imental curves for a dry surface and a surface with a gel layer 
did not reveal significant differences in the temporal behav-
iour of the signal. It can be seen from the presented examples 
that all these changes in the structure and morphology of the 
titanium film are irreversible. 

Unlike noble metals, titanium is a chemically active ele-
ment; therefore, a titanium film is also characterised by a 
permanent oxide layer on its surface [27, 28]. Thus, the 
data of X-ray diffractometry of an intact titanium film 
demonstrated the presence of oxide forms of titanium in 
the film. Moreover, under laser irradiation of a titanium 
film in an aqueous solution of 2 % hyaluronic acid a chem-
ical reaction with water vapour also occurs, which can lead 
to the formation of nanoparticles of nonstoichiometric 

titanium oxide [29] and other oxide forms [30 – 32]. All 
these observations testify irreversible changes occurring in 
the titanium-based metal film and caused by the thermal 
effect of a laser pulse. 

In practice, laser transfer of gel microdroplets is carried 
out at fluences above threshold values. Experiments have 
shown that pulsed laser action in this case leads to the destruc-
tion of metal absorbing films and, obviously, to the ejection 
of metal nanoparticles with gel microdroplets. The presence 
of nanoparticles in the gel substrate can adversely affect the 
survival of the transferred cells and microorganisms. The tox-
icity of gold nanoparticles was studied in [14]. A significant 
number of works have also been devoted to the toxicity of 
titanium oxides. A number of researchers point to a rather 
high toxic effect of titanium oxide on living cells [33, 34], oth-
ers, on the contrary, did not reveal toxicity [35, 36]. At the 
same time, the experimental results obtained using the LEMS 
setup [12] showed high cell survival when using glass sub-
strates with a titanium coating. Experimental results [37] have 
demonstrated that the use of glass substrates with a Ti film 
has a lower inhibitory effect on microorganisms as compared 
to a substrate with an Au film. Due to the high adhesion of 
the titanium film to the glass substrate, the percentage of tita-
nium-based particles in gel microdroplets will certainly be 
lower than with gold-coated glass plates. Therefore, the use of 
titanium films in experiments on the gel transfer of living cells 
and microorganisms is more promising. 

4. Conclusions 

We studied the dynamics of morphology change and destruc-
tion of absorbing Au and Ti films of a donor substrate caused 
by nanosecond laser impact under conditions of gel micro-
droplets transfer in the range of laser fluences both above and 
below the ablation threshold. Experimental estimates of the 
threshold fluences in the case of dry films were carried out 
and it was shown that the presence of a gel layer on a metal 
film increases its ablation threshold. The time characteristics 
of the processes of destruction and modification of films with 
a nanosecond resolution were obtained from the results of 
measuring the intensity of the reflected He – Ne laser beam. 

It was found that for a gold film, laser heating up to the 
melting temperature does not lead to film destruction. When 
the threshold fluence is slightly exceeded, a hole appears in 
the Au film, associated with the formation of radial ruptures 
and peeling of petals. For a titanium film, as a reactive metal, 
thermal effects near the ablation threshold are irreversible 
and lead to degradation of the film material with the forma-
tion of various oxide forms. Even at subthreshold fluence val-
ues, numerous cracks and micro-holes are formed in the Ti 
film, leading to a decrease in the reflected signal. It was shown 
that the presence of a gel on the film increases the ablation 
threshold, but the time during which the process of structural 
changes in the material is completed does not change signifi-
cantly. The results can be used to improve the technology of 
laser bioprinting. 
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Figure 7.  (Colour online) Dynamics of the reflectivity of the surface of 
a titanium film on a glass substrate for p-polarised radiation of a 
He – Ne laser under the impact of an 8 ns laser pulse on (a)  a dry metal 
film and (b) a film with a gel layer at various values of the fluence. 
Dashed horizontal lines correspond to the initial level of the reflected 
signal, and vertical lines, to the time of reaching the maximum of the 
laser pulse (shown in the figure).
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