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Deposition of zinc films by laser method

V.K. Goncharov, G.A. Gusakov, M.V. Puzyrev

Abstract. Conditions of laser irradiation of a zinc target under
which large droplets of a laser target material are not formed in the
erosion plume are found, and zinc nanofilms with a minimum num-
ber of large particles on the surface are produced. The surface
structure, thickness and optical characteristics of zinc films are
determined as functions of the power density of laser radiation fall-
ing on a zinc target. The evaporation threshold for a zinc target
irradiated by nanosecond laser pulses is found.

Keywords: laser-plasma deposition, nanosized zinc films, laser ero-
sion plasma.

1. Introduction

Transparent flexible conductors are important components
of modern electronic and optoelectronic devices such as inter-
active electronics, solar energy, implantable medical devices
and various robotic systems. Thus, the problem of producing
uniform nanoscale coatings at low temperatures, which do
not exceed the softening temperature of the substrate mate-
rial, and without subsequent annealing is very urgent, espe-
cially in the deposition of coatings on polymeric substrates.

One of the most promising methods for the preparation of
nanostructured films is the pulsed laser deposition technique
[1], which consists in sputtering a target in a vacuum chamber
by laser pulses and in depositing a target material on a sub-
strate. The advantages of this method are its simplicity and
equally good evaporation of all chemical elements contained
in a target [2]. By evaporating a target under certain condi-
tions it is possible to obtain a film with a desired stoichiomet-
ric composition.

In many important technological processes the deposited
metal coatings should be uniform and have a minimum num-
ber of frozen metal droplets on the film surface.

It is known that the formation of a liquid-phase phase in
laser erosion plumes of metals may be caused by three mecha-
nisms [3-7].

The largest liquid droplets are formed due to the hydrody-
namic mechanism [3-5]. Their size depends on many factors
such as the spatiotemporal shape of laser pulses, focusing
conditions, purity of a target material and type of metal. The
diameter of these particles is 1100 um.
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Volume vaporisation processes also result in the forma-
tion of the target material particles (depending on the laser
irradiation conditions) with a diameter of 0.04—1 pum [6].

When metal targets are irradiated by single laser pulses of
short duration, target material particles are mainly formed in
the laser erosion plume due to condensation of degradation
products [7]. Their diameter is typically 40—60 nm.

In the presence of synergistic processes, when laser pulses
irradiate metal targets in the frequency regime, particles of
the condensed phase of the target material may be formed in
a laser erosion plume at the expense of all three mechanisms.
In this case, the predominance of one or another mecha-
nism is dependent on the irradiation conditions (laser
energy in a single pulse, focusing conditions, laser pulse rep-
etition rate, rate of movement of the laser beam along the
target surface, etc.).

Currently, there are several ways of forming laser erosion
plumes with a minimum number of large droplets of particles
of the laser target material.

One of the easiest is to place a screen in the area of the
main flow of the laser target degradation products [§].
However, this method involves the use of the particles at the
periphery of the laser erosion plume and the presence of a
buffer gas in a vacuum chamber. As a result, the film is depos-
ited with slow particles whose velocity is comparable with
that of the particles in thermal sputtering. The coating deposi-
tion velocity is significantly reduced, and in some cases the
required adhesion of the coating to the substrate material is
not achieved.

In [9], based on the study of the dynamics of the laser ero-
sion plume, a method is proposed to eliminate large droplets
by placing a diaphragm, which holds large droplets and passes
the plasma plume [10]. In this case, the main laser target deg-
radation products effectively participate in the deposition of
films. Burimov et al. [11] proposed a method of removing
large, low-velocity droplets by placing a rotating disk with an
aperture in the way of the erosion plume. In this case, the disk
rotation and the high-velocity component of the erosion
plume should be synchronised so that the aperture was oppo-
site the substrate at the moment of the laser pulse arrival.
Thus, the droplets are prevented from reaching the film sur-
face and are trapped on the disk. Gorbunov et al. [12] pro-
posed cross-beam pulsed laser deposition when two laser
beams are directed to two targets at different angles and ero-
sion plumes intersect at a certain angle. As a result of elastic
and inelastic collisions of the fastest particles, a new plasma
plume, free of large droplets, is formed.

A more effective method of obtaining a laser erosion
plume without large droplets was proposed in [13]. It is based
on the formation of a laser erosion plume by the first laser
beam and on additional evaporation of liquid droplets by the
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second laser beam propagating perpendicularly to the erosion
plume.

Of the following methods of removal of large droplets,
most effective are the last three methods. However, they have
some drawbacks. One should take into account that the
method of removing particles with the help of a rotating disk
having an aperture involves synchronisation of the laser
plume appearance with the appearance of the aperture in the
rotating disk. Because the rotation of the disk cannot be fun-
damentally synchronised, the reference synchronisation pulse
should be generated by the disk rotation system itself, which
is particularly difficult to realise. Furthermore, compared to
other electronic systems this system is less stable. To imple-
ment the last two methods requires the use of two lasers,
which imposes additional conditions (purchase of fairly
sophisticated and expensive equipment) on the deposition
technology. The system of their synchronisation is also com-
plex. It should be noted that the radiation beam from a single
laser can be split into two and each of the beams can be deliv-
ered to the desired location using a complicated optical sys-
tem. However, this requires the use of a high-energy (and
therefore more expensive) laser. Thus, the separation of radi-
ation into two beams does not greatly simplify the task.

Thus, the objective of this paper is to find such regimes of
laser irradiation of metals, when a liquid-metal layer is not
formed in the exposed region and large droplets of the target
material are not produced in the erosion plume due to the
hydrodynamic mechanism, as well as to develop a simple
method of laser-plasma film deposition using a single laser
without any additional optical systems and rigid synchronisa-
tion of mechanical and optical systems. This will significantly
simplify the production technology of nanoscale films and
will make it cheaper.

2. Experiment

For film deposition we used a 1064-nm pulsed LS-2137
YAG :Nd?** laser (Lotis-TII) with a FWHM pulse duration
7 = 20 ns. The laser pulse repetition rate was 10 Hz, and the
deposition continued for 1 h. The target made of commer-
cially pure zinc was placed at an angle of 45° to the axis of the
laser beam. As a substrate we used silicon and glass. The
deposition was performed in vacuum at a residual gas pres-
sure of ~1073 Pa or in the air atmosphere. The substrates were
placed parallel to the target surface, and the distance L
between the substrate and the target was 25 or 100 mm. The
target was rotated at 2 rpm, to prevent the formation of deep
craters on its surface, which may affect the spatial shape of
the erosion plume. The erosion trace on the target was a circle
of varying width and diameter of 15-20 mm (depending on
the type of the target and the conditions of the experiment).
The surface structure of the films was studied using LEO
1455 VP (Carl Zeiss, Germany) and S-4800 (Hitachi, Japan)
scanning electron microscopes. The coating thickness was
determined with a profilometer (Talystep, USA). Spectral
characteristics of the deposited film in the range 200—900 nm
were studied using a Cary300 spectrophotometer (Varian,
USA). The parameters of the erosion crater on the surface of
the target were measured with an MKTF-1 optical microscope.

3. Results and discussion

For a metal to be efficiently deposited, it is important to know
the threshold laser power density, at which the target material

starts to intensively evaporate. Since the energy distribution
over the laser beam cross section is close to Gaussian, we
should determine some averaged laser power density in the
destruction of the target. As an average power density of laser
radiation, we used the ratio of the laser pulse energy to its
duration and the area of the laser spot on the target surface.
Note that in this case the maximum power density with
allowance for the Gaussian energy distribution in the spot
exceeds the average power density by approximately three
times. In our experiments, the average power density of the
laser pulse, Py, was varied in the range from 9.9 X 107 to 8.9 x
108 W ¢cm™. Thus, taking into account the Gaussian energy
distribution in the laser spot the maximum power density Pp
ranged from 3 X 108 t0 2.7 X 10° W cm™.

To assess the threshold laser power density, we measured
the linear dimensions of the erosion craters produced on the
target surface as a result of exposure to laser radiation with
different power densities. The experiments showed that at a
laser pulse energy of 140 mJ and a beam spot diameter
d, ~1 mm, the crater diameter was 1.25 mm, at d,= 2 mm —
1.4 mm and at d;= 3 mm — 0.4 mm, which is associated with a
decrease in Pp with increasing diameter of the laser spot. At a
laser beam diameter of 3 mm the power density at the spot
edges is insufficient to start efficient evaporation of the target
material. With decreasing diameter of the laser beam to 1 mm
the local power density of laser radiation is increased by
approximately 10 times, and it is already sufficient to start the
evaporation of the target material even at the peripheral part
of the laser spot. In addition, at a higher power density, the
laser pulse due to the thermal conductivity and a significant
temperature gradient heats a region at a considerable distance
from the irradiated area. As a result, the erosion crater diam-
eter is greater than the diameter of the laser spot. Based on the
above described data and taking into account the Gaussian
energy distribution in the spot (Fig. 1), we can make a con-
clusion that for zinc the threshold power density P = 2.7 x
108 W cm2, which corresponds to Py = 0.9 x 103 W cm™,

Pp/108 W cm™2
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Figure 1. Laser power density distribution along the diameter of the
beam spot at different values of d,.

Nanoparticles of the liquid-phase target material, formed
in the erosion plume due to the volume evaporation and con-
densation, are carried away by ions and atoms of the target
material. When falling onto the substrate surface, they form
nanofilms.
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Particles formed in the erosion plume by a hydrodynamic
mechanism have a sufficiently large diameter (d = 1-15 um)
and much lower velocities compared to the velocities of atoms
and ions. These particles, reaching the substrate surface, pro-
duce an uneven relief on the deposited film.

In this connection, it is necessary to determine the regimes
of deposition of metal films at which their surface will contain
a minimum amount of large particles. Figure 2 shows the
photographs of zinc films, obtained using an electron micro-
scope under different deposition conditions. Figure 3 presents
the total number of particles on the film surface as a function
of the average power density of laser radiation. From the
results it follows that the number of particles on the film sur-
face decreases with decreasing average power density of laser
radiation, and at low values of P4 near the evaporation
threshold of zinc one can obtain practically drop-free films.

Figure 4 shows particle-size distributions (0.1-5 um)
under various experimental conditions. It is seen that with
increasing size the number of particles decreases. In reality,
one can see large particle on the photographs, but they are
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Figure 2. Surface of a zinc film at Py = (a) 0.99 x 108, (b) 2.2 X 10% and
() 8.9 X 108 W cm2,
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Figure 3. Dependences of the number N of particles per 1 cm? on Py at
L=(1)100and (2) 25 mm.

quite rare. The number of particles, whose size is less than
0.1 um, is much greater. These particles increase the growth
rate of the deposited coating and do not affect the uniformity
of the deposited coating surface. It is also evident that with
decreasing P, the number of particles per 1 cm” (N) on the
film surface decreases.
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Figure 4. Dependences of the particle-size density distribution, d, on
Py=(1)1.1 x10%(2)22%x 10%and (3) 8.9 x 108 Wem2at L =
100 mm and on Py =(4)2.2 x 108 W ecm2 at L =25 mm.

The experiments [curves ( /-3)] were performed at a dis-
tance L = 100 mm between the substrate and the laser target.
To test the effect of the distance from the substrate to the
target on the number of particles deposited on the film sur-
face, we performed an additional experiment, in which the
substrate was placed at distance of 25 mm from a zinc target.
Figure 4 [curve (4)] shows that when the distance between the
substrate and the target decreases, the number of large parti-
cles increases.

This may be due to the fact that the large particles formed
due to the hydrodynamic mechanism fly apart in the erosion
plume at smaller angles to the surface of the zinc target than
other degradation products [9]. With increasing distance from
the target surface to the substrate, the concentration of large
particles in the plume is reduced, and consequently, the num-
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ber of particles on the substrate surface decreases. However,
the deposition rate of metal films decreases in this case.

Since the deposition rate of the film varies as a function of
the laser power density, we measured the thicknesses of the
films deposited under different experimental conditions. The
results obtained are presented in Fig. 5. The experiments
show that the dependence of the thickness of the deposited
films on the laser power density is close to linear.
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Figure 5. Dependence of the thickness / of deposited films on Py for a
zinc target.

To study the influence of the laser radiation parame-
ters on the energy characteristics of zinc plasma, we per-
formed time-of-flight probe measurements, as described
in [14]. As an ion probe use was made of a 20 X 20-mm
copper plate. The distance between the target and the col-
lector in all experiments was 10 cm. The signal from the
probe was detected by a Tektronix TDS 2022B speed
oscilloscope.

Figure 6 shows the time dependences of the probe ion
current. The zinc target was irradiated by laser pulses of dif-
ferent average power density. It should be noted that at a
low [(1-1.5) X 108 W cm™2] average laser power density, the
ion current through the probe is not detected. It follows that
in the vicinity of the threshold values of Py, the surface of
the zinc target evaporates mostly neutral particles. In the
range of Py = (1.8—10) X 108 W cm2, the probe ion current
is clearly measured, and for the maximum power densities,
studied in our experiment, the plasma plume contains a pro-
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Figure 6. Time dependences of the probe ion current of the erosion
plasma at Pg=(1)8.9 x 10%and (2)2.2 x 103 W ecm™.

nounced front of fast ions, followed by a ‘tail’ of slow par-
ticles. This is consistent with the results of Navodvorskii
[15], who considered the time-of-flight characteristics of
ions in plasmas of many metals, including zinc. A similar
pattern was observed in [14] for the case of laser erosion of
graphite. Bulgakova et al. [14] attributed this effect to the
acceleration of the particles as a result of the absorption of
part of the laser pulse energy by a plasma plume. Thus, it
can be assumed that ionisation of the laser erosion products
of a zinc target occurs predominantly due to absorption of
part of the laser energy by a vapour-gas cloud formed over
the target surface. At a low laser power density, the zinc
vapour density above the target surface is small, laser radia-
tion absorption in the vapour-gas cloud is insignificant and,
as a result, the degree of the erosion plume ionisation is
small.

Using the results of time-of-flight measurements shown
in Fig. 6, we also estimated the average energy of ions in the
zinc plasma for different values of P4. The average ion
energy was calculated by the expression

1 fo Zmlu()]2 1(1)dt o2 fo “ 2 1(n)dre

Eiin =~ =
2 f 1(t)dt
0

2 fo “I(t)dr

where /(7) is the ion current through the probe; m is the mass
of the ions; and u(z) = L/t is the ion velocity.

It is shown that at Py =(2.2—10) X 108 W cm™2, the kinetic
energy of the particles in the erosion plume increases from 134
to 360 eV with increasing laser power density. It follows from
these estimates that due to the low melting point and low sub-
limation energy of zinc, this ion energy is sufficient for activa-
tion of various ion-stimulated processes on the surface of the
deposited film. However, the study of the influence of the
energy characteristics of the zinc plasma on the structure and
characteristics of the deposited films should be more detailed
and requires a separate study.

Since the deposited films are visually transparent, we mea-
sured their spectral characteristics. Figure 7 shows at different
scales the spectral characteristics of the loss factor (extinc-
tion) under different deposition conditions. One can see that
the maximum loss is observed in films deposited at higher
power densities of incident laser radiation, which may be
attributed to the film thickness and the presence of larger par-
ticles of the target material on the film surface.

At a low power density, a thin droplet-free zinc film is
formed on the substrate surface and the radiation loss due to
low absorption and scattering is minimal [Fig. 7, curve (/)]
When the power density of incident laser radiation is
increased, small droplets appear on the surface of the zinc
film. The loss factor of such films is determined not only by
their greater thickness, but also by scattering by deposited
droplets. According to the Love—Mie theory the main radia-
tion losses in this case are determined by the scattering whose
intensity is 1/4% where 1 is the radiation wavelength.
Therefore, with increasing power density of incident laser
radiation the transmission of the deposited films decreases,
especially in the short-wavelength region of the spectrum
[Fig. 7, curves (2, 3, 4)].

Figure 8a shows the spectral characteristics of zinc films
deposited at different distances between the laser target and
the substrate. With decreasing distance, more liquid droplets
formed in the laser erosion plume due to the hydrodynamic
mechanism fall onto the substrate, i.e., such droplets move at
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Figure 7. Spectral characteristics of the relative loss factor K of depos-
ited films at Py = (1) 0.99 x 10%, (2) 1.2 X 108, (3) 2.2 x 10% and (4)
8.9 X 108 W cm™2.
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Figure 8. Spectral characteristics of the relative loss factor K of depos-
ited films upon irradiation of a zinc target by laser radiation with a

power density of 2.2 X 103 W cm=2at L = (/) 100 and (2) 25 mm in (a)
vacuum and (b) air.

small angles to the target surface [9]. In this case, the droplet
size exceeds the wavelength of light, and the light loss is deter-
mined by the complex refractive index of a bulky zinc target
rather than by the dependence 1/A*. Therefore, in the short-
wavelength region of the spectrum the loss factor of the film
varies more smoothly, and its total growth in comparison
with a film deposited at L = 100 mm is determined by an
increase in the number of large droplets on the film surface
and its greater thickness, because in this case the laser erosive
plume scatters less and the density of erosion products in it is
higher.

As a result, films deposited at shorter distances L have a
higher optical density, and their quality is worse due to the
introduction of liquid droplets.

In experiments under low vacuum we observed a sig-
nificant increase in the loss factor of the deposited zinc
films in the short-wavelength region. To confirm this, we
investigated the deposition of a zinc film at different dis-
tances between the target and the substrate in air at atmo-
spheric pressure (Fig. 8b). We found that in this case,
apart from a zinc film, a ZnO film is intensively deposited
on the substrate. For the film deposited at L = 25 mm, the
loss spectra exhibit the ZnO absorption edge at a wave-
length of 337 nm (Fig. 8b). This can be seen in the short-
wavelength region of the spectrum of the deposited film.
When removing the substrate from the target, the film is
hardly deposited because the products of the laser erosion
of the target material at atmospheric pressure do not reach
the substrate.

4. Conclusions

We have found conditions of laser irradiation of a zinc target,
under which large droplets of the target material in the ero-
sion plumes are not formed, and have proposed a simple
method for the deposition of zinc nanofilms on a substrate
with a minimum number of large particles on its surface.

We have determined the threshold laser power density, at
which zinc starts to evaporate intensely. According to our
data, it is 2.7 X 108 W cm™2.

We have shown that the thickness of deposited films in
our case has a linear dependence on the power density of inci-
dent laser radiation.

We have demonstrated the principal possibility of synthe-
sis of ZnO films by the proposed method.
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