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Characterization of zirconium thin films deposited
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Zirconium (Zr) thin films deposited on Si (100) by pulsed laser deposition (PLD) at different pulse repetition rates
are investigated. The deposited Zr films exhibit a polycrystalline structure, and the X-ray diffraction (XRD) patterns of the
films show the o Zr phase. Due to the morphology variation of the target and the laser—plasma interaction, the deposition
rate significantly decreases from 0.0431 A/pulse at 2 Hz to 0.0189 A/pulse at 20 Hz. The presence of droplets on the
surface of the deposited film, which is one of the main disadvantages of the PLD, is observed at various pulse repetition
rates. Statistical results show that the dimension and the density of the droplets increase with an increasing pulse repetition
rate. We find that the source of droplets is the liquid layer formed under the target surface. The dense nanoparticles covered
on the film surface are observed through atomic force microscopy (AFM). The root mean square (RMS) roughness caused
by valleys and islands on the film surface initially increases and then decreases with the increasing pulse repetition rate.
The results of our investigation will be useful to optimize the synthesis conditions of the Zr films.
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1. Introduction

Zirconium has attracted considerable attention in many
application fields, such as the nuclear industry, reprocess-
ing plants, and material science, because of its low thermal
neutron cross-section, exceptional corrosion resistance under
high temperature and high pressure, and excellent hydrogen
storage property.l!'™ Over the past few decades, the struc-
tural and physical properties of bulk Zr and its alloys have
been widely investigated.>~7! Many deposition methods are
used to obtain Zr thin films with various properties, includ-
ing special o phase,®"! outstanding microstructures, and me-

10.111 polycrystalline Zr films are used

chanical properties.|
in various applications, such as thin multilayers with higher
coercivity.['?l Compared to the bulk materials, the pretty
unique properties of the films, such as a high surface area,
compact structure, and small size, make them excellent hy-
drogen storage materials.!?!

Pulsed laser deposition (PLD) is commonly used to de-
posit various materials. In contrast to other techniques, the
PLD can be performed at a relatively low temperature and
yield high-purity films with promising physical and structural
properties at the nanoscale.!'*'”) However, one of the main
disadvantages of the PLD is the presence of droplets on the
surfaces of the deposited films. The droplets are inevitably
formed in a complex physical process during target ablation
and plasma plume expansion. The physical process is affected
by the laser parameters and experimental conditions.[!’-%3]

The presence of droplets could affect the physical proper-

DOI: 10.1088/1674-1056/23/9/098103

Great ef-
forts have been taken to reduce the size and the density of
the droplets that cover on the surfaces of the as-deposited

films. The influence of the laser fluence on the presence of
15,21-23]

ties and the potential applications of the films.

droplets has been investigated by many researchers.|
Some other investigators focus on the relationship between the
target morphology and the droplet due to the laser ablation
of metals.”?*! Other laser and experimental parameters such
as the target—substrate distance,[!®! the incident angle of the
laser beam, ! and the laser wavelength!?’! have been stud-
ied to optimize the deposition process of the PLD. The effects
of the pulse repetition rate on the crystalline structures of the

S [25

films have been studied through experiments'>>! and theoreti-

cal simulations./?®! However, the relationship among the sur-
face morphology, the droplets, and the pulse repetition rate is
not clear in the previous work. There is a close connection
between the pulse repetition rate and the laser energy. Pre-
dictably, the pulse repetition rate has a significant effect on the
formation of the droplets.

Even though the process involved laser ablation with
ultra-short laser pulses and the laser—target interaction is still
a matter of discussion, and models are only available for sim-
ple systems, investigators believe that the direct ejection of
particles and droplets from the target is the apparent differ-
ence between a femtosecond laser and a nanosecond pulse. >!
Compared to the pulse femtosecond laser, the ablated species
formed by the nanosecond pulses interact with the laser pulse
itself. A non-equilibrium ablation process induced by the
femtosecond laser causes the direct ejection of particles and
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droplets. The number density of the droplets strongly de-
pends on the laser pulse duration. The published results show
that the deposition processes with nanosecond pulse duration
are more effective than those obtained with femtosecond laser
pulses. Moreover, the surfaces of the deposited films under the
nanosecond laser pulses are less covered by the droplets.?8! In
order to evaluate the limits of the PLD technique and reduce
the droplets, we investigate the Zr deposition process by using
ultraviolet 248 nm laser pulses with a pulse duration of 25 ns.

To the best of our knowledge, little work has been re-
ported on the Zr thin films deposited by PLD. In this study, we
explore the effects of the pulse repetition rate on the surface
morphology of the as-deposited Zr thin films. The study is
aimed to reduce the dimension and the density of the droplets
in such a process. This study lays a fundamental foundation

for obtaining a better preparation condition for Zr films.

2. Model and method

Zr thin films approximately 60 nm to 320 nm in thickness
were obtained by PLD onto Si (100) substrates. The KrF ex-
cimer laser with a wavelength of 248 nm was introduced into
the chamber through a quartz window and impinged on the
target surface with an angle of incidence of 45°. The purity of
the Zr target was 99.99 % and the target was rotated to reduce
drilling. To obtain uniform films, the substrate holder was ro-
tated during the deposition process. The target and the sub-
strate holder were rotated at the same rotating speed, which
was about 12 revolutions per min. The laser spot size was
about 1.5 mm?2, so the laser fluence was about 6.5 J/cm? . In
order to remove the surface contaminations, the Zr target was
cleaned by 3000 laser shots before depositions. The deposi-
tion time for all experiments was fixed at 120 min. The laser
parameters and the experimental conditions are summarized in
Table 1.

Table 1. Laser parameters and experimental conditions for Zr thin film deposition by PLD.

Laser parameter

Experimental condition

Laser type KrF, 248 nm
Laser repetition rate 2-20 Hz
Average laser fluence 6.5 J/cm?
Pulse duration 25 ns

Vacuum level 1x1075 Pa
Substrate Si (100)
Target—substrate distance 50 mm
Substrate temperature 200 °C

The average deposition rate was taken through weigh-
ing each Si substrate before and after the deposition process.
Grazing-incidence X-ray diffraction patterns of the films were
obtained at room temperature using a Panalytical XRD X’
pert PRO MPD diffractometer (Cu Ko radiation) with a step
of 0.03 and a count time of 2 s per step. The surface mor-
phologies of the samples were characterized by means of scan-
ning electron microscopy (SEM, Apollo 300 electron micro-
scope of the CamScan Company) analysis. The root mean
square (RMS) roughnesses and the average nanoparticle sizes
of the films were measured by atomic force microscopy (AFM,
SPA300HV).

3. Results and discussion

Figure 1(a) shows the grazing-incidence X-ray diffraction
patterns of Zr films grown on Si (100) with various pulse rep-
etition rates. The deposited Zr films exhibit a polycrystalline
structure. The diffraction peaks in Fig. 1(a) show the o phase.
Compared with the standard bulk Zr (JCPDS pattern #05-
0665), an apparent preferential orientation in the (110) direc-
tion is observed for all films. The reflections at all angles show
some broadening. Broadening in the XRD patterns can be at-
tributed to smaller crystalline size and microstrain in the films.
No other phases, such as zirconium silicide, are detected in the
XRD patterns. Therefore, no interdiffusion exists between the
Zr film and the Si substrate at 200 °C.['%1 In Fig. 1(a), the film
deposited at 2 Hz reveals a typical amorphous-like structure
due to the insufficient film thickness.*”! The better crystalline

quality obtained for Zr films grown at other pulse repetition
rates can be ascribed to the increased thickness compared to
the 2 Hz one. In fact, the higher deposition rate caused by a
high pulse repetition rate makes the film exhibit a smooth mor-
phology and a compact structure.*"! The data in Fig. 1(a) are
completely consistent with the results shown in Fig. 4.

The average deposition rate decreases with increasing
pulse repetition rate (Fig. 1(b)). A maximum error calculated
as half the difference between the maximum and the minimum
is taken into account for the deposition rate. The deposition
rate significantly decreases from 0.0431 A/pulse at 2 Hz to
0.0189 A/pulse at 20 Hz. At a high pulse repetition rate, the
pulse becomes unstable. A typical phenomenon is the pulse
dropout. During a typical PLD process, the roughening of the
target can cause a decrease in the deposition rate. The sur-
face roughening of the target is an intrinsic shortcoming and
cannot be eliminated completely. In fact, a higher pulse repeti-
tion rate can support a stronger interaction between the target
and the incident laser pulse.3!! The amount of energy intro-
duced to the target increases with increasing pulse repetition
rate, which makes the target surface rougher. However, the
energy introduced to the surface of the target per unit area and
per unit time decreases because of the target roughening and
the plume deflection effect,3%! resulting in the decrease of the
average deposition rate. The changes of target morphology
and the plume deflection effect have a decisive role on the de-

crease of the deposition rate. 3234
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Fig. 1. (color online) (a) XRD patterns of Zr films with various pulse repetition rates, and (b) average deposition rate as a function of
the pulse repetition rate (the solid line is a guide to the eye).
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Fig. 2. (a)—(e) SEM images and (f)—(j) histograms of droplet size distribution of Zr films with various pulse repetition rates: (a) and
(f) 2 Hz, (b) and (g) 6 Hz, (c) and (h) 10 Hz, (d) and (i) 15 Hz, (e) and (j) 20 Hz.

098103-3



Chin. Phys. B Vol. 23, No. 9 (2014) 098103

The surface morphologies of Zr films with various pulse
repetition rates are depicted in Figs. 2(a)-2(e). All surfaces are
sparsely covered by droplets, and most of the droplets on the
Zr films vary in size from 0.01 pm to 10 um. The droplets are
composed of high-purity Zr, as detected by energy-dispersive
X-ray spectroscopy. The histograms in Figs. 2(f)-2(j) corre-
sponding to the SEM images clearly demonstrate the changes
in the surface morphology.

A simple code in Matlab is used for the statistical anal-
ysis of the droplets. The SEM images and the statistical re-
sults show that the dimension and the density of the droplets
increase with increasing pulse repetition rate. Data fitting to
the statistical results show that figures 2(f) and 2(g) can be
described as log-normal distributions represented by the equa-
tion

A
y=yo+ =
—1
%mexp(noc/xow

D

2w?

The data shown in Figs. 2(h)-2(j) are in accordance with a
logistic growth represented by the equation

A —A;

2+W7 ()

y=A
where y is the count of the droplets on the surface of the as-
deposited sample, x is the dimension of the droplets, and other
quantities A, yo, xc, W, A1, Az, X0, and p are all constants. Car-
rying on the data fitting to the size and the distribution of the
droplets, we can predict the variation trend of the droplets. The
presence of droplets on the surface of the as-deposited film is
due to target ablation and plasma plume expansion during de-
position. No simple technique can completely eliminate the
droplets.[?4!

One possible mechanism that can explain the formation
of droplets with large dimension is the presence of a liquid
layer under the Zr target surface. Under the high pulse repe-
tition rate ablation, more and larger droplets are sprayed out
from the ablation area.”>! During the initial stage of the laser
ablation process, the liquid layer is very thin and can produce
some droplets with smaller dimension. In Figs. 2(a) and 2(f),
we find smaller and less droplets because of the thin liquid
layer at a low pulse repetition rate. The amount of energy
introduced to the target increases with increasing pulse repe-
tition rate. When the laser energy continues to increase, the
interaction between the laser and the target becomes stronger.
Because the liquid becomes thicker due to more laser energy
introduced at a higher pulse repetition rate, more and larger
droplets are sprayed out from the liquid phase. The internal
superheating of the liquid phase could be responsible for the
expulsion of droplets under the interaction between the tar-

35

get and the laser shots.’>! The results are clearly shown in

Fig. 2(a)-2(j).

The surface morphology of the Zr target after being irra-
diated with 32000 laser shots is shown in Fig. 3, where the red
ellipses and circles are used to guide the eye. In the interior of
the ellipses and the circles, we can clearly see the presence of
droplets. The surface of the target is sparsely covered with a
large number of droplets. The morphology, composition, and
size of the droplets are similar than those on the surface of the
Zr film. These droplets are sprayed out from the ablation area
and have no chance to inject to the substrate surface. So, the
droplets stay on the surface of the irradiated target. With the
increase of time, the incident laser pulses cause the surface of
the target to become rougher. The so-called ripple structure of
the target induced by the laser shots has a great influence on
the ejection of the droplets. This phenomenon also makes a
great contribution to the number and the size variation of the
droplets. The target with a much smoother morphology has
more resistance to the spray of the droplets.?®! The experi-
ment results shown in Fig. 2 are obtained at the same target.
From 2 Hz to 20 Hz, the experiments are carried out accord-
ing to the time order. With increasing pulse repetition rate, the
target becomes progressively rougher, which makes the expul-
sion of the droplets more drastic. This is another explanation
for the droplets size variation and the quantity change. In sum-
mary, the laser—target interaction plays a key role on the vari-
ation of the ejected droplets. From Fig. 3, we find that the
source of the droplet is the liquid layer fomed under the target
surface. The results in Figs. 2 and 3 are in accordance with the
mechanism described above.

Fig. 3. (color online) SEM micrograph of Zr target after being irradiated
with 32000 laser shots.

Figures 4(a)—4(e) show the AFM images of the Zr sam-
ples deposited at different pulse repetition rates. Roughness
and topography are investigated using AFM. Figures 4(a)—4(e)
show the morphologies of the as-deposited Zr films. It can be
observed that the films deposited at different pulse repetition
rates consist of densely packed nanoparticles. At a low pulse
repetition rate, the pattern in Fig. 4(a) reveals an amorphous-
like film surface. With increasing the pulse repetition rate, the
film gradually shows a polycrystalline structure, as shown in
Figs. 4(b)-4(e). The high energy introduced by a higher pulse
repetition rate makes the film have a more compact structure.
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The high instantaneous deposition rate due to the higher pulse
repetition rate slows down the migration rate of atoms attached
to the substrate and promotes the formation of a compact sur-
face film. 3"

The RMS roughness is shown in Fig. 4(f). The rough-
ness initially increases and then decreases with increasing
pulse repetition rate. The pulse repetition rate significantly
affects the surface morphology. The RMS roughness of the
Zr film deposited at 10 Hz is 2.156 nm, reaching the maxi-
mum value. This irregular change may be influenced by the
droplets and the valleys on the surface of the film. More-

200= nm
L

over, the RMS roughness of the Zr film shows an irregular
change, which is consistent with the result of a theoretical
simulation.[>>]' A higher pulse repetition rate can lead to more
and smaller islands. The small islands enhance the diffusion
of atoms from the top of the growing island to a lower po-
sition on the substrate, resulting in a smoother film surface.
Conversely, a lower pulse repetition rate can lead to lower
island density, increased average island size, and diminished
surface RMS roughness.!>! In general, the RMS roughness is
low (< 2.2 nm), which makes the surface of the Zr film have a
mirror-like appearance.
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Fig. 4. (color online) (a)-(e) AFM images of as-deposited Zr films ((a) 2 Hz, (b) 6 Hz, (c) 10 Hz, (d) 15 Hz, (e) 20 Hz), and (f) the

RMS roughness as a function of the pulse repetition rate.

4. Conclusion

Zr thin films grown on Si (100) by PLD at different pulse
repetition rates are characterized. The XRD patterns of the Zr
films exhibit a polycrystalline structure. No interdiffusion ex-
ists between the Zr film and the Si substrate at 200 °C. SEM
patterns and statistical results reveal that the dimension and
the density of the droplets increase with increasing pulse repe-
tition rate. The deposition rate decreases with increasing pulse
repetition rate because of the plume deflection effect and the
target morphology variation. The AFM images indicate that
a high pulse repetition rate can make the film have a compact
and polycrystalline structure. A smoother film surface can be
obtained by changing the pulse repetition rate during the depo-
sition process. From the results, we find that a suitable pulse
repetition rate should be selected for the deposition of Zr films.
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