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Abstract: Zirconium (Zr) thin films were deposited on silicon using pulsed laser deposition (PLD)
with two laser wavelengths (1064 nm and 532 nm) and varying substrate temperatures (25 ◦C, 300 ◦C,
and 500 ◦C) and laser fluences (0.25, 0.5, 1.0 J/cm2). Results indicate that smoother films were obtained
with 1064 nm and surface roughness increased with higher fluences. Optimal crystalline films were
obtained at 300 ◦C. XRD, SEM, and AFM analysis revealed distinct patterns and peaks related to
laser parameters. The growth mechanisms of a Zr film were computed based on a well-known
continuum model of thin film growth. Our simulations agree with experimental observations. The
study highlights crucial factors affecting Zr thin film deposition and provides insights for optimizing
PLD parameters to achieve high-quality films.

Keywords: pulsed laser deposition; surface characterization; thin film growth; zirconium

1. Introduction

Zirconium is a highly active transition metal that closely resembles titanium and
hafnium and has a strong resistance to corrosion and heat [1]. Additionally, its thin layer
of oxide forms an exceptional resistance to acid, alkalis, and seawater. Zirconium occurs
naturally in about 30 mineral species, mostly as a silicate in zircon, the oxide baddeleyite
and other oxide compounds. Due to its high resistance to corrosion, zirconium is widely
used in the manufacture of pumps, valves, and heat exchangers [2]. Zirconium is also used
as an alloying agent in the production of some magnesium alloys and as an additive in the
manufacture of some steels.

Zirconium is also a material that can be considered for multilayer coating applications.
Aluminum-based mirrors have recently been widely investigated in reflective multilayer
coatings in extreme ultraviolet spectral regions due to having an L-edge near 17 nm. In
particular, Al-based multilayers have potential applications in the construction of mirrors
for instruments to detect solar coronal or transition-region emission lines in the wavelength
region of 17–19 nm.

It is known that aluminum can be a stable spacer in multilayer combinations. However,
inhomogeneous crystallization and interdiffusion between layers, the presence of an oxide
layer, and other contamination risks pose serious problems. Among those combinations,
Al/Zr multilayers have shown very promising performance in the EUV region. Given its
importance in the reflective mirror coatings, the mechanism of the zirconium growth and
its characterization are of utmost importance.

There are limited studies regarding the thin film deposition of pure Zr. Romanov et al.
compared the electrical properties of Zr thin films deposited on 6H-SiC substrates using
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pulsed laser deposition with other metals at a substrate temperature of 300 K [3]. Their
results indicated that while Zr exhibited slightly worse electrical properties compared
to tungsten and gold, it formed a barrier with sufficient ohmic properties for current
flow processes.

An additional study was conducted by Fankhauser et al., where epitaxial Zr(0001)
thin films were grown on Al2O3(0001) substrates using DC magnetron sputtering at a
substrate temperature of 700 ◦C [4]. The presence of an interfacial layer was observed, and
its formation mechanism was investigated. The structural characterization confirmed the
epitaxial nature of the film and provided insights into the lattice parameters and orientation
relationships between the film and the substrate.

Among the different deposition methods, the pulsed laser deposition (PLD) technique is
considered a highly versatile technique for a growing number of thin film applications [5–12].
PLD uses high-energy laser pulses to vaporize the surface of a solid target inside a vacuum
chamber and condenses the vapor on a substrate to form a film.

Several factors, including substrate temperature, laser energy density, and oxygen
partial pressure, can regulate thermally activated processes. Such processes can include
adsorption, desorption, surface diffusion, nucleation, crystallization/recrystallization,
substrate surface roughness, and the deposited thin film morphology of Zr. Additional
factors such as target-to-substrate distance, repetition rate, and post-growth annealing may
also alter the properties of the produced Zr thin films in pulsed laser deposition.

The average size of the nanoparticle and the root mean square roughness were shown
to increase with laser fluence when zirconium was deposited on silicon by PLD using an
excimer laser with a 248 nm wavelength [13]. The effects of pulse repetition rates on the
surface morphologies, specular reflectivity, and resistivity properties of Zr films and Zr
deuteride films were investigated to find suitable process parameters for the fabrication of
high-quality films for nuclear fusion. The deposited Zr thin films had exceedingly smooth
surfaces and high specular reflectivity. Additionally, some depressions were formed in the
film when they were exposed to a deuterium atmosphere.

Zirconium thin films deposited on high carbon steel substrates via RF magnetron
sputtering have also been analyzed [14]. The annealing process was conducted at tem-
peratures ranging from 600 ◦C to 1100 ◦C and was found to promote the diffusion of
carbon atoms, resulting in a transformation to zirconium carbide. The samples annealed at
900 ◦C exhibited the best mechanical properties.

In this work, we performed a series of experiments to understand the effect of depo-
sition parameters of zirconium on Si(100) using a 1064 nm Nd:YAG laser and its second
harmonic, especially the laser wavelength, fluence, and substrate temperature. Our study
showed that PLD is a viable option for obtaining crystalline zirconium at different substrate
temperatures, fluences, and wavelengths.

2. Experimental Setup

A pulsed laser deposition (PLD) system was used to deposit zirconium thin films on
Si substrates at various temperature conditions, wavelengths, and fluences. The main com-
ponents of the equipment set were a pulsed Nd: YAG nanosecond laser source (Continuum
Surelite II), a stainless steel ultrahigh vacuum chamber equipped with a substrate holder,
and a rotating target holder system. The laser has a fundamental wavelength of 1064 nm,
pulse width of 5 nanosecond, 10 Hz repetition rate, and a Gaussian pulse shape with
a 6 mm diameter unfocused beam. The second harmonic beam with a 532 nm wavelength
was generated using a KDP crystal. The purity of the Zr target was 99.95% and the UHV
chamber was pumped down to low 10−7 Torr. The target was rotated at 8 rpm to minimize
the particulate formation and the target to substrate distance was around 5 cm.

The surface morphology and cross-sectional thickness of the thin films were inves-
tigated by using scanning electron microscopy (SEM, Jeol 6510LV, Tokyo, Japan) and
atomic force microscopy (AFM, Nanosurf FlexAFM, Liestal, Switzerland). X-ray diffraction
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(XRD, Bruker, Karlsruhe, Germany) measurements were performed by using a BRUKER
2nd generation D2 PHASER.

The silicon (100) substrates (MTI Corporation, Richmond, CA, USA) were located
4 cm away from the target vertically. They were ultrasonically cleaned for 5 min after
bathing in methanol and storing in deionized water before loading onto the sample holder
for deposition. It should be noted that silicon also has a natural oxide layer. The UHV cham-
ber was pumped down to base pressure 10−8 Torr using mechanical rotary, turbomolecular,
and ion-sputtering pumps.

3. Results and Discussions
3.1. Effect of Fluence and Wavelength
3.1.1. XRD Analysis

At ambient conditions, zirconium crystallizes in a hexagonal close-packed (hcp) struc-
ture known as the phase, and the phase transition from α-Zr to (body centered cubic) β-Zr
at atmospheric pressure occurs at 1135 K.

The XRD patterns (Database#: COD 1512554 for zirconium) shown in Figure 1 display
the intensity of Zr peaks in four different two-theta angles corresponding to Zr (100),
Zr (002), Zr (101), and Zr (102) when deposition was carried out with different laser energy
densities at a 532 nm wavelength and 500 ◦C substrate temperature.
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Figure 1. XRD data for Zr thin films deposited with a wavelength of 532 nm, fluences of (a) 0.26 J/cm2,
(b) 0.52 J/cm2, and (c) 1.04 J/cm2, and substrate temperature of 500 ◦C.

The XRD measurements show peaks corresponding to the hexagonal structure of
Zr. The obtained peaks corresponded to Miller indices of (100), (002), (101), and (102), in
addition to two peaks which belonged to the Si substrate. Figure 1 illustrates XRD data for
Zr films obtained using a wavelength of 532 nm at 500 ◦C using three different fluences. For
all three fluences, Zr (100) was not present. A similarly distinct pattern was observed for
Zr (002) and Zr (101), where the intensity of the peaks initially increased as the fluence was
quadrupled, but there was no visible change in XRD pattern when the laser energy density
was doubled. However, peaks became more prominent, and some additional peaks started
to appear when the laser energy density was further increased to 1.06 J/cm2. The intensity
of Zr (102) first increased with the doubling of the fluence but remained the same with
further fluence increases. The laser fluence and wavelength are critical when determining
the structure of the deposited films. We previously found that the laser fluence had a
significant influence on NbNx film properties such as crystallite size [15]. Laser fluence
and wavelength were also shown to affect the structural and optical properties of CuxS
films grown with PLD [16].

The ablation rates and film thicknesses were significantly influenced by the laser
fluence. A minimum laser fluence that surpassed the material-dependent threshold was
necessary for film formation. When using fluences slightly above the ablation threshold,
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a phenomenon called dissimilar ablation may occur, particularly in multielement materi-
als [17], and when the fluence is just below the threshold laser-induced periodic surface
structures can be formed [18–21]. This refers to the preferential ablation of certain elements.
For instance, in the case of SrTiO3, increasing the laser fluence leads to the preferential
ablation of Ti, resulting in Ti-rich film growth at higher fluences [22]. Similar effects have
been observed in other materials, such as LiCoO2 [23]. In other cases, stoichiometric films
are only obtained at fluences significantly higher than the ablation threshold, as seen in
BaTiO3 [24]. Using fluences slightly above the ablation threshold can lead to preferential
ablation, thereby resulting in low ablation rates and consequently slow deposition rates.
This regime is highly sensitive to changes in fluence and it is strongly advised to avoid it in
PLD when aiming for reproducible outcomes [25].

Beyond the approximate threshold value of 0.5 J/cm2, increasing the laser fluence
exhibited an almost logarithmic growth in the ablation rate. The control of the laser fluence
not only governed the rate of deposition but also influenced the kinetic energy of the
ablated species. Even at fluences around 1 J/cm2, the maximum kinetic energies exceeded
200 eV. The kinetic energy continued to rise as the fluence increased, reaching up to 900 eV
at the maximum tested fluence of approximately 5 J/cm2 [17].

The kinetic energies of the ablated species directly influenced the crystallinity of the
resulting film, often by enhancing the adatom mobility. However, it should be noted that
kinetic energies above a certain threshold could have adverse effects. For example, kinetic
energies exceeding a certain threshold can lead to a significant increase in sputtering yield,
Y, which is defined as the ratio of the number of atoms lost from a surface to the number
of incident energetic particles striking the surface. Additionally, these highly energetic
species can introduce undesired structural formations into the deposited film and cause
preferential sputtering, resulting in compositional deviations [26].

Our study shows that the microstructure and surface properties and crystalline struc-
ture of zirconium films can be adjusted with laser fluence and wavelength. We report on
the effect of the laser fluence on the properties of pulsed lased deposited NbNx films.

Zirconium was then deposited at 1064 nm to study the effect of the wavelength
at the same fluences. Figure 2 shows XRD data for the Zr thin films obtained using a
1064 nm wavelength at 500 ◦C. At the 0.26 J/cm2 fluence, the Zr (100) peak was not visible;
however, as the fluence increased to 1.04 J/cm2 it becomes more apparent. In addition, we
observed one SiO2 peak at 500 ◦C. A similarly distinct pattern was observed for Zr (002) and
Zr (101), where the intensity of the peaks initially increased as the fluence was quadrupled,
but there was no visible change when the fluence was doubled. The intensity of Zr (102)
first decreased with the doubling of the fluence but increased again with a further increase
in the fluence of 1.06 J/cm2.
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Comparing the XRD data of two wavelengths at a substrate temperature of 500 ◦C and
fluences of 0.26 J/cm2 and 0.52 J/cm2, the Zr thin film using 532 nm is shown to be more
crystalline as its normalized full width at half-maximum (FWHM) was smaller. However,
this reversed for 1.04 J/cm2, as the normalized FWHM for 1064 nm became smaller. In
addition, Zr (002) peaks were observed in all three fluences with 532 nm, while they were
only observed with 1.06 J/cm2 at 1064 nm.

While multiple synthesis conditions influence the ablation process, one of the most
significant conditions is the wavelength of the laser pulse. When the wavelength is shorter,
the photon energies increase, allowing for bond breakage within the atomic lattice, thereby
resulting in ionization [27]. This leads to the ejection of atoms and ions without adverse
heating effects. Shorter wavelengths also result in shallower laser penetration depths
and, consequently, lower the threshold fluences and ablation rates. In contrast, longer
wavelengths often yield higher densities and larger sizes of particulates and/or droplets.
Infrared or visible laser light usually processes materials by producing intense local heating
that can melt or vaporize the material, which may cause serious damage to surrounding
areas. This contributes to stronger compositional deviations in a film [28]. Therefore, UV
irradiation at shorter wavelengths typically yields lower amounts of nano/microparticles
as compared to irradiation at longer wavelengths.

During the ablation process, micro- to nanostructures are frequently formed on the
surface of the target material. These structures increase the surface area and, in turn, reduce
the effective laser fluence. It has been reported that the wavelength of the laser pulse affects
the size and frequency of the periodic structures that appear on the target surface [29].
Moreover, the wavelengths not only impact the absorption by the target material, but also
influence the absorption by the laser-generated plasma plume [28,30].

The useful range of laser wavelengths for ablation typically falls between 200 and
400 nm. Excimer lasers are often preferred for ablation due to their higher energies and
relatively flat top energy profile. In contrast, Nd:YAG lasers demonstrate a Gaussian
energy profile. Therefore, the variation in fluence inherent to the Gaussian profile must be
considered when determining deposition parameters if using a Nd:YAG laser [17].

It has previously been shown that Zirconium silicide was formed at the interface
between the silicon (Si) substrate and Zr films when zirconium was deposited onto the
silicon surface with an excimer laser [31]. We have observed similar peaks at 41 and 44 and
assigned their values. It should be noted that we have not observed those peaks below
500 ◦C, which is in agreement with the literature. This could be due to zirconium silicide be-
ing too thin or the amorphous nature of the interface. It is known that at high temperatures,
atoms’ hopping rates increase and interface reactions occur more easily compared to at
low temperatures.

3.1.2. Effect of Temperature (XRD)

When the laser incident energy is constant, the atomic kinetic energy during deposition
is mainly influenced by the substrate temperature. At high temperatures, the atoms on
the film surface move rapidly to the lowest energy sites. This results in the formation of a
low-energy structure. Consequently, Zr thin films deposited at high substrate temperatures
have a larger thickness and a greater number of grains with c-axis orientation, leading to a
smoother XRD curve and a stronger intensity of the Zr peak. The crystallinity of the sample
improves with temperature, accordingly. However, an excessive substrate temperature
can cause adatoms to decompose and re-evaporate from the surface, rendering the Zr film
thermodynamically unstable and degrading the film’s thickness and crystalline quality.

We also performed depositions to investigate the effect of substrate temperature on Zr
film morphology. The XRD data shown in Figure 3 were obtained for thin films synthesized
using a 532 nm wavelength at three different substrate temperatures: 25 ◦C, 300 ◦C and
500 ◦C. The fluence was held constant at 0.52 J/cm2 for the proper analysis of the substrate
temperatures. The peak corresponding to Zr (100) at 25 ◦C was much lower in intensity
compared to the peak at 300 ◦C; however, this peak was not visible at 500 ◦C. The change in
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peak intensity was different for the Zr (002) peak. At 25 ◦C, a peak with very low intensity
was obtained. This peak significantly increased in intensity at 300 ◦C but returned to its
initial intensity at 500 ◦C.
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and substrate temperatures of (a) 25 ◦C, (b) 300 ◦C, and (c) 500 ◦C.

It should be noted that high substrate temperatures provide more energy for the
mobility of the adatoms on the surface and increase the hopping rate. However, further
increases in the substrate temperature may induce thermal stress due to thermal expan-
sion coefficient mismatch between the substrate and the coating. The silicon thermal
expansion coefficient is 2.5 × 10−6 K and the average coefficients of thermal expansion of
hexagonal zirconium between 298 ◦K and 1143 ◦K are 5.5 × 10−6 deg−1 along the a axis,
10.8 × 10−6 deg−1 along the c axis, and 7.2 × 10−6 deg−1 for a randomly oriented polycrys-
talline sample. The average value of the linear coefficient of expansion of cubic zirconium
between 1143 ◦K and 1600 ◦K is 9.7 × 10−6 deg−1 [32]. In addition, crystallization cannot
occur below a certain critical thickness, which is set by the energy difference between the
coating and the substrate. An additional increase in temperature after 300 ◦C increased
the thermal stress with rapidly decreasing film thickness. This could further explain the
difference in crystallinity between 300 and 500 ◦C.

The Zr (101) peak was only observed for the 25 ◦C substrate temperature; it was
invisible for 300 ◦C and 500 ◦C. Furthermore, the Zr (102) peak was not observed for
25 ◦C or 300 ◦C, while a broad peak with a low intensity was observed at 500 ◦C. A similar
phenomenon was observed for the PLD of iridium on Si(100) using the third harmonic of
Nd:YAG laser in the substrate temperature range of 200–400 ◦C [33]. It was observed that
while there were other peaks of iridium at 200–400 ◦C, there was a dominant Ir (111) peak
at a temperature range of 200–300 ◦C, as a dominant Zr (100) peak was observed in our
case at 300 ◦C.

Moreover, XRD data of bismuth thin films deposited with a 248 nm excimer laser in a
substrate temperature range of −40–200 ◦C showed a similar pattern to our XRD data of
a Zr thin film deposited in a temperature range of RT—500 ◦C [34]. From −40–30 ◦C, the
intensity of peaks was low and only visible with GIXRD, confirming the polycrystalline
nature of the thin film. From −30 ◦C to 50 ◦C, one dominant peak of Ir (111) existed,
and finally from 50 ◦C to 200 ◦C multiple peaks were observed without any preferred
orientation. This result is similar in the sense that we observed some peaks at RT, but their
intensity was low. Similarly, at 300 ◦C, a single dominant peak was observed, and finally at
500 ◦C there were multiple peaks without any observable orientation.

We previously found that the substrate temperature is a critical factor in determining
the phase of the NbNx films. For a substrate temperature up to 450 ◦C, the film showed
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poor crystalline quality. With a temperature increase, the film became more textured. For
a substrate temperature of 650−850 ◦C, a mix of cubic NbN and hexagonal phases were
formed, and the surface roughness of the NbNx films increased as the temperature was
raised from 450 ◦C to 850 ◦C [15].

Figure 4 illustrates the XRD data for Zr thin films obtained at three different substrate
temperatures, 25 ◦C, 300 ◦C, and 500 ◦C, with 0.52 J/cm2 fluence using a 1064 nm wave-
length. The peak corresponding to Zr (100) showed a similar pattern compared to the
Zr (100) peak of 532 nm, i.e., the peak intensity increased from 25 ◦C to 300 ◦C and the
peak disappeared at 500 ◦C. The Zr (002) and Zr (101) peaks were not observable for 25 ◦C
and 300 ◦C; however, they were barely observable at 500 ◦C. The peak corresponding to
Zr (102) were not observed for all three temperatures. In both cases, the dominant peak
was obtained at a 300 ◦C substrate temperature, with the peak corresponding to Zr (100)
Miller indices.
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When the crystallinity of Zr thin films for substrate temperatures 25 ◦C and 300 ◦C was
compared according to wavelength, the films produced using 532 nm were more crystalline
as the ratio between the height of the Zr (100) peak and its width was larger.

3.1.3. Morphology (Effect of Fluence)

Scanning electron microscopy (SEM) images shown in Figure 5 correspond to thin
films deposited at a substrate temperature of 500 ◦C using both a 1064 nm and a 532 nm Nd:
YAG laser at three different fluences. Magnified images seen as inset images in Figure 5
show a more coarse-grained surface pattern at higher fluence for both wavelengths.

Figure 6 shows the corresponding atomic force microscopy (AFM) images of these Zr
thin films. When the surfaces of the thin films are compared according to wavelength for
the same conditions as the Zr thin films, clear morphological differences can be observed.

Irregular pits can be observed for the 500 ◦C substrate temperature. The depth of the
pits became bigger with the fluence, leading to a surface roughness increase. There are some
rectangular structures observable on the surface shown in Figure 6a, which corresponds to
the 0.26 J/cm2 fluence and substrate temperature of 500 ◦C Zr thin film for the 1064 nm
wavelength. These rectangular structures changed to more irregular pits as the fluence
changed to 0.52 J/cm2 and 1.04 J/cm2. The roughness of the film increased from ~22 nm to
27 nm when the fluence changed to 0.52 J/cm2 and 1.04 J/cm2.

Similar results were observed in the PLD of platinum deposited on MgO using the ArF
excimer laser (193 nm) at 1× 10−5 Torr (oxygen) pressure at a 850 ◦C substrate temperature
for fluences lower than 1.92 J/cm2. It was determined that the roughness increased with
increasing fluence [35]. However, the surface roughness dropped abruptly above the
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1.92 J/cm2 fluence. This difference could be due to the use of partial oxygen pressure.
Furthermore, the MgO thin film deposited at 100 ◦C using a 532 nm Nd:YAG laser showed
an increase in the surface roughness as the fluence increased [36]. Our previous result also
showed that the surface roughness of the NbNx film increased when the temperature was
raised from 450 ◦C to 850 ◦C [15].
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Figure 6. AFM data for Zr thin films deposited with a wavelength of 532 nm, fluences (a) 0.26 J/cm2,
(b) 0.52 J/cm2, and (c) 1.04 J/cm2, and substrate temperature of 500 ◦C, and with a wavelength of
1064 nm, fluences of (d) 0.26 J/cm2, (e) 0.52 J/cm2, and (f) 1.04 J/cm2, and substrate temperature
of 500 ◦C.

For Zr thin films deposited at the 1064 nm wavelength, structures that are more
irregular were observed as compared to the 532 nm thin films, as seen in Figure 6d–f.
However, the surface roughness was smaller for the 1064 nm wavelength, as compared to
the 532 nm wavelength obtained from the AFM images.
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For instance, the surface roughness of the coating obtained at 500 ◦C with 532 nm was
around 25 nm, but it decreased to 22 nm with 1064 nm.

Moreover, thin films deposited at the 1.04 J/cm2 fluence were coarser as compared to
the lower fluences for both 1064 nm and 532 nm wavelengths. Our results indicate that
surface roughness is strongly affected by wavelength, laser fluence, and temperature.

3.1.4. Morphology (Effect of Temperature)

Temperature is known to affect many properties of the film during and after deposition.
At higher temperatures, adatoms on the substrate’s surface gain thermal energy and the
surface diffusion is enhanced, thus promoting crystal growth. The transition from a textured
microstructure to a densely packed crystal structure occurs over a range of temperatures.

To study the effect, Zr thin films were deposited at three different substrate temper-
atures: RT, 300 ◦C, and 500 ◦C at 532 nm and 1064 nm. SEM images in Figure 7 show
smaller grains for RT, which increase as the substrate temperature is raised to 300 ◦C. A
further increase in the substrate temperature to 500 ◦C results in the formation of deeper
pits and rectangular structures, thus resulting in an increase in the surface roughness for
both wavelengths.
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Figure 7. SEM data for Zr thin films deposited with fluence 0.52 J/cm2 and a wavelength of
532 nm and substrate temperatures of (a) 25 ◦C, (b) 300 ◦C, and (c) 500 ◦C, and with a wavelength of
1064 nm and substrate temperatures of (d) 25 ◦C, (e) 300 C, and (f) 500 ◦C.

Figure 8 shows the AFM images obtained for the Zr thin films at the three different
substrate temperatures, with a fluence of 0.52 J/cm2. The structural characteristics and
surface patterns observed in the AFM images are congruent with those observed in the
SEM images of Figure 7.

For the 532 nm wavelength at 25 ◦C, the surface roughness was the smallest. There
was a slight increase when the substrate temperature was increased to 300 ◦C, but there was
a more distinct increase in surface roughness from 300 ◦C to 500 ◦C due to the formation of
pits. A similar pattern was observed for the 1064 nm thin films; however, films obtained at
532 nm were rougher and the surface roughness increased with the temperature.

A similar pattern was observed for the PLD of iridium on the Si (100) substrate
using the third harmonic of the Nd:YAG laser [33]. Moreover, the effect of the substrate
temperature on the PLD of carbon using both 532 nm and 1064 nm was studied, and it was
found that thin films produced using a 1064 nm wavelength were smoother in comparison
to the ones deposited at 532 nm. Additionally, the temperature dependence of the surface
roughness was stronger for 532 nm as compared to 1064 nm for the temperature range of
200 ◦C to 400 ◦C [37]. Our result was similar for 25 ◦C and 300 ◦C.
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Figure 8. AFM data for Zr thin films deposited with a wavelength of 532 nm, fluence 0.52 J/cm2, and
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An increase in surface roughness as a function of substrate temperature was observed
in diamond-like carbon (DLC) thin films using a 248 nm excimer laser in the temperature
range 25–300 ◦C [38]. Similar results were obtained for bismuth thin films deposited using
a 248 nm excimer laser in the temperature range of −40 ◦C to 200 ◦C [34].

Zeng et al. [39] and Liu et al. [40] conducted studies on the deposition of ZnO films on
substrates at different temperatures. Zeng et al. found that the deposition rate decreased
but the crystalline quality improved at temperatures above 400 ◦C, as compared to lower
temperatures. Liu et al. obtained similar results for deposition on glass and silicon sub-
strates [41,42]. However, a higher quality crystalline nature of ZnO thin films grown on a
Si(111) substrate at 600 ◦C was observed [43]. The surface roughness was found to be
closely correlated with the substrate temperature due to variations in grain size. Typically,
grain size increases with an increase in substrate temperature, therefore increasing the
surface roughness [42–44]. At significantly high temperatures, the re-evaporation of atoms
from the surface occurs.

To provide a theoretical insight into the growth mechanisms of a Zr film, we conducted
computations based on a slightly modified but still well-known continuum model of thin
film growth [44,45]. In our model the film grows due to Zr atoms adsorbing from a vapor
(formed by the ablated species) on the film surface; this adsorption and the surface diffusion
of adatoms also contribute to changes of the film morphology during growth. This may
lead to a formation of islands, followed by the island coarsening. The evolution equation
for the film height h in our model is:

∂h
∂t

= F
√

1 + |∇h|2 + D∇s
2µ− λ∇ ·

[(
1− s−2|∇h|2

)
∇h
]
. (1)

The first term in the above equation describes film growth by the atomic flux F from
a vapor, the second term describes the surface diffusion of adatoms, and the third term
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describes the Ehrlich-Schwoebel effect that is responsible for islands formation. λ is the
Ehrlich-Schwoebel parameter, s the equilibrium mound slope, ∇s

2 the surface Laplacian,
µ = γκ + n3

∂γ
∂h the surface chemical potential, and D = Ω2Dsν

kT the diffusion parameter.
Here, κ is the surface mean curvature, n3 the third component of the surface normal vector,
Ω the atomic volume, Ds = D0 exp[−Ea/kT] the surface diffusion coefficient, ν the surface
density of adatoms, kT the Boltzmann’s factor, and γ(h) the surface energy [45]. The last
term in the chemical potential describes the effect of the substrate wetting by the film.
The film thickness and morphology depend in a very complex way on F, D, λ, s, and the
parameters of the surface energy function γ(h). After fixing all material constants and
temperature, we tuned F, λ, and s so that the computed maximum film thickness roughly
matched the one in the experiment after one hour of deposition (since the surface diffusion
coefficient of Zr was not available, we used the pre-factor and the activation energy that
corresponded to Si/Si(100) [46]).

Computation results are shown in Figures 9 and 10. In Figure 9, similar to Figure 8,
as the temperature increases, the surface morphology becomes coarser. This is attributed
to faster surface mass transport. At room temperature, laterally very small islands of a
maximum height of 7 nm were observed. At 300 ◦C and 500 ◦C, the islands were much
wider and higher after one hour. Their total height was 40 nm at 300 ◦C and 100 nm
at 500 ◦C. Overall, at higher temperatures the film morphology resembled a large hill-
and-valley pattern, seen in Figure 8c,f. In Figure 10, it can be seen that at a larger atomic
flux F, the islands’ height increased significantly and again the morphology was coarser,
i.e., the lateral scale of the pattern was larger. This matched the experiment results shown
in Figure 6.
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4. Summary

We deposited zirconium thin films on silicon using the pulsed laser deposition tech-
nique at different wavelengths, temperatures, and fluences. Our results show that tem-
perature, wavelength, and laser fluence play critical roles in determining the structural
and phase properties of zirconium. Our computations based on the continuum model of
film growth agree with experimental observation. In addition, we showed that crystalline
zirconium thin films can be obtained with 1064 and 532 nm laser wavelengths. In future
work, we plan to deposit aluminum and zirconium multilayer coatings using PLD for the
detection of solar flares in extreme UV regions.
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