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Abstract: Chromium borides are promising candidates for several structural applications including
protective coatings for materials exposed to corrosive and abrasive environments. In this paper the
pulsed laser deposition of chromium diboride-rich thin films has been carried out in vacuum by using
a frequency doubled Nd:glass laser with a pulse duration of 250 fs. The films have been deposited
at different substrate temperatures and characterized by X-ray diffraction, X-ray photoelectron
spectroscopy, scanning electron microscopy and transmission electron microscopy. Lastly, the film’s
hardness has been studied by Vickers indentation technique. The results indicate that only the films
deposited at a substrate temperature of 500 ◦C are crystalline and formed by chromium diboride,
together with a certain amount of boron and chromium, which suggests that, as main mechanism, a
process taking place on the surface from atoms and ions from the gas phase. This hypothesis has
been confirmed by the study of the plasma produced by the ablation process.
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1. Introduction

Transition metal borides have received a large scientific and technological interest in the recent
years, due to their peculiar chemical-physics and mechanical properties [1,2]. Among these compounds,
chromium borides are promising candidates for several structural applications such as protective
coatings for materials exposed to corrosive and abrasive environments [3–6]. In the chromium-boron
phase diagram there is evidence of the presence of six chromium borides, which include Cr2B, Cr5B3,
CrB, Cr3B4, CrB2 and CrB4 [7]. Among these borides, chromium diboride (CrB2) is of particular interest,
showing the higher melting temperature, a good electrical conductivity and a hardness of the order of
20 GPa [3–6,8,9]. For these characteristics chromium diboride is currently used in the form of coatings
and thin films to increase the performance of cutting and forming tools, including improving their
wear and corrosion resistance [4,6,10–12].

Chromium diboride thin films have been already deposited by several techniques including
thermal evaporation process [11], magnetron sputtering in different configurations [4,6,9,12–16],
chemical vapor deposition [17] and conversion treatment [18]. The results indicate that in some
cases the films were boron-defective [9,11,14,15] while in others showed a brittle behavior [6,12,13] or
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needed particular requirements for the experimental apparatus [4]. In the case of the layers produced
by conversion method, a mixture of CrB and CrB2 was obtained [18]. On the other hand, Pulsed
Laser Deposition (PLD) is not only a quite simple physical deposition technique which, in general,
does not require a post annealing treatment or the presence of a buffer gas, but it has already been
successfully applied to the production of metal borides thin films. Indeed, the boride films produced
by PLD showed a very high hardness. In particular, super-hard films have been obtained for RhB2 [19],
ZrB2 [20], ruthenium, rhodium, and iridium borides [21–23]. In all cases the films were stoichimetric
and only in the case of ZrB12 ablation biphasic films were obtained [24]. All those PLD experiments
were performed by ultra-short pulse lasers, with the further advantage of obtaining nano-structured
films, a peculiar characteristic of fs PLD [25], which often contributes to increase the films hardness.
For these reasons ultra-shot PLD technique can be considered a suitable candidate for the deposition
of chromium boride films.

The aim of this paper was to study the possibility to obtain chromium boride films in vacuum
by ablating a target formed by mixed powders of boron and chromium utilizing an ultra short pulse
laser. Considering the characteristics of the films deposited by fs PLD, our intention was to deposit
nanostructured films and to verify the ablation-deposition mechanism for the boron-chromium system.
Therefore, in this paper, chromium diboride-rich thin films have been obtained by PLD, using a laser
source with a pulse duration of 250 fs. The use of a stoichiometric target (B/Cr molar ratio of 2:1)
gave no results, likely due to a loss of boron, so a boron rich target (B/Cr molar ratio of 4:1) has been
used for further experiments. Composition, morphology and crystallinity of the films have been
characterized by different techniques and their hardness has been measured by the Vickers indentation
method. To clarify the ablation-deposition mechanism, which was different from the typical mechanism
proposed for fs PLD, the plasma produced by the laser-target interaction, in the case of a boron-rich
target, has also been also studied.

2. Materials and Methods

The deposition experiments have been carried out by an apparatus already described [26].
It consists of a stainless steel vacuum chamber, evacuated to a pressure of 1.5 × 10−4 Pa, equipped with
windows for the inlet of the laser beam and for the observation of plasma emission, together with a
rotating target holder and heated substrate support. The experiments have been performed at substrate
temperatures from 25 to 500 ◦C, and the distance between the target and the substrate was kept at
2.0 cm. The ablation source was a frequency doubled (λ = 527 nm) Nd:glass laser (Twinkle-Light
Conversion) with a pulse duration of 250 fs and a repetition rate of 10 Hz. The laser fluence was
kept at 2.8 J·cm−2 and the deposition time was 2 h for all films. The films were deposited on n-type
Si (100) substrates with an area of 1.0 cm2. The substrates had a polished surface and no chemical
etching process was carried out on the surface. The laser beam was incident at an angle of 45◦ on
the target surface, and the targets were pellets obtained by pressing a mixture of boron (99.5% purity,
Sigma Aldrich, St. Louis, MO, USA) and chromium (Sigma-Aldrich 99.95% purity) powders in 2:1
and 4:1 molar ratios. The pellets were subsequently annealed for 2 h at a temperature of 700 ◦C in
Ar atmosphere.

The morphology of the films was analyzed by a high-resolution field emission scanning electron
microscope (FESEM, AURIGA, Karl Zeiss, Oberkochen, Germany) while the films crystallinity was
evaluated by X-ray diffraction (XRD, D5000, Siemens AG, Munich, Germany), using Cu Kα1 radiation.
The first steps of the film’s growth were characterized by a high resolution transmission electron
microscope (HR-TEM, Technai, FEI Company, Hillsboro, OR, USA) operating at 200 kV, and the
material was deposited on formvar-coated copper grids. The composition of the films surface was
studied by X-ray photoelectron spectroscopy (XPS, Phoibos 100 MCD, SPECS GmBH, Berlin, Germany),
using un-monochromatized Mg Kα radiation.

Hardness measurements of the films were carried out by means of the Leica VMHT micro-hardness
apparatus (Leica GmBH, Wetzlar, Germany) supplied with a standard Vickers pyramidal indenter
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(square-based diamond pyramid with a 136◦ face angle). The involved six loads ranged from 0.049 up
to 0.981 N, applied for 15 s at the loading and unloading speed of 5×10−6 m/s. About 10–15 indentations
were made at each load. Vickers hardness of the Si substrate was measured separately; it was found to
be 10.2 ± 0.6 GPa. For the deposited films, the hardness, which was measured, corresponded to the
film-substrate composite system. In order to extract from these experimental data the intrinsic film
hardness, the Joensson and Hogmark approach was applied [27]. The procedure was described in
detail in our previous studies [20,28].

The optical emission spectra (OES) were detected using a bundle of 19 fused silica fibers, linked to a
500-mm focal length spectrograph (ARC 500i, Acton Research Corporation, Acton, MA, USA), connected
to an ICCD 1024 × 1024 pixels device (Princeton Instruments, Trenton, NJ, USA). The spectrograph
was equipped with two different gratings, with 1200 and 150 grooves/mm. The spectra were detected
ranging from 250 to 800 nm. The gated system had a best time resolution of 2 ns, and each acquisition
was integrated over 20 laser shots in order to increase the signal-to-noise ratio. By varying the position
of the optical elements by a micrometric translation stage, it has been possible to obtain space-resolved
emission spectra at different distances from the ablated target surface. The same ICCD system,
equipped with 105/35 mm quartz Nikkor lenses, was used for acquiring gated lateral view images of
the overall plasma emission induced by a single laser pulse. ICCD fast imaging and time-resolved
spectra were accomplished by delaying the data acquisition of the plasma emission with respect to the
laser pulse. Both optical emission and fast ICCD imaging measurements were carried out without the
presence of the substrate.

3. Results and Discussion

The XRD spectra of the films deposited from the target with a B/Cr molar ratio of 2:1 indicate that
the films are amorphous, independently from the substrate temperature. The XPS spectra of the films
deposited at room temperature, 300 and 500 ◦C show the same features, i.e., the presence of only B, B2O3

and Cr2O3, which indicate that, independently from the substrate temperature, no Chromium-Boron
compounds are present in the films. As an example, the XPS spectra of a film deposited at a substrate
temperature of 500 ◦C are reported in Figure 1. The B1s region presents two peaks centered at 192.1 and
187.4 eV, assigned to B2O3 and B species, respectively [29–32]. In Cr 2p region, the Cr 2p3/2 signal has
been fitted with three peaks at 576.6, 577.2 and 578.4 eV, which can be related to Cr2O3 species [33–35].
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films there is a deficiency of boron with respect to the target composition. Clearly, this means that 
the ablation-deposition process, independently from the substrate temperature, produces a boron 
preferential loss. A preferential loss of light elements was reported for PLD experiments but only in 
the case of the use of ns laser sources [36,37], where the main deposition mechanism is condensation 
from the gas phase.  

Figure 1. XPS spectra of a film deposited at a substrate temperature of 500 ◦C from a target with a Cr-B
molar ratio of 1:2; (a) B 1s region, and (b) the Cr 2p region. The black points represent the experimental
data and the red line represents the data fitting.

Considering the total B-Cr ratios obtained from XPS data (B/Cr = 0.65), it is evident that in the
films there is a deficiency of boron with respect to the target composition. Clearly, this means that
the ablation-deposition process, independently from the substrate temperature, produces a boron
preferential loss. A preferential loss of light elements was reported for PLD experiments but only in
the case of the use of ns laser sources [36,37], where the main deposition mechanism is condensation
from the gas phase.
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To try to counterbalance the boron deficiency found in the films, a boron-richer target (B-Cr molar
ratio = 4:1) was prepared and used for further ablation-deposition experiments.

3.1. Films Characterization

The XRD spectra of the films deposited at 25 and 300 ◦C show that these are amorphous (Figure 2).
On the other hand, the spectrum of the film deposited at a substrate temperature of 500 ◦C (Figure 2)
show broad peaks assigned to (001), (100) and (101) planes of hexagonal CrB2 (PDF 00-034-0369 (ICDD,
2005)) [38]. The peak at 2θ = 27◦ does not belong to CrB2 and can be assigned to the B2O3 (310) plane
(PDF 00-006-0297 (ICDD, 2005)) [38]. The presence of boron oxide is not surprising since a certain
amount of boron oxide was already present in the ablation target. The features of the spectra indicate
that the film at 500 ◦C still presents a certain amorphous component.
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For a further characterization of the composition of the films, we have used the XPS technique.
In the films deposited at room temperature, the analysis of the B 1s region (Figure 3a) shows the
presence of two contributes at 187.4 eV and 192.5 eV. These contributes are assigned to atomic boron
and B2O3, respectively [29–32]. In the Cr 2p region (Figure 3b), the doublet centered at 578.7 and
588.4 eV is assigned to Cr2O3 [29,33–35,39–41]. In these films there is no evidence of the presence
of chromium borides. The XPS spectra of the films deposited at a substrate temperature of 300 ◦C
arevery similar (Figure 4), which show, in the B 1s region, the presence of atomic boron (187.3 eV)
and B2O3 (192.4 eV) and, in the Cr 2p region, only the presence of Cr2O3. This is different from the
situation for the films deposited at 500 ◦C. The XPS spectrum of the B 1s region (Figure 5a) shows four
signals, two attributed to atomic boron (186.8 eV) and CrB2 (187.9 eV) [29,42,43], and the other two to a
non-stoichiometric boron oxide BxOy (189.3 eV) and to B2O3 (192.3 eV).

In the Cr 2p region, a new component at lower binding energy with respect to Cr2O3 can be
observed. This shoulder has been fitted by a doublet with components centered at 574.5 and 583.9 eV,
respectively, and has been assigned to CrB2 [42]. The stoichiometry of the chromium-boron compound,
obtained by the XPS data (peak at 187.9 eV in the B 1s region and peaks, at 574.5 and 583.9 eV in the Cr
2p region) corresponds to CrB2.4, which could refer both to a non-stoichiometric chromium diboride or
to a mixture of chromium diboride and chromium tetraboride.
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The morphology of the films deposited at different substrate temperatures is shown in Figure 6.
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In all cases the films seem to be formed by the coalescence of particles with a nanometric size, but
some differences can be shown. In the film deposited at room temperature (Figure 6a), the presence
of a compact matrix above which nano and micro particles are superimposed is evident. Some of
these particles are clearly molten material ejected from the target. In the case of the films deposited at
300 ◦C (Figure 6b), there is an increase of the number of nanoparticles (NPs) which become the main
components of the films deposited at 500 ◦C (Figure 6c).

The high-resolution FESEM micrograph of a film deposited at 500 ◦C (Figure 7) confirms that
the NPs are the main components of the film. It clearly shows the presence of both small NPs (less
than 10 nm in diameter) and of larger particles. These larger particles are evidently deposited as
melted material.

To study the first steps of the films growth, HR-TEM analyses have been carried out. The materials
have been deposited for 5 min on holey carbon-coated copper grids. Therefore, the experiments have
been carried out only at room temperature.

HR-TEM images (Figure 8a) show the presence of two types of particles: larger particles,
with diameters in the range of 60–80 nm and smaller ones with 10-nm diameters. Some of the larger
particles contain nanometric crystalline domains, as shown in Figure 8b. The diffraction spots present
in the 2D Fast Fourier Transform (FFT) image (Figure 8c) allow the evaluation of the lattice spacings.
The values of 0.28, 0.50, 0.55 and 0.87 nm correspond to the lattice spacings of (125), (104), (110), and
(101) planes of boron, respectively. The less intense spots at 0.19, 0.25 and 0.31 nm correspond to
the lattice spacings of (101), (100) and (001) planes of CrB2, respectively. In general, CrB2 crystalline
domains are present in few NPs, where the larger part contains only boron.
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Figure 8. (a) HR-TEM micrograph of the first steps of the growth of a film deposited at room
temperature; (b) HR-TEM micrograph of two NPs from Figure 7a; and (c) FFT image showing distances
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and (001) planes of CrB2.

3.2. Films Hardness

In order to characterize the mechanical properties of the CrB2 films deposited at 500 ◦C, the Vickers
microhardness tests were carried out. The obtained results on measurements of the composite hardness
(Hc) of the film-substrate composite system versus the inverse imprint diagonal (1/D) are shown in
Figure 9. Using these experimental data and the Joensson and Hogmark approach [27], the intrinsic
film hardness was found to be 21 ± 4 GPa, in which thickness was 200 nm. This value is somewhat
higher than the Vickers hardness for the CrB2bulk material, where the latter was 16–20 GPa [3,6,8,9].
This is likely due to the nanocrystalline nature of the 500 ◦C deposited film.
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3.3. Plasma Analysis

To clarify the reasons of the particular characteristics of the deposited films, the plasma produced
by the ablation of the target with B/Cr molar ratio of 4:1 has been studied.

As already found for fs ablation, not only of metal borides [24,44,45] but also of other materials [25,46,47],
OES show the presence of two different emissions that are completely separate temporally. The first
emission (primary plume) develops after the end of the laser pulse and is quenched after 600 ns.
The emission spectrum is formed by several lines assigned to Cr I, Cr II and B II. Neutral boron emission
has not been detected since it was outside the wavelength range of our apparatus (250–800 nm).

After the first µs from the laser pulse, a second emission (secondary plume) has been detected.
This plume shows a black-body like continuous spectrum, likely due to the emission of nanoparticles
or large clusters. The time duration of this plume is of the order of 20 µs. By using the Planck equation,
in the Wien approximation for optical frequencies, in the form Iλ∝ε(1/λ4)e−hc/λk

B
T (Iλ is the radiation

intensity, ε the particle emissivity, λ the wavelength, T the temperature and kB the Boltzmann constant)
and considering, in the Mie approximation, ε∝1/λ [48] the temperature of the particles forming the
secondary plume and its temporal evolution have been calculated from the time evolution of the
emission spectra. As can be seen from Figure 10, an initial temperature (500 ns after the laser pulse,
with a gate of 500 ns) of about 3250 K, which decreases down to about 2900 K after 5 µs, has been
obtained. This temperature decrease is similar to those observed for other systems, like transition metal
borides, carbides and oxides, ablated by fs laser sources [44,47,49], with the main cooling contribution,
in this range of temperature and in this time scale, being due to thermal vaporization from the particles.
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Figure 10. Temporal evolution of the temperature of the secondary plume front obtained by OES data.

Fast ICCD imaging has been used to obtain the lateral view images, at different time delays,
of both primary and secondary expanding plumes. Plasma plume angular distributions have been
calculated from ICCD images by considering the expression I(θ) = I0cosn(θ), where I(θ) is the flux
intensity along a direction forming an angle θ. The normal to the target surface, I0 is the intensity
corresponding to θ = 0, and n is a parameter related to the anisotropy of the angular distribution [50,51].
The results give n = 2.7 for the primary plume and n = 14.4 for the secondary one. Figure 11 shows the
ICCD intensity contour patterns of primary and secondary plumes, obtained at delays of 100 ns and
2 µs after the laserpulse, respectively.
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The numbers indicate the intensity of the contours in an arbitrary scale. The data have been recorded at
100 ns and 2 µs after the laser shot, respectively. The temporal gate was 100 ns in the first case and
500 ns in the second one.

At a very long time delay after the laser pulse (30 µs and more) a third ejection of emitting material
ta third ejection of emitting material from the target has been detected by fast ICCD imaging. As shown
in Figure 12, this emission is due to large fragments, likely of micrometric size, ejected directly from the
target. This kind of emission has been already detected for other systems [24,52] and is likely related to
the relatively high laser fluence used in our experiments [52].
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3.4. Ablation-Deposition Mechanism

In general, in the case of fs PLD, the main mechanism of the films formation seems to be related
to the deposition on the substrate of a large number of NPs. Up to now, the origin of these NPs has
not been completely clarified but, although their origin from condensation inside the plasma cannot
be excluded [52,53], they are likely ejected directly from the target [25,47,54–56]. In this hypothesis,
the stoichiometry of the deposited films should be influenced by the preferential evaporation from the
NPs, with a loss of the elements having a higher partial vapor pressure [24,47,57].

In the case of the Cr-B system, the described ablation-deposition mechanism does not seem to
completely match the experimental data. First of all, considering that the equilibrium vapor pressures
of Cr and B are very different (at 2000 ◦C the Cr/B vapor pressures ratio is about 103) [58] and



Coatings 2019, 9, 777 10 of 14

considering an initial congruent ablation, during the flight from the target to the substrate the NPs
should lose chromium, which results in boron-rich films. This is the situation encountered, for example,
in fs PLD of chromium carbide [49]. Instead, the experimental data about the deposit’s composition
evidence, in our case, shows a different situation, with films always having a strong boron deficiency if
compared to the target composition. Secondly, the presence of chromium boride in the films is clearly
related to the substrate temperature. A film containing chromium boride is formed only at a substrate
temperature of 500 ◦C and this behavior is typical of films formed by gas phase condensation on the
substrate surface rather than by NPs deposition [59].

A possible explanation could be the one proposed by Trelenberg et al. [60] consisting in a
preferential evaporation from the target of the elements with the higher vapor pressures, which is
followed by their deposition on the substrate. On the other hand, XPS analysis of the ablated target
indicates that the target stoichiometry is retained after the ablation. In fact, in the case of an initial total
B:Cr ratio of 4:1, the XPS data, obtained from the B 1s and Cr 2p regions, show a final total ratio, of the
ablated surface of the target, of 3.8:1. On the contrary, the Trelenberg hypothesis should require an
ablated target enriched in the less volatile element, which is in our case boron.

The presence, in the plasma produced from the ablation of the Cr-B target, of three different
emissions of material is an indication that the origin of the deposits could be related to both condensation
of the gas phase forming the primary plume, the deposition of particles forming the secondary plume,
and the third delayed one. In general, the studies on the relative contribution of the materials
forming the primary and secondary plumes to the film formation report that the larger contribution
is due to the NPs forming the latter one, with the gas phase primary plume playing a more limited
role [55,56,61]. However, these studies refer only to metals (Au, Cu, Al) and for different systems the
relative contributions could be different.

Our hypothesis is that for the boron-chromium system the primary plume plays a predominant
role in the deposition process and, in this hypothesis, its behavior could be similar to that of the plume
produced by ns ablation, with the film growth due mainly to gas phase condensation on the substrate.
In the case of ns ablation, the loss of the light elements, which is in our case boron, also favored by the
relatively low plume directionality, and is well documented in literature [36,37]. This hypothesis is
also confirmed by the experimental conditions needed to obtain diboride films. Indeed, as already
remarked, diboride films have been obtained only with a substrate temperature of 500 ◦C and this
behavior is typical of films where growth is due to atoms or molecules coming from the gas phase and
diffusing and reacting on the surface [59].

From this point of view, the growth of the films should take place following the mechanisms
already proposed for the ablation performed by short pulse lasers, derived in turn from sputtering
models [62,63]. In particular, the microstructure of the film can be described following the zone
model [63] which permits a prevision of the film microstructure considering process parameters such
as buffer gas pressure and substrate temperature. Taking into account that in our case the deposition
was carried out in vacuum, the important parameter is the substrate temperature in the form T/Tm,
where T is the substrate temperature and Tm is the melting point of the deposited material, both in
Kelvin [63]. In the case of the films deposited at 500 ◦C, the value of T/Tm for chromium diboride is 0.42.
The T/Tm, value is inside the zone 2 of the models proposed by Thornton (sputtering) [62,64] and by
Movchan et al. (vapor deposition) [65]. In this zone we are in a regime where the surface diffusion is
significant and it is not surprising that the probability that boron and chromium atoms could interact
and coalesce on the surface is higher than that for lower substrate temperature. The T/Tm values for
room temperature and 300 ◦C are 0.16 and 0.31 respectively, corresponding to zone T (Thornton) and
zone 1, where the surface diffusion is negligible. The surface diffusion is only one of the parameters
and the concentration of mobile atoms on the surface play also an important role and, from this point of
view, in the case of the ablation of a 2:1 target the flux of boron atoms reaching the surface was too low
to induce the formation of chromium boride even if the temperature of the substrate was high (500 ◦C).
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In the hypothesis of a film composed mainly by condensation from the gas phase, the NPs forming
the secondary plume will play a less important role. About their composition, even considering that
they are initially formed by both Cr and B, they should be richer in boron with respect to the target
composition, and this is confirmed by the TEM analyses (see Figure 7), which illustrates that the larger
NPs show the presence of boron and only traces of chromium boride. In addition, the particles forming
the secondary plume should arrive on the substrate as melted material. In fact, considering that the
front velocity of the secondary plume, calculated by ICCD images, is 5.0 × 105 cm·s−1, and the distance
between the target and the substrate is 2.0 cm. The secondary plume will arrive onto the substrate after
about 4 µs from the laser pulse. Taking into account that the secondary plume temperature after 4 µs is
about 2900 K (see Figure 10) and that the melting temperatures of boron, chromium and chromium
diboride are 2349, 2130 and 1823 K respectively, this means that the NPs arriving on the substrate will
be in the form of melted material. The FESEM image reported in Figure 7 clearly shows this melted
material for the film is deposited at 500 ◦C. Considering that these molten NPs contribute to the final
composition of the films, in the case of the films deposited at 500 ◦C (target B-Cr molar ratio = 4:1),
they likely increase the boron content of the films themselves.

4. Conclusions

In conclusion, it is possible to obtain thin films of chromium diboride by PLD performed by a
laser with a pulse duration of 250 fs, but only when the ablation target contains an excess of boron
with respect to the stoichiometric value. Films containing boride with a stoichiometry corresponding
to CrB2.4 have been obtained by using ablation targets with a Cr-B molar ratio of 1:4, even if elemental
boron and chromium are also present. Another crucial parameter for the deposition is the substrate
temperature. In fact, the formation of chromium diboride has been obtained only with a substrate
temperature of 500 ◦C. These experimental conditions seem to indicate that chromium diboride is
formed through a mechanism involving condensation and reaction of the gas phase species on the
substrate surface rather than the coalescence of NPs, ejected from the target or formed by nucleation in
the plasma, which is the typical mechanism of fs PLD. Lastly, the micro-hardness of the films deposited
at 500 ◦C was found to be 21 ± 4 GPa.
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