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We examined the possibility of suppressing elemental segregation of high-entropy alloys (HEAs)
using femtosecond laser irradiation. Thin films of iron (Fe), chromium (Cr), and nickel (Ni) were
deposited on the surfaces of n-type SiC and p-type GaN substrates. The thicknesses of the Fe, Cr, and
Ni films were 12, 7, and 11 nm, respectively. Laser irradiation was performed from the substrate side
by focusing on the interface between the Fe film and substrate. Scanning transmission electron mi-
croscopy (STEM) bright-field images superimposed on the elemental maps of Fe, Cr, and Ni showed
a more homogenous mixing of Fe, Cr, and Ni in the femtosecond-laser-modified region than in the
picosecond-laser-modified region. In particular, the Ni distribution showed a significant improvement
in homogeneity. In other words, the Ni mixture was more homogeneous in the femtosecond laser-
modified region than in the picosecond laser-modified region. Although the duration of the picosec-
ond laser pulse was sufficiently long for atomic diffusion, segregation still occurred during the cooling

process following laser irradiation.
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1. Introduction

Ultrashort pulsed laser processing has attracted consid-
erable attention from both fundamental and practical per-
spectives [1-6]. In addition to the cutting of materials, an ul-
trashort pulsed laser can be used to modify the material prop-
erties of the irradiated area. The density, absorption coeffi-
cient, and refractive index can be modified by irradiating the
focal spot with an ultrashort pulsed laser beam. During the
ultrashort pulsed laser-induced modification process, it is as-
sumed that the thermal trajectories induced by ultrashort
pulsed laser irradiation are different from those induced by
nanosecond and/or continuous laser beam irradiation [7-9].

For the application of ultrashort pulsed laser irradiation,
we employed an ultrashort pulsed laser beam to fabricate an
ohmic contact between the metal film and SiC substrate [10].
By irradiating the ultrashort pulsed laser beam from the SiC
substrate side, the laser beam could be transmitted through
the substrate, reaching the interface between the metal film
and the SiC substrate. The irradiated laser beam induced the
diffusion of metal atoms into the SiC substrate. In this way,
we successfully created an ohmic contact on a SiC substrate
at a lower annealing temperature than that of the conven-
tional rapid thermal annealing method [10]. We also applied
this concept to fabricate an ohmic contact between a metal
contact and a GaN substrate. Our previous study found that
Ni atoms, used as metal contacts, did not diffuse into the
GaN substrate and failed to form ohmic contacts under any
irradiation condition [11]. In contrast, we hypothesized that
the GaN substrate acts as an inert window for the metal films
on GaN substrates, enabling the formation of a solid solution
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of Ni and Au, which cannot be achieved under thermal equi-
librium on a GaN substrate [11].

High-entropy alloys (HEA) have recently attracted con-
siderable attention. They aim to minimize the Gibbs free en-
ergy by moving the edges toward the center of the phase di-
agram [12]. HEA consist of several elements [13] and are
well-known for exhibiting excellent properties such as high
yield strength, fracture toughness, and biocompatibility [14].
For the laser processing of HEA, an element map of single-
pulse ablation craters of HEA substrates has been reported
[13], along with the formation of a laser-induced periodic
structure on the HEA substrate [15]. In addition, there have
been reports on nanoparticle formation and elemental anal-
ysis generated by irradiating the HEA substrate with an Nd:
glass femtosecond laser [16]. However, the formation of
HEA using ultrashort-pulsed laser irradiation has not been
reported. The ultrashort laser pulse induces a non-thermal
process after irradiation; thus, it is possible to form novel
HEA by ultrashort pulsed laser irradiation.

In this paper, we discuss the pulse duration dependence
of the laser-induced alloying of Fe/Cr/Ni metal films on
semiconductor substrates. In the Fe/Cr/Ni films, alloying oc-
curs because of atomic diffusion. A longer pulse duration
was required to achieve sufficient atomic diffusion. How-
ever, a shorter pulse duration was required to alloy novel
metals not found in thermal equilibrium. The comparison
between these two aspects can be discussed by considering
the dependence of metal alloying on the pulse duration.
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Fig. 1 Femtosecond (fs) laser irradiation and picosecond
(ps) laser irradiation were conducted from the substrate
side on the interface between substrate and Fe-Cr-Ni-films.
For the femtosecond laser irradiation, the scanning lines
were parallel to the [1-100] direction of SiC. For the pico-
second laser irradiation, the scanning lines were parallel to
the [1-100] direction of GaN. The cross-sectional TEM ob-
servation was conducted along the laser-irradiated lines.

2. Experimental

We prepared GaN and SiC substrates as transparent sem-
iconductor substrates. The SiC was n-type and its thickness
was 350 + 25 um. The dopant of n-type SiC was nitrogen
with a concentration of 1 x 10'> cm™. The GaN, 2-pm-thick,
was epitaxially grown on a single-crystalline (0001) sap-
phire wafer, which was 430-um-thick. The GaN layer con-
sisted of 1-um-thick undoped and p-type GaN. The dopant

Table 1 Summary of irradiation conditions
Duration Fluence (J/cm?) Scan speed (pm/s)
130 fs 1.01-3.38 25-50
0.65 ps 0.02-0.1 1.5
38 ps 0.02-0.1 1.5

of p-type GaN was magnesium with a concentration of 3 x
10" em?.

Fe, Cr, and Ni films, with thicknesses of 12, 7, and 11
nm, respectively, were deposited on the surfaces of SiC and
GaN layers. The Fe and Cr films were deposited under a vac-
uum pressure lower than 3.15 x 10 Pa, using resistance
heating evaporation. The Ni film was deposited under a pres-
sure lower than 5.44 x 10 Pa vacuum using an electron-
beam evaporator.

The source of the femtosecond laser beam was Ti:sap-
phire regenerative amplifier based on a chirped pulse ampli-
fication system (Spectra-Physics Solstice), and that of the
picosecond laser beam was a Yb-doped fiber laser. Notably,
the picosecond laser beam transmittance for SiC and GaN
were 0.26 and 0.84, respectively. Therefore, we used the
GaN substrate as an inert window for metal alloying during
picosecond laser irradiation.

The details of the femtosecond laser irradiation of SiC
are as follows: The wavelength and repetition rate were 8§00
nm and 1 kHz, respectively. The pulse duration was 130 fs.
The laser had a Gaussian energy distribution within the fo-
cused spot of diameter 3.07 um [17]. As shown in Fig. 1,
laser irradiation was conducted from the substrate side, fo-
cusing on the interface between the Fe film and the substrate.
Line patterns were created by moving the stage of the sample
at a speed of 25 um/s, with the laser-irradiated lines spaced
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Fig. 2 (a) Optical microscope image of the femtosecond laser-irradiated lines on metal films on SiC.

(b) Optical

microscope image of the picosecond laser-irradiated lines on metal films on GaN.
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Fig. 3 (a) and (b) are cross-sectional STEM bright-field images of non-modified regions in the metal films on SiC
or GaN. (c¢) and (d) are enlarged images of (a) and (b). The enlarged STEM bright-field images are superimposed by
the elemental maps of Fe (blue), Cr (green), and Ni (red).

20 pm apart and running parallel to the [1-100] direction of
SiC.

The details of the picosecond laser irradiation of the
sample on the GaN substrate are as follows: The wavelength
and repetition rate were 1030 nm and 1 MHz, respectively.
The pulse duration was 0.65 ps and 38 ps. The focused laser
spot had a Gaussian energy distribution and an elliptical
shape elongated along the [1-100] direction of GaN. The
semi-major and semi-minor axes of the spot were 4.2 pm
and 3.1 pum, respectively. As shown in Fig. 1, laser irradia-
tion was conducted from the substrate side by focusing on
the interface between the Fe film and substrate. Line patterns
were created by moving the sampling stage at a speed of 1.5
pm/s, with the laser-irradiated lines spaced 100 um apart and
running parallel to the [1-100] direction of GaN.

A focused ion beam (FIB) system (JEOL JEM9320FIB)
was used to produce thin samples for cross-sectional trans-
mission electron microscopy (TEM) observations. Before
the FIB microsampling, a carbon protective film was depos-
ited on the sample surface. The thin samples were lifted off
the sample surface using a micromanipulator (Micro Sup-
port SS-3FIB-TU). As shown schematically in Fig. 1, cross-
sectional TEM observations were conducted along the laser-
irradiated lines. Scanning transmission electron microscopy
(STEM) images and elemental maps were obtained using a
TEM (JEOL JEM-2100F) equipped with an energy disper-
sive X-ray spectroscopy analyzer.

3. Results and discussion

Figure 2 shows optical microscopy images of the laser-
irradiated lines on the metal film surfaces. The irradiation
conditions are summarized in Table 1. Fig. 2(a) shows an
image of the femtosecond laser-irradiated sample. The laser-
modified lines are observed from 1.01 J/cm? to 3.38 J/cm?
for 50 um/s and 25 pm/s irradiation. Fig. 2(b) shows an op-
tical microscopy image of the picosecond-laser-modified
lines on the metal film. Although laser irradiation was car-
ried out from 20 mJ/cm? to 100 mJ/cm? for 0.65 ps and 38
ps irradiation, laser-modified lines were observed only
above 70 mJ/cm?.
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Figures 3(a) and (b) show cross-sectional STEM bright-
field images of the non-modified regions in the metal films
on SiC or GaN. The metal films in the non-modified regions
retained the same morphology as in the as-deposited state.
Additionally, the sharp interfaces between the Fe, Cr, and Ni
films (Figs. 3(c) and (d)) clearly show that no interdiffusion
occurred between the elements.

Figure 4 shows the cross-sectional STEM bright-field im-
ages of the laser-modified regions. A bright-field image was
captured along the interface between the Fe/Cr/Ni films and
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Fig. 4 Cross-sectional STEM bright-field images of laser-
modified regions. (a) Laser-modified region irradiated by
the femtosecond laser with a pulse duration of 130 fs and
fluence of 1.5 J/cm?. (b) Laser-modified regions irradiated
by the picosecond laser with a pulse duration of 0.65 ps
and fluence of 0.1 J/cm?. (c) Laser-modified regions irra-
diated by the picosecond laser with a pulse duration of 38
ps and fluence of 0.1 J/cm?.
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Fig. 5 STEM bright-field image superimposed by element maps of Fe (blue), Cr (green), and Ni (red). (a) Laser-modi-
fied region irradiated by the femtosecond laser with a pulse duration of 130 fs and fluence of 1.5 J/cm?. (b) Laser-modi-
fied region irradiated by the picosecond laser with a pulse duration of 0.65 ps and fluence of 0.1 J/cm?. (c) Laser-modi-
fied region irradiated by the picosecond laser with a pulse duration of 38 ps and fluence of 0.1 J/cm?.

the substrate. The metal film substrate was SiC for 130 fs of
irradiation with a peak fluence of 1.5 J/cm? (Fig. 4(a)). The
metal film substrate was GaN for 0.65 ps irradiation with a
peak fluence of 0.1 J/cm?, and 38 ps irradiation with a peak
fluence of 0.1 J/cm? (Figs. 4(b) and (c)). Between the SiC or
GaN layer and the protective C film, the Fe/Cr/Ni films were
present. In Fig. 4(a), a crescent-shaped void was observed
between the SiC and metal film. The morphology of the ex-
foliated metal film showed the Gaussian energy distribution

Table 2 Atomic weight of each atom at different

positions.

Area Fe (atm%) Cr (atm%) Ni (atm%)
1 14.70 39.03 46.28
2 39.75 25.63 34.63
3 57.16 32.75 10.09
4 47.81 43.15 9.04
5 45.40 28.15 26.45
6 49.81 13.75 36.45
7 27.14 6.70 66.15
8 47.93 46.47 5.60
9 45.24 27.31 27.45
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of the laser. In our previous study, it was reported that exfo-
liated films produced during laser ablation showed a Gauss-
ian shape [18]. Ablation schemes can be classified into four
regimes: vaporization, fragmentation, homogeneous nuclea-
tion, and spallation [7-9]. In Fig. 4(a), decomposition into
the above four schemes was not observed, indicating that the
observed phenomenon was completed before transitioning
to the four schemes. It is widely accepted that these four
schemes are the initial stages of nonthermal ablation pro-
cesses. Thus, it was assumed that the phenomena observed
in our experiment were related to non-thermal processes.
Therefore, further experimental studies are required. The
width of the exfoliated area is approximately 1.75 um. The
local fluence at the edge of the exfoliated area was approxi-
mately 1.08 J/cm? and approximately 0.054 J/cm? at the
right-hand edge of Fig. 4(a).

As shown in Figs. 4(b) and (c), the interface between the
metal films did not exhibit any exfoliation. This was possi-
bly because of the relatively low peak fluence of the pico-
second laser beam. In comparison with femtosecond laser
irradiation, the interface between the metal film and GaN
substrate was rough. This indicates that the entire observed
area was modified by picosecond laser irradiation. The pro-
trusions from the GaN substrate side into the metal films are
shown in Figs. 4(b) and (c). It is assumed that the roughening
of the interface between the metal film and the GaN sub-
strate is caused by explosive ablation due to the local absorp-
tion of the laser beam, possibly owing to the impurities in
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the GaN substrate. In contrast, the interface between the
metal films and the SiC substrate in the region modified by
the femtosecond laser was smooth (Fig. 4(a)) owing to the
higher crystallinity of the SiC substrate than that of the GaN
substrate.

The spatial distributions of the elements in the metal films
after laser irradiation are shown in Fig. 5. Figs. 5(a), (b), and
(c) show enlarged images of areas A, B, and C, respectively,
as seen in Fig. 4. The enlarged bright-field STEM images
were superimposed on the elemental maps of Fe (blue), Cr
(green), and Ni (red). Areas A, B, and C were close to the
center of each laser-modified region.

As shown in Fig. 5(a), (b), and (c), Fe, Cr, and Ni in the
femtosecond laser-modified region were mixed more homo-
geneously than those in the picosecond laser-modified re-
gion. This effect was more evident in the Ni distribution,
where Ni was mixed more homogeneously in the femtosec-
ond laser-modified region than in the picosecond laser-mod-
ified region.

For a more quantitative discussion, the atomic percent-
ages of each constituent element in areas 1 to 9 are summa-
rized in Table 2. From this table, it can be observed that the
areas with elemental content less than 15% are 1, 3, 4, 6, 7,
and 8. These areas were located in the upper and lower parts
of the metal films. In contrast, areas 2, 5, and 9, which lie in
the central part of the metal, contained almost the same
amounts of the three elements. From this fact, it is assumed
that atomic diffusion occurs on the order of 10 nm.

In the following, we discuss the possible relaxation pro-
cess after femtosecond and picosecond laser irradiation. The
experimental results showed that each element was mixed
more homogeneously after femtosecond laser irradiation
than the picosecond laser irradiation. This implied that the
duration of the femtosecond laser pulse was sufficiently long
for atomic diffusion. The diffused atoms cooled rapidly and
formed a solid solution because of the short duration of the
femtosecond laser pulse. Although the duration of a picosec-
ond laser pulse is sufficiently long for atomic diffusion, seg-
regation occurs during the cooling process after laser irradi-
ation. It is assumed that the thermal trajectories after the pi-
cosecond laser pulse irradiation follow the pathway in the
thermal equilibrium state, leading to segregation according
to the phase diagram. At this point, we will measure X-ray
diffraction in the near future. Our results show that femto-
second laser irradiation is more suitable for forming novel
solid solutions than picosecond laser irradiation.

4. Conclusion

The alloying of Fe, Cr, and Ni on SiC and GaN substrates
was discussed. Fe, Cr, and Ni in the femtosecond-laser-mod-
ified region were mixed more homogeneously than those in
the picosecond-laser-modified region. This effect was more
evident in the Ni distribution. In other words, Ni was mixed
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more homogeneously in the femtosecond laser-modified re-
gion than in the picosecond laser-modified region. Although
the duration of a picosecond laser pulse is sufficiently long
for atomic diffusion, segregation occurs during the cooling
process after laser irradiation.
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