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Abstract. Fabrication of grating structures on surfaces of wide-bandgap semiconductors, namely silicon carbide
(SiC) and gallium nitride (GaN), was achieved using a femtosecond laser and a phase mask. The phase mask
was used to produce stable interference patterns from the focused femtosecond laser to form the grating struc-
tures on the bulk materials. The effects of the irradiation power and time on the Bragg grating morphology that
was formed on the SiC surface were studied. By optimizing the fabrication parameters, we successfully pro-
duced grating structures with uniform periods of 1.07 μm on SiC and GaN. The threshold powers necessary
for grating structure formation on wide-bandgap semiconductors were investigated. It was found that the thresh-
old powers for SiC and GaN were much smaller than those for silica glass. The reason for this difference is that
the absorption of the incident laser light in SiC and GaN is a lower-order nonlinear absorption process compared
to that in silica glass. © 2015 Society of Photo-Optical Instrumentation Engineers (SPIE) [DOI: 10.1117/1.OE.54.12.126106]
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1 Introduction
Wide-bandgap materials, such as silicon carbide (SiC) and
gallium nitride (GaN), are of high technological importance
as structures and substrates for microelectromechanical sys-
tems, light-emitting diodes, and laser diodes.1–3 They possess
the advantages of wide bandgaps, high breakdown electric
fields, and high thermal conductivities. Grating structures
are highly attractive because of their applicability in SiC
optical temperature sensors and GaN distributed-feedback
laser devices.4,5 However, it is difficult to micromachine
SiC and GaN due to their high hardnesses and high chemical
stabilities.6–8 Generally, the primary method of fabricating
grating structures on wide-bandgap semiconductors is reac-
tive-ion etching.9,10 However, processing complexity is a sig-
nificant drawback of this method.

Femtosecond lasers have become important tools for
processing a variety of materials.11–16 The advantages of
using femtosecond laser pulses are that they radiate ultrahigh
peak powers onto their targets and that they deliver energy
into materials before thermal diffusion occurs, resulting in
high precision and minimal thermal damage.17 Many inter-
esting nanostructures have been induced using femtosecond
lasers; for example, synthesis of ultrafine Yb-doped Y2O3

nanoparticles,18 which has great potential application to bio-
imaging due to its upconversion emission.19 Femtosecond
laser direct writing has been employed to micromachine gra-
ting structures on wide-bandgap materials.4 However, it is
difficult to fabricate grating structures with uniform periods
of less than a few micrometers. Recently, inscribing a Bragg
grating in an optical fiber using laser radiation and a phase
mask has been proven to be a fast and effective technique.20

Some research has been performed on the fabrication of vol-
ume gratings in bulk materials using femtosecond lasers and
phase masks.21 To the best of our knowledge, no reports have
been published on the fabrication of Bragg gratings on the
surfaces of SiC and GaN using this method.

In this paper, we introduce an efficient method for fabri-
cating surface-grating structures using a femtosecond laser
and a phase mask. A cylindrical-lens-focused 800-nm femto-
second laser beam was irradiated on the surfaces of the bulk
materials through a phase mask. The phase mask was used to
produce spatially modulated interference fields, which were
capable of inducing grating structures on the bulk materials.
The effects of the irradiation power and time on the Bragg
grating morphology that was formed on the SiC surface were
studied. By optimizing the fabrication parameters, we suc-
cessfully produced grating structures with uniform periods
of 1.07 μm on SiC, GaN, and silica glass. The threshold
powers necessary to form the grating structures on these
materials were investigated and compared.

2 Experimental Procedure
A schematic of grating structure fabrication with a femtosec-
ond laser is shown in Fig. 1. The laser source was an ampli-
fied Ti:sapphire femtosecond laser system (Libra-USP-HE,
Coherent Co.) with a pulse duration of 50 fs, central wave-
length of 800 nm, and repetition rate of 1 kHz. The 12-mm-
diameter Gaussian beam was focused by a cylindrical lens
through a phase mask onto the bulk materials. The focal
length of the cylindrical lens was 25 mm. The phase
mask was made from a 2-mm-thick UV-grade fused silica
slab. The period and groove line width of the phase mask
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were 2.14 and 1.07 μm, respectively. The phase mask was a
self-aligning interferometer that reliably produced a highly
repeatable spatially modulated interference field. The first-
order diffracted beams produced an interference pattern in
a spatial overlap region behind the phase mask; this pattern
was irradiated onto the sample surfaces to form the grating
structures. The distance between the sample and phase mask
was set to 3 mm. Thus, the diffracted beams of different order
pairs (0;�1;�2, and so on) would not overlap spatially
resulting from an order walk-off effect.22 The diffraction effi-
ciencies for the�1-order diffracted beams were around 35%.
The high-orders and zero-order diffraction were greatly sup-
pressed. Hence, only �1-order diffracted beams could
induce grating structures on sample. The diffraction angles
of the�1-order diffracted beams were θ ¼ �arc sinðλ∕ΛpmÞ,
where λ was the wavelength of the incident light and Λpm

was the phase mask period. The periods of interference pat-
tern of �1-order diffracted beams and their resulted grating
structures on the sample were Λg ¼ λ∕2 sin θ. Thus, we
could obtain Λg ¼ Λpm∕2. This means that the period of
the formed grating structures was half of the phase mask
period. In our experiments, grating structures with a period
of 1.07 μm were obtained on the surface of bulk materials.

Bulk 6H-SiC, GaN, and silica glass were used in our
experiments. The thicknesses of the 6H-SiC, GaN, and silica
glass were 350, 300, and 1000 μm, respectively. For each
material, the sample was cleaned using an ultrasonic
machine with acetone and then with deionized water for
10 min each. Subsequently, the sample was mounted on
the translation stage, and the femtosecond laser beam was
focused on the sample through the cylindrical lens. The sam-
ple was placed on the focal plane of the cylindrical lens.
According to the free-space Gaussian beam optics, the
width of the focal spot size was W ¼ 2λf∕πω0 ¼ 2.1 μm,
where f was the focal length of the cylindrical lens and ω0

was the incident beam waist. Then the sample was exposed
to write the gratings. The resulted grating structures were
directly observable under a standard optical microscope.

3 Results and Discussion
Figures 2(a)–2(e) show the grating structures on the surface
of SiC as observed under a microscope with 100× magnifi-
cation. The femtosecond laser powers were set to 150, 200,
250, 300, and 350 mW, and the exposure time was set to
0.1 s. In Fig. 2(a), the grating structure on the SiC surface
is observable. However, the grating grooves are absent in
some areas. This absence may have occurred because for
a power of 150 mW, the light intensity was only slightly

greater than the threshold necessary for grating formation
and because the formation of grating grooves is very sensi-
tive to spatial fluctuations in the light intensity. As the laser
power increases to more than 200 mW, the laser fluence
reaches the ablation threshold in the most-irradiated zone,
resulting in regularity of the grating structure. For a laser
power of 250 mW, the grating structures are highly uniform,
as shown in Fig. 2(c), and have periods of about 1.07 μm,
which is half of the phase mask period. When the laser
power was set to 300 and 350 mW, as shown in Figs. 2(d)
and 2(e), laser-induced trenches were formed in the center of
the grating zone, and the grating structures were damaged
due to the high-energy laser irradiation. In order to investi-
gate the dependence of the structure morphology on the
exposure time, we also performed experiments using differ-
ent exposure times, specifically 0.02, 0.05, 0.1, and 0.2 s.
When the laser power and exposure time were set to
250 mW and 0.1 s, respectively, highly uniform grating
structures could be obtained on the SiC surface very effi-
ciently and quickly. The average groove depth of the grating
was estimated to be about 300 nm from confocal microscopy
measurement results. The total length and width of the
formed grating structures were around 8 mm and 7 μm,
respectively. By scanning the sample surface along the gra-
ting groove direction, we could obtain large-area gratings.
Then diffraction effects of samples were characterized by
using a 633-nm He-Ne laser. The diffraction pattern was irra-
diated on a paper screen, then photographed. For the sample
shown in Fig. 2(c), its diffraction pattern is shown in
Fig. 2(f). We can see that the diffraction pattern is clear
to distinguish at 0 and �1 orders. The higher order diffrac-
tions were absent.

Fig. 1 Schematic of grating structure fabrication.

Fig. 2 Grating structures on SiC surface formed under laser powers
of (a) 150mW, (b) 200mW, (c) 250mW, (d) 300mW, and (e) 350mW.
(f) Diffraction pattern of SiC sample fabricated under 250-mW laser
power by a camera.
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Furthermore, we studied the fabrication of Bragg grating
structures on GaN and silica glass. The threshold laser
powers necessary to produce grating structures on the surfa-
ces of the wide-bandgap semiconductors (SiC and GaN) and
silica glass using a femtosecond laser and a phase mask were
investigated and compared. The experimental conditions and
setups were the same as those described earlier. To determine
the threshold, we decreased the laser power until no struc-
tural change occurred on the SiC surface. In our experiments,
the threshold laser powers necessary to fabricate structures
on the surfaces of SiC, GaN, and silica glass were around
100, 120, and 750 mW, respectively. In order to form regular
grating structures, the laser power was optimized for each
sample. Figure 3 shows the grating structures on the surfaces
of SiC, GaN, and silica glass as observed under a microscope
with 50× magnification. The employed femtosecond laser
powers were 220, 250, and 800 mW for the SiC, GaN,
and silica glass, respectively, and the exposure time was
set to 0.1 s. As shown in Fig. 3, the grating structures
have excellent uniformity and periods of 1.07 μm.

According to the above results, the threshold and optimal
powers for SiC and GaN were much smaller than those for
silica glass. The transmittances of SiC, GaN, and silica glass
were characterized to clarify the reason for this difference.
Figure 4 shows the transmittance spectra of SiC, GaN,

and silica glass, in which the reflections from the samples
have been considered and subtracted. We can see that
there is almost no absorption for silica glass, whereas SiC
shows the strongest absorption among the three samples
for a wavelength of 800 nm, reaching about 50%. In addi-
tion, SiC shows the strongest absorption at about 625 nm.
This high absorption is evident because the SiC used in
our experiment contained impurities. The transmittances
of SiC and GaN become zero at wavelengths shorter than
390 and 375 nm, respectively. The photon energies at
these two wavelengths just correspond to the bandgaps of
these materials. Hence, the effective nonlinear absorption
at 800 nm for the two wide-bandgap semiconductors
occurred through an absorption process involving at least
three photons. In addition, the 800-nm laser reaction with
silica glass mainly arose from more than four-photon absorp-
tion, because no strong absorption is evident until the wave-
length becomes shorter than about 200 nm. Therefore, the
threshold and optimal powers for the wide-bandgap semi-
conductors were much smaller than those for silica glass.
In addition, although SiC shows a linear absorption at
800 nm that is stronger than that of GaN, the difference
between their threshold powers was very small, implying
that the nonlinear effect was dominant in the interactions
between the 800-nm femtosecond laser and each of the semi-
conductor materials. In the process of laser micromachining,
the nonlinear processes that cause breakdown are avalanche
ionization and multiphoton ionization.23 For moderate laser
fluences, avalanche ionization is dominant, whereas multi-
photon ionization requires more intense light. Generally,
seed electrons required for avalanche ionization could origi-
nate from metallic impurities or the thermal or linear optical
ionization of the shallow energy levels of inclusions in trans-
parent materials. Although the linear absorption due to the
impurities in SiC may facilitate the generation of seeded
electrons for avalanche ionization, the nonlinear process
was dominant in the formation of the grating structures
on SiC and GaN. Therefore, the threshold powers for SiC
and GaN were almost the same.

4 Conclusion
In conclusion, we introduced an efficient method of fabricat-
ing surface-grating structures on wide-bandgap semiconduc-
tors using a femtosecond laser and a phase mask. A
cylindrical-lens-focused 800-nm femtosecond laser beam
was irradiated on the surfaces of bulk materials through a
phase mask. The phase mask was used to produce an inter-
ference pattern in a spatial overlap region to form the grating
structures. We successfully fabricated grating structures with
uniform 1.07 μm periods on SiC, GaN, and silica glass. We
found that the threshold powers for the wide-bandgap semi-
conductors were much smaller than those for silica glass.
The reason for this difference is that the absorption of the
incident laser in SiC and GaN occurs through a nonlinear
absorption process lower in order than that in silica glass.
This method was proven to be a more effective and versatile
approach to grating fabrication.
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