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A method for fabricating deep grating structures on a silicon carbide (SiC) surface by a femtosecond laser and
chemical-selective etching is developed. Periodic lines corresponding to laser-induced structure change (LISC)
are formed by femtosecond laser irradiation, and then the SiC material in the LISC zone is removed by a mixed
solution of hydrofluoric acid and nitric acid to form grating grooves. Grating grooves with a high-aspect ratio of
approximately 25 are obtained. To obtain a small grating period, femtosecond laser exposure through a phase
mask was used to fabricate grating structures with a 1.07 μm period on the surface of the SiC.
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Silicon carbide (SiC) is an attractive semiconductor
material for a variety of devices because of the environ-
mental resistance provided by carbon when it is combined
with silicon[1]. Devices based on SiC are capable of operat-
ing in harsh environments because of the outstanding
physical and chemical properties of SiC[2–6]. Fabricating
various types of microstructures and nanostructures in
SiC has increasingly attracted the interest of researchers
owing to their potential applications in microelectronics,
optoelectronics, and microchemical and microelectrome-
chanical systems[7–11]. Among these structures, SiC grating
structures are highly attractive because of their applicabil-
ity as diffractive elements and sensors in high-temperature
environments[12].
Many approaches for fabricating grating structures

in dielectric media have been developed, such as the
two-beam holographic method, the focused laser or ion
direct-writing method, and reactive ion etching (RIE),
to name a few[13–16]. SiC, however, is known to be difficult
to micromachine owing to its crystalline structure. The
primary method used for micromachining SiC is RIE.
However, RIE has disadvantages related to masking for
etching purposes, low etching rates, and numerous
processing steps[17]. A powerful method, femtosecond laser
direct writing, has been employed for micromachining
SiC. There are many prominent advantages of femtosec-
ond laser micromachining, such as non-contact processing,
fast removal rates, and no need for etch masks[18–24].
However, very little research has been conducted on

fabricating SiC gratings using a femtosecond laser.
DesAutels et al. fabricated SiC surface and subsurface gra-
tings by direct femtosecond laser writing[1]. When using
the femtosecond laser direct-writing technique, it is diffi-
cult to fabricate deep grooves, especially those with high-
aspect ratios (etched depth divided by groove width)

because debris might block the energy transfer to the
interior of SiC. Recently, we reported a new method for
fabricating SiC through holes with a high-aspect ratio us-
ing a femtosecond laser and chemical-selective etching[25,26],
during which we achieved a hole depth greater than
200 μm and a hole width less than 40 μm. We expect this
technique to be applied in fabricating deep grating
structures with a high-aspect ratio.

In this Letter, we introduce a new method for fabricat-
ing deep grating structures on a SiC surface by a
femtosecond laser and chemical-selective etching. The
method has two steps: first, periodic lines corresponding
to laser-induced structure change (LISC) are formed by
femtosecond laser irradiation. Then, a mixed solution of
hydrofluoric acid (HF) and nitric acid (HNO3) is used
to remove material in the LISC zone in order to form gra-
ting grooves in the SiC. Using this new fabrication
method, we obtained grating grooves with a high-aspect
ratio of approximately 25. To obtain a small grating
period, we used femtosecond laser exposure through
a phase mask to fabricate grating structures with a
1.07-μm period on the surface of the SiC. The method
has potential applications in the fabrication of grating
structures for use in electronic and photonic devices.

A schematic diagram of the fabrication procedure
of SiC grating structures with a femtosecond laser and
chemical-selective etching is shown in Fig. 1. The exper-
imental setup consisted of a femtosecond laser source, an
attenuator, a neutral density filter, a mechanical shutter,
an xyz translation stage, a computer, and a CCD camera.
The laser source was an amplified Ti:sapphire femtosec-
ond laser system (Libra-USP-HE, Coherent Co. USA)
with a pulse duration of 150 fs, a central wavelength of
800 nm, and a repetition rate of 1 kHz. The attenuator
provided a convenient way to adjust the laser energy,
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while the mechanical shutter was employed to control the
laser beam access. The sample was mounted on a high-
precision translation stage, which was controlled by a
computer program.
A 6H-SiC wafer with a thickness of 350 μm was used in

our experiments. First, the sample was cleaned using an
ultrasonic machine with acetone and then deionized water
for 10 min each. Subsequently, the sample was mounted
on the translation stage. The laser was adjusted to emit
linearly polarized light. The laser beam was focused onto
the SiC surface by a 10× microscope objective lens (NA of
0.3, Nikon). The beam diameter of the focus on the sample
surface was estimated to be 2.2 μm. During fabrication,
the sample surface could be seen either via an optical mi-
croscope or on a computer screen connected to the CCD
camera. After femtosecond laser irradiation, the side sur-
face of the sample was polished at a random position along
the grating in order to observe it from the side. The pol-
ished SiC sample was cleaned in an ultrasonic bath with
acetone and then with deionized water for 10 min each.
Subsequently, the sample was etched with a HF∕HNO3

mixed solution for 60 min. The HF∕HNO3 mixed solution
was prepared by mixing 40 wt. % HF and 65 wt. % HNO3
in a volume ratio of 1∶1. Then, the SiC sample was again
cleaned in an ultrasonic bath with acetone and then with
deionized water for 15 min each. Scanning electronic
microscopy (SEM) was employed to characterize the
morphology of the grating structures before and after
etching.
Figure 2 shows cross-section SEM images of the LISC

zone and the chemical-selective etching- induced SiC
grooves. The average laser power and scanning velocity
were set to 5 mW and 7 μm/s, respectively. As shown
in Fig. 2(a), LISC zones with depths of 95 μm were formed
along the femtosecond laser transmission direction in the
irradiated zone. The structural changes in the interior of
the SiC were always accompanied by surface ablation. The
formation of the LISC zone was attributed to the interac-
tion of the femtosecond laser and the SiC material. The
depth of 95 μm was much larger than the Rayleigh length
(10 μm) of the focused femtosecond laser. This may be due
to the occurrence of the self-trapping of the focused femto-
second laser that leads to long-lasting filaments[26]. After
femtosecond laser treatment, the SiC sample was etched
with a mixed solution of HF and HNO3 for 60 min. The
LISC zone reacted with the solution and was completely
removed, forming funnel-shaped grooves in the SiC, as
seen in the cross-sectional images of the SiC in Fig. 2(b).

The side walls of the grooves were very smooth. The depth
of the grooves was about 95 μm. The width of the grooves
was uniform (∼4 μm) in the depth range from 20 μm below
the surface to the bottom of the grooves. The aspect ratio
(completely etched depth divided by groove width at the
middle depth) was calculated to be about 25. Notably,
only the LISC zone reacted with the acid solution. It is
possible that the LISC zone is composed of SiOx , Si,
and amorphous SiC[26]. The related chemical processes
are shown as follows[27,28]:

SiðsÞ þ 4HNO3ðaqÞ ¼ SiO2ðsÞ þ 2H2OðaqÞ þ 4NO2ðgÞ;
(1)

SiCðamorphousÞ þ 2HNO3ðaqÞ þ 2H2OðaqÞ
¼ 2HNO2ðaqÞ þ SiO2ðsÞ þ CO2ðgÞ þ 2H2ðgÞ; (2)

SiO2ðsÞ þ 6HFðaqÞ ¼ H2SiF6ðaqÞ þ 2H2OðaqÞ: (3)

According to above related chemical processes, Eqs. (1)–
(3), HNO3 acts as the oxidizing agent, and HF removes the
SiO2 generated from the laser treatment process. Crystal

Fig. 2. Cross-section SEM images of the LISC zone (a) before
and (b) after chemical-selective etching.

Fig. 1. Schematic diagram of the fabrication of the SiC grating
structures.
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SiC has good chemical stability and hardly reacts with
HNO3. Therefore, the materials in the LISC zone were
removed, and the surrounding zones remained unchanged.
This method demonstrates the high selectivity. By in-
creasing the incident average laser power or decreasing
the scanning velocity, we could increase the groove depth
and aspect ratio[26]. In addition, the NA characterizes the
focus capacity of the lens to the incident laser beam.When
a microscope objective lens with a larger NA (such as 20×
and 40× microscope objectives and so on) was used, the
laser spot size at the focal plane and the Rayleigh length
were decreased. The decrease of the laser spot size could
result in finer structures. The decrease of the Rayleigh
length resulted in the decrease of the LISC length.
In addition, the divergence angles of the focused laser
beams increased with the increasing NA of the microscope
objective lens. The increase of the divergence angles
decreased the length of self-trapping and thereby also de-
creased the length of the LISC zone. Therefore, by using a
microscope objective lens with a larger amplification ratio
than that for 10×, we could obtain finer structures, but
would also obtain shallower grooves.
Subsequently, we fabricated grating structures using

the above femtosecond laser and chemical-selective
etching method. Grooves with a period of 20 μm were
fabricated, and SiC grating structures with an area of
500 μm× 500 μm were constructed. The average laser
power and scanning velocity were set to 1.9 mW and
7 μm/s, respectively. The scanning direction was along
the y-axis, parallel to laser polarization. We observed in
Fig. 2(b) that the entrance of a groove was funnel shaped.
Hence, we removed approximately 10 μm of SiC material
from the top surface by polishing after etching. This treat-
ment was performed to remove the surface damage layer
surrounding the irradiated zone in order to obtain grooves
with uniform widths. Figure 3(a) shows the top view of the
SiC grating structures with an area of 250 μm× 250 μm,
which were measured by an optical microscope with

20× magnification. The average grating depth is 30 μm,
as measured from the side view image acquired by an
optical microscope with 20× magnification (Fig. 3(b)).
We observed that the surface of the grating structures
is smooth and that the fabricated SiC grating structures
are uniform. To the best of our knowledge, there has been
no report on using this method to fabricate a small-period
grating on the surface of SiC. Using this method, the
fabrication of small-period SiC grating structures with
excellent uniformity can be achieved very efficiently
and quickly.

The above method is suitable for fabricating a deep gra-
ting with a long period, but it is difficult to obtain a gra-
ting with a submicron period. In order to obtain a smaller
grating period, we fabricated SiC grating structures
by femtosecond laser exposure through a phase mask. A
10 mm-diameter Gaussian beam was focused by a cylin-
drical lens through a phase mask onto the bulk materials.
The focal length of the cylindrical lens was 25 mm. The
phase mask was a self-aligning interferometer that reliably
produced a highly repeatable spatially modulated interfer-
ence field. Using the phase mask, we obtained stable inter-
ference patterns easily with ultra-short laser pulses[29,30].
The phase mask had a period of 2.14 μm and was made
from a 2 mm-thick UV-grade fused silica slab. The
first-order diffracted beams produced an interference pat-
tern in a spatial overlap region behind the phase mask; this
pattern was irradiated onto the sample surfaces to form
the grating structures[31]. The distance between the sample
and phase mask was set to 3 mm. Thus, the diffracted
beams of different-order pairs (0, �1, �2, etc.) would
not overlap spatially resulting from an order walk-off
effect[29]. Gratings written with a phase mask were directly
observable under a standard optical microscope. The laser
power and exposure time were set to 150 mW and 0.1 s,
respectively. Figure 4(a) shows the grating structures with
a 1.07-μm period on the surface of SiC, as observed under a
microscope with 100× magnification; it implies that the
submicron structures were induced on the SiC surface.

The 1.07 μm grating samples were also etched in the
HF∕HNO3 mixed solution. No obvious changes were
observed. In this method, the focused beam spot on the
focal plane was line shaped and had an elliptic area of
3.3 μm× 10 mm. For the same input power, the average

Fig. 3. SiC grating structures from (a) top view and (b) side view
under a 20× microscope.

Fig. 4. (a) SiC grating structures with a 1.07 μm period observed
under a microscope with 100× magnification. (b) Diffraction
pattern of SiC grating structures captured by a camera.
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light intensity at focus for a 10× microscope objective lens
was almost a few hundred times higher than that for a
cylindrical lens. There was a very different energy density
for these two methods. Therefore, the 150 mW femtosec-
ond laser focused by the cylindrical lens may be insuffi-
cient to form the LISC inside the SiC and only ablated
the SiC surface. When the laser was increased to over
300 mW, the grating structures were destroyed because
the grating period was too small. For the grating struc-
tures formed by using a phase mask and femtosecond laser
irradiation, wet etching may be applicable for increasing
the groove depth when the grating period is much larger
than 1.07 μm.
Then diffraction effects of the samples fabricated by the

above two methods were also characterized by using a
633 nm He–Ne laser. The diffraction pattern was irradi-
ated on a paper screen and then was taken by a camera.
The typical diffraction pattern was shown in Fig. 4(b),
which corresponds to the sample shown in Fig. 4(a).
The 0- and �1-order diffracted beams can be clearly seen.
The higher-order diffractions were absent. The period of
the fabricated grating for the former method was much
larger than that for the latter. According to the diffraction
equation for gratings, the diffraction angle for the former
method was smaller than that for the latter. The diffrac-
tion angles of the 633 nm light for the samples shown in
Figs. 3 and 4 were 1.814° and 36.271°, respectively.
In conclusion, we introduce a method for fabricating

deep grating structures on a SiC surface by a femtosecond
laser and chemical-selective etching. Periodic lines corre-
sponding to the LISC are formed by femtosecond laser
irradiation, and then the SiC material in the LISC zone
is removed by a mixed solution of HF and HNO3 to form
grating grooves. Using SEM, the morphologies of the LISC
zone and SiC grating grooves are analyzed. The fabricated
SiC grating structures are uniform. Grating grooves with
a high-aspect ratio of approximately 25 are obtained.
In order to obtain a small grating period, we use femtosec-
ond laser exposure through a phase mask and fabricated
grating structures with a 1.07-μm period on the surface of
SiC. The method has potential applications in the fabri-
cation of grating structures for use in electronic and pho-
tonic devices.

This work was supported by the Collaborative Innova-
tion Center of Suzhou Nano Science and Technology.
This work was supported by the National Basic
Research Program of China (No. 2012CB921804), and
the National Natural Science Foundation of China
(Nos. 11204236 and 61308006). The SEM work was done
at the International Center for Dielectric Research
(ICDR), Xi’an Jiaotong University, Xi’an, China. The
authors also sincerely thank Ms. Dai for her help in using
SEM.

References
1. G. L. DesAutels, C. D. Brewer, M. A.Walker, S. B. Juhl, M. A. Finet,

and P. E. Powers, Opt. Express 15, 13139 (2007).
2. D. J. Young, J. Du, C. A. Zorman, and W. H. Ko, IEEE Sens. J. 4,

464 (2004).
3. M. Östling, S. M. Koo, C. M. Zetterling, S. Khartsev, and A. Grishin,

Thin Solid Films 469, 444 (2004).
4. M. Mehregany and C. A. Zorman, Thin Solid Films 355, 518 (1999).
5. M. Mehregany, C. A. Zorman, N. Rajan, and C. H. Wu, Proc. IEEE

86, 1594 (1998).
6. C. A. Zorman, S. Rajgopal, X. A. Fu, R. Jezeski, J. Melzak, and M.

Mehregany, Electrochem. Solid-State Lett. 5, G99 (2002).
7. X. Jia, T. Q. Jia, L. E. Ding, P. X. Xiong, L. Deng, Z. R. Sun, Z. G.

Wang, J. R. Qiu, and Z. Z. Xu, Opt. Lett. 34, 788 (2009).
8. M. Mehregany, C. A. Zorman, S. Roy, A. J. Fleischman, and N.

Rajan, Int. Mater. Rev. 45, 85 (2000).
9. P. M. Sarro, Sens. Actuators A 82, 210 (2000).
10. K. M. Jackson, J. Dunning, C. A. Zorman, M. Mehregany, andW. N.

Sharpe, J. Microelectromech. Syst. 14, (2005).
11. H. Morkoc, S. Strite, G. B. Gao, M. E. Lin, B. Sverdlov, and M.

Burns, J. Appl. Phys. 76, 1363 (1994).
12. G. L. DesAutels, P. Powers, C. Brewer, M.Walker, M. Burky, and G.

Anderson, Appl. Opt. 47, 3773 (2008).
13. C. Chen, Y. S. Yu, R. Yang, C.Wang, J. C. Guo, Y. Xue, Q. D. Chen,

and H. B. Sun, J. Lightwave Technol. 31, 455 (2013).
14. M. L. von Bibra, A. Roberts, and J. Canning, Opt. Lett. 26, 765

(2001).
15. I. Giuntoni, A. Gajda, M. Krause, R. Steingrüber, J. Bruns, and K.

Petermann, Opt. Express 17, 18518 (2009).
16. X. Wang, W. Shi, H. Yun, S. Grist, N. A. F. Jaeger, and L.

Chrostowski, Opt. Express 20, 15547 (2012).
17. Y. Dong and P. Molian, Appl. Phys. A 77, 839 (2003).
18. S. Matsuo and S. Hashimoto, Opt. Express 23, 165 (2015).
19. Z. G. Li, L. Y. Liang, H. T. Cao, Z. G. Xiao, X. Z. Wu, Y. Fang, J. Y.

Yang, T. H. Wei, and Y. L. Song, Appl. Phys. Lett. 106, 102103
(2015).

20. R. R. Gattass and E. Mazur, Nat. Photonics 2, 219 (2008).
21. C. X. Li, X. Shi, J. H. Si, T. Chen, F. Chen, S. X. Liang, Z. X. Wu,

and X. Hou, Opt. Commun. 282, 78 (2009).
22. M. Farsari, G. Filippidis, S. Zoppel, G. A. Reider, and C. Fotakis,

J. Micromech. Microeng. 15, 1786 (2005).
23. X. Jia, Y. Yuan, D. Yang, T. Jia, and Z. Sun, Chin. Opt. Lett. 12,

113203 (2014).
24. X. Dong, H. Song, and S. Liu, Chin. Opt. Lett. 13, 071001 (2015).
25. V. Khuat, T. Chen, B. Gao, J. H. Si, Y. C. Ma, and X. Hou, Appl.

Phys. Lett. 104, 241907 (2014).
26. V. Khuat, Y. C. Ma, J. H. Si, T. Chen, F. Chen, and X. Hou, App.

Sur. Sci. 289, 529 (2014).
27. M. Steinert, J. Acker, S. Oswald, and K. Wetzig, J. Phys. Chem. C

111, 2133 (2007).
28. J. Zhu, Z. Liu, X. L. Wu, L. L. Xu, W. C. Zhang, and P. K. Chu,

Nanotechnology 18, 365603 (2007).
29. C. W. Smelser, D. Grobnic, and S. J. Mihailov, Opt. Lett. 29, 1730

(2004).
30. L. Wang, Q. D. Chen, R. Yang, B. B. Xu, H. Y. Wang, H. Yang,

C. S. Huo, H. B. Sun, and H. L. Tu, Appl. Phys. Lett. 104,
031904 (2014).

31. L. Wang, Z. H. Lü, X. F. Lin, Q. D. Chen, B. B. Xu, and H. B. Sun,
J. Lightwave Technol. 31, 276 (2013).

COL 14(2), 021407(2016) CHINESE OPTICS LETTERS February 10, 2016

021407-4


