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Fabrication and enhanced optical absorption of
submicrometer pits array on 6H-SiC via two-beam
interference of femtosecond laser
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We report the fabrication of submicrometer pits array (SP-array) on 6H-SiC surface by the interference
of two femtosecond laser beams. Formation mechanisms and optical absorption of SP-array are studied.
The relative reflectivity and transmissivity of white light decrease to 10% of the values of SiC crystal, and
the optical absorption is enhanced to 97%. The relative reflectivity and transmissivity of incident angles
within the range of 20°—60° are kept below 25%. The enhancement mechanism of optical absorption of

the SP-array is also discussed.
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Optical absorption is one of the key factors that de-
termine the usage efficiency of solar energy!’). Textur-
ing the front surface of a semiconductor is an efficient
method to improve optical absorption!®3!. Optical ab-
sorption enhancement of silicon, which is very important
for silicon-based solar cells, has been investigated inten-
sively. Several kinds of microstructures and nanostruc-
tures, such as microspikes®, nanowires, and nanocones
array!®% have been reported recently.

Femtosecond laser-induced microstructures in di-
electrics and semiconductors have been studied
intensively(’=12. Optical waveguide, micro-mirrors, and
other functional micro-devices have been reported. Re-
cently, periodic nanoripples in semiconductors and di-
electrics were fabricated by femtosecond laser*3—161 and
the optical absorption was greatly enhanced on the struc-
tured surfacel?.

SiC is a wide band-gap semiconductor that has at-
tracted increasing attention due to its outstanding elec-
trical, chemical, mechanical, and thermal properties!!”.
In this letter, we report a new microstructure on 6H-
SiC, the so-called submicrometer pits array (SP-array),
which is induced by the interference of two femtosecond
laser beams. Compared with the SiC crystal surface, the
relative reflectivity and transmissivity in the structured
surface reduce dramatically to 11.8% and 10.1%, respec-
tively. The formation mechanisms of the SP-array and
the optical absorption enhancement are also studied.

A linearly polarized laser at 800-nm wavelength with a
pulse duration of 50 fs was delivered from a commercial
Ti:sapphire regenerative amplifier operated at repetition
rates of 1-1000 Hz (Legend Ellite, Coherent). A half-
wave plate and a Glan polarizer were used to adjust the
intensity and polarization of the laser pulses. The laser
beam was split into two beams with the same intensity
and polarization by a beam splitter, and the two beams
were then overlapped simultaneously on the SiC crystal
surface. The cross angle of the two laser beams was
13.9°. Zero temporal point was determined by the signal
of sum frequency via a S-barium borate (BBO) crystal.

1671-7694/2010/121203-04

In the experiment, a He-Ne laser beam was irradiated on
the ablation area to investigate the change of diffraction
light.

A square 6H-SiC crystal 10x10x1 (mm) in size was
mounted on an XYZ translation stage controlled by a
computer. By translating the sample, we can ablate the
surface spot by spot and obtain a large area with SP-
array. After laser irradiation, the sample was dipped in
ethanol and cleaned with an ultrasonic cleaner to remove
the dust and plume deposited on the sample surface.

Figure 1 shows the SP-array on 6H-SiC. The one-
dimensional (1D) periodic grating structure is deter-
mined by the two-beam interference. Angle 26 between
the two beams is 13.9°, and the period is calculated to
be 3.31 pym (A = A/2sin 6), which agrees well with the
experimental value of 3.3 ym (see Fig. 1). Quasi-periodic
submicrometer pits aligned along the grating direction
formed the two-dimensional (2D) SP-array. The sample
was cut to observe the cross section. Hole diameter was
700—900 nm and the depth was 500—700 nm.

To study the formation mechanism of SP-array, the
surface morphologies for different irradiation times were
observed. Figure 2 shows a series of scanning electron
microscope (SEM) images of the structured SiC surface
in the central part of the ablation crater. Periodic rip-
ples were formed on the stripes with peak intensity after
1-s irradiation time. The ripple period is close to the
laser wavelength (~800 nm), and the orientation is per-
pendicular to the laser polarization. The ripples were
induced by the interference of the incident laser and the
surface scattering light'®19 The energy of the following
pulses was mostly deposited in the ripple grooves when
the radiation time was increased. This mechanism was
a result of inhomogeneous absorption. Therefore, the
grooves became deeper and wider, as shown in the pic-
tures of 3 and 5 s. The size of the grooves increased with
longer irradiation time. The SP-array was formed after
10-s irradiation. In the formation process, two-beam
interference played an important role in the periodic in-
tensity distribution that limited the ripple length. Only
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Fig. 1. (a) SEM image of the SP-array induced by the two-
beam interference. The laser fluence of single beam is 1.0
J /cm2, repetition rate is 10 Hz, and irradiation time is 10 s.
(b) Enlarged view of square area of (a). The arrow bar in (b)
represents the laser polarization.

Fig. 2. SP-array evolution with the laser irradiation time.
The laser fluence of single beam is 1.0 J/cm? and repetition
rate is 10 Hz.

the depth and width of ripple grooves increase with the
irradiation time.

The SP-array can be formed only when the laser inten-
sity is high enough. If the laser fluence of a single laser
beam is less than 0.5 J/cm?, there is no SP-array in the
ablation area.

Diffraction and diffusion of the He-Ne laser change
greatly with increasing laser irradiation time. These
changes can be described in four processes. (a) When the
irradiation time is less than 1 s, the zero-order diffraction
peak is much greater than the higher-order ones because
the grating has not formed. (b) Regular grating gradu-
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ally forms beyond 1-s irradiation time. The higher-order
diffraction peaks become stronger, whereas the zero-
order diffraction peaks weaken. The diffraction peaks
become the strongest at 5-s irradiation time. (c) In-
creased diffused light is observed at 5—7-s irradiation
time. All the zero-order and the higher-order diffraction
peaks decrease with the formation of SP-array. (d) In-
tensities of diffraction and diffusion light are reduced
dramatically at over 7-s irradiation time. Diffraction
peaks become nearly invisible as the SP-array is formed.
The reflected and the transmitted processes are similar
to each other. These results indicate that SP-array may
reduce reflectivity and transmissivity, which means opti-
cal absorption enhancement of the He-Ne laser.

Reflection and transmission spectra were measured
before and after laser irradiation to study the optical
absorption enhancement of white light of the structured
SiC crystal. The white light source with wavelengths
of 450—750 nm was produced by focusing 800-nm fem-
tosecond laser pulses into a water cell. The white light
was then focused on the planar surface and the central
part of the ablation craters through a 5x Nikon objec-
tive lens at an incident angle of 40°. The reflected and
transmitted lights were collected by a lens with 50-mm
focal length and 25-mm diameter. The sketch of the
reflection-collection setup is shown in the inset of Fig.
3(a). The lens was set at the position of 36 mm in front
of the sample. Hence, the collected angle 2ac was about
70°. To eliminate the influence of diffusion light, the
spectra for various divergence angles  were measured.
Figures 3(a) and (b) show the diffusion spectra in the
horizontal (z—y plane) and vertical (z—z plane) direc-
tions, respectively. The light in the range of 0°—35° was
collected while that beyond 35° was excluded. In the
horizontal direction, the light decreased to nearly zero
when the angle 5 was beyond 35° (see Fig. 3(a)). Simi-
larly, the light weakened rapidly in the vertical direction.
The ratio between the uncollected and collected lights
was calculated by integrating the spectra in the range
of 450-750 nm. A rough estimation of no more than
25% was achieved. The case of transmission spectra was
similar to the reflection case.

Figures 3(c) and (d) show the relative reflection and
transmission spectra expressed as the ratio between the
structured and planar surfaces under various irradiation
time. Here, 25% diffusion light was taken into account.
The total relative reflectivities were reduced to 32.2%,
22.9%, and 17.1% of the unstructured area for the irra-
diation time of 1, 3, and 5 s, respectively. The relative
transmissivity values were 63.7%, 38.3%, and 15.7%, re-
spectively. Relative reflectivity and transmissivity of the
SP-array (10 s) were dramatically decreased to 11.8%
and 10.1%, respectively. Results were considered as the
saturation values. Obvious decrease in reflectivity and
transmissivity was not observed with the further increase
of irradiation time.

We have studied the formation of the SP-array with
different laser fluences. Results showed that the pits
array emerged rapidly for higher laser fluences, and the
absorption increased accordingly. Therefore, for a given
exposure time, absorption is higher for higher laser flu-
ences.

By ablating the sample spot by spot, we obtained a
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Fig. 3. Diffused spectra as a function of the divergence angles 3 in (a) horizontal and (b) vertical directions, respectively. The
inset in (a) is the sketch of collection setup. (c) Relative reflection and (d) transmission spectra for different irradiation times.
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Fig. 4. Dependences of the relative reflectivity and transmis-
sivity on the incident angles. The inset is the spectrum of
white light.

large area of SP-array, with a size of 1.5x3 (mm). The
insets in Figs. 3(c) and (d) show the microscope pho-
tographs (Nikon-80i) of a part of the large-area with SP-
array on reflected (inset of Fig. 3(c)) and transmitted
(inset of Fig. 3(d)) illumination modes, respectively. The
left dark side of the picture displays the SP-array struc-
ture, which is much darker than the unstructured area
on the right side.

We measured the relative reflectivity and transmissiv-
ity of the large-area with the SP-array structure as a
function of the incident angle of white light. The relative
reflectivity was less than 25% in the range of 20°—60°.
Minimum value was at the angle of 40°. The relative
transmissivity decreased smoothly with the incident an-
gle. Optical absorption was greatly enhanced in the in-
cident angle of 20°—60°.

We proposed that the relative reflectivity and trans-
missivity were greatly decreased for the enhanced ab-
sorption of the structured surface. The SP-array struc-

ture increased the surface area compared with the planar
surface, which resulted in absorption enhancement. In
addition, the incident light can be trapped in the submi-
crometer pits by total internal reflection, which results
in repeated absorption. Energy-dispersive X-ray (EDX)
analysis on the SiC crystal indicates that the SiC crystal
contains an impurity of about 0.59% Sn, which may be
the main absorber.

In conclusion, the SP-array is obtained on 6H-SiC crys-
tal by the interference of two femtosecond laser beams.
The evolution of the surface morphology with laser irradi-
ation time indicates that the SP-array evolves from long-
periodic surface ripples. The reflection and transmission
spectra in the range of 400—750 nm are measured before
and after laser irradiation. The relative reflectivity and
transmissivity dramatically decrease to 11.8% and 10.1%
of the unstructured sample values, respectively. The rel-
ative reflectivity and transmissivity for the incident angle
in the range of 20°—60° are kept less than 25%. The ab-
sorption is higher than 97%, which is nearly equal to the
values obtained on SiC nanostructured surfacelS.
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