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A 400 nm femtosecond laser was used to ablate the surface of a high-pressure and high-temperature diamond,
and subwavelength surface micro structures with a period of 100 nm were achieved. A variety of micro-nano
composite surface structures were prepared by changing the polarization direction and laser scanning direction.
By dynamically adjusting the laser polarization and the laser scanning tracks, a maskless direct writing
fabrication of micro-nano complex structures was realized. The micro-nano patterning on an ultra-hard and
super-stabile diamond provides a new idea for the preparation of friction reducing surfaces, nano imprint transfer
templates, surface enhanced Raman scattering test substrates, and micro-nano optical structures.
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The diamond is known as the hardest material in nature. It
has the characteristics of broadband optical transparency,
high thermal conductivity, good mechanical stability, and
chemical stability>2 which has broad applications in cut-
ting and polishing??, special optical components®?, wear-
resistant parts, heat dissipation components, and so on.
However, because of the ultra-hard and super-stability
characteristics, the precision machining of diamond be-
comes very difficult. Although dry etching technology
can realize nanometer-scale two-dimensional patterns, it
still faces the problems of expensive equipment, compli-
cated procedures, long processing cycles, etc.?

In recent years, femtosecond laser direct writing tech-
nology®™ has gradually gained wide applications due
to its strong complementarity with traditional processing
technologies, providing new solutions for high-precision
machining of diamond materials. Some researchers have
discovered that the femtosecond laser can induce nano-
stripes, both on the surface and inside of dielectric materi-
als, which have much smaller line widths than wavelengths.
The direction of the stripe is closely related to the polari-
zation direction of the femtosecond pulse, while the stripe
period is affected by the laser power and other processing
parameters within a certain range>¥. In general, within a
laser focal spot, there can be multiple groups of parallel
nano-stripes simultaneously, so as to achieve the surface
modification. The micro-nano surface structures have im-
portant application potentials ranging from the prepara-
tion of nano-imprinting templates to integrated optical
devices. At present, some investigations on the laser-
induced nano-stripes on hard materials have been carried
out. For example, Yao et al. fabricated micro-nano struc-
tures with line widths from 450 nm to 500 nm on stainless
steel by changing the number of laser pulses®. Eaton et al.
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used the femtosecond laser with 1030 nm and 515 nm wave-
lengths to prepare micro structures on the diamond surface
and discussed the physical mechanism. Zalloum et al.
prepared periodic structures with a size of around 700 nm
on the surface of artificial high-pressure and high-
temperature (HPHT) single-crystal diamonds?. However,
the most used lasers to process on hard materials are fixed-
polarized lasers, which limit the complexity and diversity of
micro-nano structures. Systematic work of femtosecond la-
ser-induced micro/nano structures on the surface of the di-
amond is still rarely reported.

In this Letter, a linearly polarized femtosecond laser gal-
vanometer scanning system was used to scan the HPHT
diamond surface to induce subwavelength micro-nano
structures. A large area of uniform micro-nano composite
stripe architectures could be achieved by fixing the polari-
zation laser. Adjusting the laser polarization and the speed
of the laser scanning dynamically, the stripe direction and
the relative direction of the scanning line track could be
controlled. Thereby, the controllable processing of the mi-
cron-scale lines and nano-scale-induced stripes was realized.
This process was carried out in a normal temperature
atmosphere, which was thoroughly simple, and stripes
could be processed quickly at one time, which could meet
the needs of production and practicality. The surface en-
hanced Raman scattering (SERS) of the diamond surface
nano-stripe structures was tested. The intensity of the
Raman signal was obviously enhanced near 1450 cm ™! with
47-nm-thick gold film covering. This method provides a
new idea for the micro-nano precision machining of super
hard materials, and it also provides the possibility for ex-
tensive applications of diamond materials in more fields.

The experimental setup is shown in Fig. 1. A 400 nm
femtosecond laser obtained by the second harmonic
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Fig. 1. Sketch diagram of femtosecond laser processing system.

generation from a mode-locked Ti:sapphire ultrafast
amplified laser (Spectral Physics, America; wavelength:
800 nm; pulse width: 100 fs; repetition rate: 1 kHz) was
used. After passing through a shutter, the laser power
was modulated with a half-wave plate and a polarizer.
Subsequently, the laser passed through a half-wave plate,
which was fixed in a hollow stepper motor to adjust the
polarization direction dynamically. Finally, the laser pass-
ing through galvo mirrors and two lenses (4F system) was
focused by a microscope object (40x, NA = 0.4) on a dia-
mond surface. The HPHT diamond with <111> crystal
orientation used in the experiment (the inset in Fig. 1) ap-
pears light yellow due to impurities and color centers. The
samples were wiped with acetone and ethanol, followed by
ultrasonic cleaning for 15 min in turn before laser scan-
ning, and then placed on the piezoelectric ceramic plate
of a six-axis manual stage to make adjustments of sample
position and surface inclination. The piezoelectric ceramic
platform could perform nano-scale adjustment in the z di-
rection. After laser scanning, the sample was ultrasoni-
cally cleaned with deionized water for 30 min in order
to remove debris from the sample surface. After cleaning,
the micro structures on the sample were characterized by
scanning electron microscopy (SEM, JSM-7500F, JEOL).

The uniformity of the subwavelength structures in-
duced by the femtosecond laser was closely related to
the pulse energy. The stripes induced by low energy pulses
were discontinuous, and there were no obvious cycles.
High-energy pulses will change the local area and cannot
form continuous regular stripe structures. Figure 2 shows
the SEM images of micro-nano structures induced by dif-
ferent pulse energies with the same scanning direction and
polarization laser. When the laser power is 2.50 pW, no
obvious periodic stripe structures are observed, as shown
in Fig. 2 (a). There are some tiny particles smaller than the
width of stripes attached on the diamond surface. When
the laser power is 2.76 pW, distinct stripe structures can
be observed in Fig. 2(b). However, the structures have
no obvious periodicity. When the laser power is up to
2.92 pW, the stripes are clearly visible, and the period
of the structure is 100 nm, as shown in Fig. 2(c). When
the laser power is 3.07 pW, the stripes become blurred
and gradually lose periodicity in Fig. 2(d). Insets are

Fig. 2. SEM images of stripe structures induced by different
laser powers: (a) 2.50 pW, (b) 2.76 pW, (c) 2.92 pW, and
(d) 3.07 pW; insets are the Fourier transform spectrum patterns
corresponding to the stripes processed with different laser
powers.

the Fourier transform spectral patterns corresponding
to stripe structures processed with different laser powers.
From the spectrograms, it can be observed that the uni-
formity of stripes in Fig. 2(c) is significantly better than
that of other structures processed with different pulse
energies.

Line widths can be set by changing the scanning inter-
vals in laser scanning. The direction of the induced stripes
can be controlled by changing the polarization direction of
the laser. The preparation of the micro-nano composite
structures can be achieved by adjusting the scanning di-
rection and the laser polarization direction. Figure 3 shows
the SEM images of different scanning and polarization di-
rections. The laser scanning direction is marked with yel-
low arrows, and the laser polarization direction is marked
with red double arrows in Fig. 3. The directions of laser
scanning and laser polarization are both in the horizontal
direction in Fig. 3(al). The stripes formed by laser scan-
ning are in the horizontal direction, and the induced nano-
stripes are in the vertical direction. A two-cycle structure
perpendicular to each other is formed. In Fig. 3(b1), the
laser scanning is in the vertical direction, and the laser
polarization is in horizontal direction. A two-cycle struc-
ture with the same orientation is formed. In Fig. 3(c1), the
laser scanning direction and laser polarization direction
are at an angle of 45°. A double-cycle composite structure
with an included angle of 45° is formed. The use of laser
focus scanning for material removal and polarization-
dependent nano-stripe induction enables the preparation
of a single-pass uniform dual-cycle complex structure.

Then, the SERS characteristicZ of the diamond nano-
stripe structure was tested. Gold films with different
thicknesses on the diamond surface nano-stripes were
obtained by sputter-coating on the diamond surface. A
pump laser with wavelength of 532 nm was used as the
excitation line, and different concentrations of Rhodamine
6G (R6G) molecules were used as probes to carry out
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Fig. 3. Two-cycle nano composite structures induced by differ-
ent scanning directions and laser polarization directions: (al) the
scanning direction is the same as the polarization direction,
(b1) the direction of scanning is perpendicular to the polarization
direction, (c1) the angle between the directions of scanning and
polarization is 45° (a2)—(c2) are the corresponding magnifica-
tion images of (al)—(cl).

Raman measurements. In Fig. 4(a), the R6G molecules of
10~° mol/L were used as a probe, and 0 nm, 13 nm, 22 nm,
30 nm, 38 nm, 47 nm, and 55 nm thick gold films were
sputtered. The Raman spectra show that the enhance-
ment effect of the nano-stripe is the best when the gold
film thickness is 47 nm. The 1332cm™' peak is the
characteristic Raman peak of diamond materials2.
The peak near 1580 cm ™! represents the existence of non-
diamond carbon produced after laser processing of the
diamond surface, whose reason is the in-plane stretching
vibration of C-atom sp? hybridization?. The Raman
spectra of R6G molecules with different concentrations
were measured by using the nano-stripe structure with
47-nm-thick gold film, as shown in Fig. 4(b). It can be seen
that the intensity of Raman signal decreases with the de-
crease of R6G molecular concentration. The scattering
peaks near 1450 cm™! are caused by the stretching vibra-
tion and bending vibration of the C = C bond®!, and there
are a lot of impurities and defects in the yellow diamond
sample, which makes the photoluminescence background
obvious.

The fixed scanning direction and polarization direction
of the laser can only produce a uniform dual-cycle nano-
composite structure. However, the induced stripe direc-
tion can be controlled by dynamically adjusting the
polarization direction of the laser during processing.
Figure 5 shows the processing results of a single-line struc-
ture with horizontal scanning directions varying with
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Fig. 4. Surface enhanced Raman scattering (SERS) measure-
ments of the diamond surface nano-stripe structure: (a) the
R6G molecules of 107° mol/L were used as probes, and thick-
nesses of 0 nm, 13 nm, 22 nm, 30 nm, 38 nm, 47 nm, and
55 nm gold films were sputtered on the nano-stripes; (b) R6G
molecules with different concentrations with 47-nm-thick gold
film on nano-stripe structure.

Fig. 5. Control of the induced stripe direction in the scanning
tracks by changing the polarization direction of the laser: (a) the
scanning direction is the same as the polarization direction,
(b) the direction of scanning is perpendicular to the direction
of polarization, (c) the angle between the direction of scanning
and the direction of polarization is 45°, and (d) the direction of
polarization changes 90°, (e) the direction of polarization
changes 180°, and (f) the direction of polarization changes 360°.
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different polarization directions. Figures 5(a)-5(c) corre-
spond to the cases where the polarization directions are
horizontal, vertical, and at an angle of 45° to the vertical.
The direction of the induced stripes varies with position,
and the entire line remains unchanged. The continuous
change of the laser polarization direction within 8 mm
scanning line was accomplished by adjusting the rotation
speed of the stepping motor in Fig. 1, which was 0.47 rad/
s, 0.94 rad/s, and 1.88 rad/s, in Figs. 5(d), 5(e), and 5(f),
respectively. The direction of the stripes in
Fig. 5(d) changes from vertical to horizontal. The direc-
tion of the stripes in Fig. 5(e) changes from vertical to
horizontal and then to vertical, completing a 180° transi-
tion. The direction of the stripes in Fig. 5(f) undergoes a
360° (vertical-horizontal-vertical-horizontal-vertical) con-
tinuous transformation. By fixing the laser scanning direc-
tion and adjusting the polarization direction of the laser,
continuously controllable change of the direction of the
induced stripes in the track line trace can be achieved,
which provides an effective reference for the preparation
of complex micro-nano composite structures.

By controlling the laser scanning direction and the
laser polarization direction simultaneously, a more com-
plicated micro-nano composite structure can be prepared.
Figures 6(al) and 6(a2) show a circular structure prepared
when the direction of laser polarization is in the fixed hori-
zontal direction, and the direction of the nano-stripes in
the ring is fixed in the vertical direction. Figures 6(bl),
6(b2), 6(cl), and 6(c2) show the micro-nano composite cir-
cular ring structures prepared by uniformly changing the
polarization direction by 360°, in which the stripe direc-
tion is uniformly changed by 360°. In Figs. 6(bl) and
6(b2), the nano-stripes are located along the angular
direction, and, in Figs. 6(cl) and 6(c2), the nano-stripes
are along the radial direction. The differences between the
nano-stripes and the scan path are determined by the laser
polarization state and the initial phase of laser scanning,
regardless of the speed of polarization change. The
polarization directions in Figs. 6(d1), 6(d2), 6(el), and
6(e2) have been changed by 4z and 6z, respectively.
Figures 6(a2)-6(e2) show the relationship between the

Fig. 6. Circular micro-nano composite structures were prepared
when the laser scanning path and the polarization direction were
changing at the same time: (al), (a2) fixed polarization direction;
(b1), (b2), (c1), (c2) change of polarization direction from the
initial phase of 2z; (d1), (d2) change of polarization direction
from the initial phase of 4z; (el), (e2) change of polarization
direction from the initial phase of 67x.

stripe direction and the relative position of the scan path.
The rotation speed of the stepping motor in Fig. 6 is
2.62 rad/s in Figs. 6(bl) and 6(cl), 5.236 rad/s in
Fig. 6(d1), and 7.854 rad/s in Fig. 6(el).

Through the above-mentioned dynamic fine control of
the laser polarization direction, laser power, and laser
focus scanning speed, we have realized a variety of micro-
nano composite structures on the surface of diamond
materials. In the follow-up experiment, we will continue
to explore the preparation of micro-nano structures and
complex devices on the diamond surface, which will pro-
vide a powerful reference for processing micro-nano struc-
tures on diamond materials.

In conclusion, a 400 nm femtosecond laser was used to
prepare a variety of micro-nano complex structures on the
HPHT diamond surface. By dynamically adjusting the
laser polarization direction during the scanning, a combi-
nation of patterns of micrometer-scale direct writing lines
and nano-scale-induced stripes was prepared. The dia-
mond micro-nano composite structures exhibited good
SERS properties near 1450 cm™! with 47-nm-thick gold
film. High-precision surface modification processing of
super hard materials was demonstrated, which provides
a new idea for further applications and three-dimensional
modification of super-hard material surface.
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