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1. Introduction

Light absorption surfaces on metal are of both fundamental
interest and realistic values in various fields, such as aerospace,
solar cells, artificial blackbodies, infrared imaging, and so on.
Due to the problems of interface bonding and thermal expan-
sion coefficient differences between the film and substrate, tradi-
tional technologies such as black anodizing and sandblasting
encounter difficulties, such as oxide layer peeling off, poor black-
ening consistency, and limited light absorption capacity and ser-
vice life. Compared with the traditional chemical methods, the
fabrication of micro/nano structures on metal surfaces for anti-
reflection has the advantages of high reflectivity and stable per-
formance. Various techniques have been proposed to produce
regulated antireflective micro/nano structures on metal surfaces,
such as chemical etching!"!, mechanical grooving'?), reactive ion
etching', and long-pulse laser processing!®..

Due to its simplicity, flexible machining of space, high
processing accuracy, and environmental friendliness, ultrafast
laser manufacturing technology is one of the relatively ideal
manufacturing technologies for fabricating light-trapping struc-
ture surfaces with antireflection®™®), By employing an ultrafast
laser, black or colored metals (e.g., aluminum, gold, platinum,
tungsten, copper, titanium, and stainless steel) were obtained,
the typical reflectivity of which was around 5%-15% from the
UV to near infrared (NIR) spectrum range[g"zo].
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An effective and simple method is proposed for fabricating the micro/nano hybrid structures on metal surfaces by adjusting
femtosecond laser fluence, scanning interval, and polarization. The evolution of surface morphology with the micro/nano
structures is discussed in detail. Also, the mechanism of light absorption by the micro/nano hybrid structures is revealed.
Compared with the typical periodic light-absorbing structures, this type of micro/nano hybrid structures has an ultralow
average reflectivity of 2% in the 250-2300 nm spectral band and the minimum 1.5% reflectivity in UV band. By employing this
method, large areas of the micro/nano hybrid structures with high consistency could be achieved.

Keywords: femtosecond laser; titanium alloy; micro/nano structures; ultralow reflectivity.

It is possible to achieve a lower reflectivity by means of opti-
mizing the laser processing parameters or combining with other
technologies'®*' . For example, Iyengar et al. reported the
fabrication of textured metal surfaces by ultrafast laser process-
ing, whose reflection combined with scattering could be reduced
to 3% over the spectral range from 404 nm to 1550 nm'**!. Zheng
et al. achieved the titanium alloy surface with the reflectivity as
low as 2.43% in a wide range from 200 nm to 2600 nm by an
ultrafast laser assisted with chemical fluorination treatment!”).
Fan et al. proposed a general ultrafast laser direct writing strat-
egy for fabricating highly effective antireflection structures on
different metal surfaces!!”). Combining the femtosecond (fs)
laser with the nanosecond laser, Lou et al. achieved an average
reflectivity of 3.1% in the 250 nm to 2250 nm spectral band on
the titanium alloy surface’®”’. Ding et al. fabricated sequential
color surfaces on copper by adjusting the laser defocusing dis-
tance, the sequential evolution tendency and corresponding
mechanism of which were conducted®!!. However, fewer stud-
ies have been reported to simply and effectively achieve broad-
band effectiveness and ultralow average reflectivity performance
on metal surfaces.

In this study, we proposed an effective and simple way for
fabricating the micro/nano hybrid structures on metal surfaces
by adjusting fs laser parameters. The effect of laser fluence, scan-
ning interval, and polarization on the surfaces’ morphology and
average reflectivity was studied. The evolution and formation of
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the micro/nano structures were discussed in details. Also, the  from 100 pJ to 400 pJ. It is much higher than the ablation thresh-
mechanism of light absorption by the micro/nano hybrid struc-  old 0f 0.28 ] /cm? of titanium alloy™**). In the case of N pulses due
tures is revealed. Compared with the typical periodic light-  to high spot overlapping rate, the actual fluence would be
absorbing structures, this type of micro/nano hybrid structure ~ expanded thousands of times and is much greater than the dam-
has an ultralow metal reflectivity in a wide spectral range. age threshold at the focal plane®*~**), This factor leads to the

extremely high thermal melting effect caused by the metal heat

accumulation, which then results in a large amount of laser-
2. Experimental Setup melted ejections. Figure 1 exhibits images of micro/nano struc-
tures of the samples fabricated by the fs laser at the focal plane,
where the laser fluence, scanning speed, and repetition fre-
quency were 127]/cm?, 50 mm/s, and 50 kHz, respectively.
The hot melting and resolidification region formed a close
arrangement of columnar structures, which had less optical cav-
ity micro/nano structures. With the generation of columnar
structures, the surface became gray, the color of which was
uneven, as shown in Fig. 1.

Firstly, the effect of defocusing distance on the surface mor-
phology was investigated. As the laser repetition rate, power,
scanning speed, and interval were fixed at 50 kHz, 20 W,
50 mm/s, and 30 pm, respectively, the change of defocusing dis-
tance brought about a variation of laser beam diameter on the
surface of the processed samples and, accordingly, altered the
pulse peak fluence and the total amount of pulses within a laser
spot size (the accumulated fluence profile!**~*! and the pulse
overlapping were both considered). The morphology of
micro/nano structures is induced by the fs laser at different defo-
cusing distances as displayed in Fig. 2. The accumulated fluence
within a laser spot decreased sharply from 2413]/cm? to
229.8]/cm? (the pulse peak fluence was changed from
127]/em? to 1.05 J /cm?) with the defocusing distance increased
from 0 to 1.60 mm. The pulses accumulated fluence declined
rapidly, which caused the quick weakening of the laser material
interaction and reduced the melting effect, forming micro
grooves with a small amount of micro holes at the bottom of
the material, as shown in Fig. 2(a). Then, as the defocusing dis-
tance increased from 1.60 mm to 1.66 mm, the fluence at the
overlapped area was not high enough to form micro grooves,
but to corral structures regularly distributed in the horizontal
direction [Fig. 2(b)]and eventually evolved to an irregular hybrid
During the process of fs laser blackening metal, low repetition micro/nano structure [Fig. 2(c)]. Also, the micro structures
rate or low pulse energy with low processing efficiency is fre-  became hybrid structures with many kinds of micro pores, along
quently used!”?*). The industrial fs laser with a high repetition ~ with the calculated pulse peak fluence further decreased, as pre-
rate and high power was employed to solve this problem. Table 1~ sented in Fig. 2(d). For the case of the defocusing distance fur-
presents the calculated laser fluence for the single pulse energy ther increased to 1.68 mm, the fluence decreased to a relatively

low range, the micro/nano structures were still a hybrid

A TC7 titanium alloy sample with a size of 25 mm X 25 mm X
10 mm was used in our experiments. The mechanically polished
surface of the sample was cleaned in an ultrasonic cleaner with
anhydrous ethanol and deionized water before laser treatment.
For metal surface modification, an industrial fs laser (Pharos-
20 W from Light Conversion, Lithuania) with a high repetition
rate (1 MHz) and the highest power (20 W) was employed. The
pulse width of the ultrafast laser system was 290 fs at a wave-
length of 1030 nm. An x—y galvanometric scanner (Scanlab,
Germany) was used to control the laser beam and was focused
by a telecentric field mirror (Lenstek Laser Optics, China). The
scanning head was mounted on a Z axis (Aerotech, USA), and
the defocusing distance could be controlled by adjusting the dis-
tance of the Z axis. The laser polarization was converted from
linear polarization to circular polarization through a 1/4 wave
plate (Thorlabs, USA). The diameter of the focused spot defined
by the intensity drops to 1/e? of the maximum value was
approximately 20 pm. The three-dimensional morphology of
the micro/nano structures induced by the fs laser on the surface
of the metal was characterized by a scanning electron micro-
scope (SEM) of tungsten filament (Japan), two field emission
scanning electron microscopes (Hitachi, Japan), and a confocal
microscopy (Keyence, Japan), respectively. The reflectance of
laser-treated Ti samples from the UV to the NIR region
(250-2300 nm) was measured using a spectrophotometer (inte-
grating sphere was used as spectrometer accessory) (Shimadzu
Corporation, Japan).

3. Results and Discussion

Table 1. Calculated Fluence of fs Laser at Different Pulse Energy.

Pulse Energy (p))  Repetition Frequency (kHz)  Laser Fluence (J/cm?)

100 50 32 (single pulse)
200 50 64 (single pulse)
500 50 9 (single pulse] Fig. 1. Images of micro/nano structures fabricated by the fs laser at the focal
400 50 127 (single pulse) plane. The laser power and scanning speed were 20 W and 50 mm/s,

respectively.
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defocusing distances. Compared with 4.78% for the sample with
micro grooves on the surface, the average reflectivity of the sam-
ple fabricated at 1.64 mm defocusing distance was nearly 3.43%
in the spectra range from 250 nm to 2300 nm. As the defocusing
distance further increased to 1.66 mm, the average reflectance
continued to decrease to 3.19%, due to further hybridization
of the micro/nano structure and a significant increase in the
number of micro/nano structures as deep as 78 pm. It indicates
that the hybrid micro/nano structures have better light absorp-
tion effects than the periodic distribution. This phenomenon
could be explained by the geometric light trapping effect!®'7),
The randomly distributed large hollows, protrusions, and deep
holes embedding architecture could effectively collect the inci-
dent light in a broad spectrum from all directions. However,
due to the continuous decrease of the fluence incident on the
sample surface with the increase of the defocusing distance,
the depth and number of the processed micro structures had
a sharp decrease. Therefore, the average reflectivity increased
to 3.65%. Furthermore, different from the reflectance curvature
change of other defocusing distances, the reflectivity for the
sample in the case of 1.64 mm had a huge peak in the spectral
band between 250 nm and 600 nm. By comparing the morphol-
ogy fabricated at the different defocusing distances, the nano-
structures for the case of 1.64 mm defocusing distance were
quite different from others. It is believed that the morphology
of the nanostructure has an important influence on the reflec-
tivity at a specific wavelength as well as the average reflectivity.

In order to further reduce the reflectivity of the titanium alloy
sample, the effect of laser scanning intervals on surface mor-
phology and reflectivity was conducted. The sample was placed
1.66 mm from the focal plane; at the scanning speed of 50 mm/s,
repetition frequency of 50 kHz, and single pulse energy of 400 pJ,
the scanning interval was increased from 20 pm to 50 pm.

Because the overlapping of the laser spot along the horizontal
direction was unchanged, the micro/nano structure was still the
hybrid irregular distribution, which contained micro holes, pro-
trusions, cavities, etc., as exhibited in Fig. 4. However, the
arrangement period, number, and depth of micro/nano struc-
tures need to be further studied.

The scanning interval of the laser only changed the overlap-

Fig. 2. Morphology of micro/nano structures induced by the fs laser at differ-
ent defocusing distances: (a) 1.60 mm:; (b) 1.62 mm; (c) 1.64 mm; (d) 1.66 mm;
(e] 1.68 mm.

distribution, but the morphology gradually became shallow
holes according to Fig. 2(e).

The changes of surface morphology fabricated by the fs laser
at different defocusing distances ultimately lead to the difference
in the sample’s reflectivity. Figure 3 illustrates the reflection
spectra of the samples fabricated by the fs laser at different

’ ' cllefocusling 1.60mm | ' ' ' ping rate of the spot in the vertical direction; assuming two laser
81 defocusing 1.62mm spots with diameter D overlapped by interval L from the point of
7F defocusing 1.64mm geometry, it is not difficult to find that the overlapping rate of
Sl geiocus%ng 1.66mm them is (1 — L/@gero) X 100%. The interval changed from
z s efocusing 1.68mm 50 pm to 40 pm, leading to the spot overlapping rate sligbtly
g increasing from 78.1% to 82.5%. Thus, strong interaction
3 4 between incident laser pulses and material would happen under
T 3 enough laser fluence, and there was significant increase in depth
= ) of the micro/nano structure, which increased from 69 pm to
81 pm. But, the overlapping rate was arbitrarily close to

Ir ] 91.2% when the scan interval rose to 20 pm continually.

P B |

55500 550 10001250 15001750 2000 2250 Thus, the scanning interval here was largely overlapped, and
Wavelength (nm) the massive accumulation of energy raised the temperature

within the laser-irradiated region. There more violent ablation

Fig.3. Reflection spectra of the samples fabricated by the fs laser at different ~ happened, which intensified the hydrodynamic process of
defocusing distances. the molten pool and weakened the resolidification of the
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Fig. 4 SEMimages of micro/nano hybrid structures fabricated by the fs laser
at different scanning intervals: (a) 50 pm; (b) 40 pm; (¢) 30 pm; (d) 20 pm.

micro/nano structure. The above process caused the depth of the
micro/nano structure to become smaller to 74 pm, even if there
existed more micro structures, as illustrated in Fig. 5.

Figure 6 exhibits the reflection spectra of the samples fabri-
cated by the fs laser at different scanning intervals. It can be
observed that the reflection levels of the samples with different
laser scanning intervals exhibited different degrees of reduction.
The average reflectance of the sample with a scanning interval of
50 pm was merely lower than 3.58% over the wavelength ranging
from 250 nm to 2300 nm. When the scanning interval was
decreased to 40 pum, the reflection of the sample was further
inhibited to be less than 2.61% throughout the UV-VIS-NIR
spectrum range, as the deeper hybrid micro/nano structure

Fig. 5. Three-dimensional morphology of hybrid micro/nano structures with
different scanning intervals: (a) 50 pm; (b] 40 pm; (c) 30 pm; (d) 20 pm.
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Fig.6. Reflection spectra of the samples fabricated by the fs laser at different
scanning intervals.

was obtained at the scanning interval of 40 pm, as presented
in Fig. 5. Additionally, when the scanning interval was further
decreased to 20 pm, the reflectance showed a certain increase
to 3.36%, attributed to the depth of the micro structure becom-
ing smaller, even if there existed a larger number of micro struc-
tures. Therefore, the final reflectivity of samples was the balance
between the number and depth of micro structures. In addition,
it should be noted that although the average reflectivity for the
case of 40 pm was the lowest, it was much higher in the UV band
than that of the other cases.

In addition, the influence of laser polarization on TC7 surface
morphlogy and reflectivity was studied, as distributed in Figs. 7
and 8, respectively. Compared with the micro/nano structures
processed by the linear polarized laser in Fig. 5, when the scan-
ning interval, repetition frequency, and defocusing distance
were all fixed, a large number of densely distributed protrusions
and smaller apertures were generated in the case of the circularly
polarized laser. It was observed that the number of circularly

Fig. 7. Blackened sample fabricated by the circularly polarized laser and its
morphology.
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polarized pulses (10-30) needed to form micro/nano structures
is higher than that of linearly polarized pulses (5-15)"**"). Since
the total amount of circularly polarized laser pulses per spot was
smaller than that of the linearly polarized laser pulses under the
same laser parameters, the density of protrusions was reduced,
while a large number of micro cavities with large openings
emerged (Fig. 7). Attributed to the laser polarization changing
the energy distribution of each pulse, the energy in the overlap-
ping area had corresponding decreases, which resulted in the
increase of the maximum micro holes” depth from 81 pm to
88 pm. Finally, circularly polarized light is more conducive to
the formation of laser induced periodic surface structures, of
which more nano cavities and nano protrusions were generated.
As for the overall antireflection performance, an average reflec-
tivity of 2.0% was achieved, and the minimum reflectivity was
1.5% in the UV band, as displayed in Fig. 8. It also should be
noted that the reflectivity of the samples processed by the
circularly polarized laser has been greatly suppressed in the
short wave range, which is due to the improvement of
nanostructures'' "%/,

The samples were also measured by X-ray diffraction (XRD)
to check the chemical composition of samples. The evidence for
oxide metal elements such as TiO (PDF#04-006-1902), Ti;O
(PDF#04-004-6417), and TiO, (PDF#00-003-1122) was found
on the surface of the micro/nano structure, which was produced
by the reaction since the TC7 ablation by the laser is done in air.
From the test, the oxygen content was slight and not directly
proportional to the reflectivity of the samples. Therefore, we
believe that the laser induced black TC7 and its high absorption
capacity are mainly attributed to the hybrid micro/nano struc-
ture formed on the surface, rather than the characteristics pre-
sented by other chemical productions. This point is also
consistent with the conclusions described in many previous
studies!6:1416:24.38]

The mechanism of optical absorption of micro/nano hybrid
structures fabricated by the circularly polarized laser is revealed
in Fig. 9. Firstly, according to practical applications, the light
absorption structures should meet the Lambert light source.

Reflectance (%)
[\ w BN W [@)} | o] O

1k 4

s o b s b b b e b ey ]
0250 500 750 1000 1250 1500 1750 2000 2250
Wavelength (nm)

Fig. 8. Reflection spectra of the samples fabricated by linearly and circularly
polarized fs lasers, respectively.
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Fig. 9. Mechanism of optical absorption of micro/nano hybrid structures
processed by the circularly polarized laser.

Compared with the regularly distributed micro/nano structures,
the distribution and opening of the hybrid micro/nano struc-
tures are disordered, which is conducive to the absorption of
light from all directions into the optical cavity. For a single micro
structure, the light absorption obeys the Fresnel reflection
law!'7*!. Compared with the deep holes with smaller aperture,
the cavities and deep holes with larger aperture are conducive to
trap more beams into the optical cavity. Then, the light is
reflected multiple times in the cavity, the energy of which
becomes weak until it is blocked or absorbed by the internal
rough nanostructures. Moreover, the nanostructures modified
by circularly polarized light play an important role in reducing
the spectral reflectivity. The abundant nano protrusions and
cavities improve the surface roughness, which effectively
reduces the intrinsically large optical impedance mismatch
between metals and free space!'”). Lastly, the nanostructures
generated by circularly polarized light are particularly important
in reducing the reflectivity at specific wavelengths. According to
the absorption principle of periodic nanostructures, the smaller
the fringe period is, the better the resonance absorption of the
short wave is. Since the hybrid nanostructure induced by circu-
larly polarized light has a smaller fringe period, it has an excel-
lent absorption of the short wave.

4. Conclusions

In summary, we propose an efficient and simple strategy for the
fabrication of micro/nano hybrid structures on metal surfaces by
controlling fs laser processing parameters. Three-dimensional
morphology and average reflectivity of the samples fabricated
by the fs laser at different laser fluences, scanning intervals,
and polarizations were discussed. Explanation for the formation
of the micro/nano structures and light absorption mechanism
was given. It is experimentally demonstrated that (1) the mor-
phology of the samples fabricated by the fs laser changed greatly
under different laser processing parameters; (2) an ultralow
average reflectivity of 2% in the 250-2300 nm spectral band
and minimum 1.5% reflectivity in UV band could be achieved.
Due to its advantages of simplicity and high efficiency, this
method could be applied to the fabrication of light absorption
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metal surfaces with large areas and high consistency for practical
applications.
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