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Abstract: Zinc sulfide (ZnS) crystal is one of the important materials used to make the wide-spectrum in-
frared window. The ultrafast laser technology for manufacturing the nanopores with high aspect ratio
provides an important approach to fabricate the photonic devices such as mid-infrared waveguide Fourier
transform spectrometer etc. In this paper, a 40-times-demagnification ultrafast laser direct-writing system was
built with a 4f system and a Gaussian-Bessel beam generated by a quartz axicon and a Yb:KGW laser source
that operated at a wavelength of 1030 nm, a repetition rate of 100 kHz and a pulse width tunable from 223 fs
to 20 ps. When the pulse energy was changed from 36 pJ to 63 pJ and the pulse duration was changed from
12.5 ps to 20 ps, the nanopore structure with a diameter of 80~320 nm was successfully written on the ZnS
crystal. The surface morphology, diameter and depth of the nanopores were determined by FIB (Focused Ion
Beams) ablation and SEM (Scanning Electron Microscopy) imaging. The influence of laser pulse energy and
pulse width on the nanopores was studied. The results show that when the pulse width is 20 ps and the pulse

energy is 48 pJ, the depth of a nanopore is about 270 um.
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1 Introduction

The mid-infrared photonics has attracted con-
siderable attention because its wavebands cover
thermal imaging bands, multiple atmospheric win-
dows (3~5 um and 8~14 pm) necessary for free
space communication, as well as main absorption
bands of most chemical and biological molecules. It
is an inevitable trend for photonic integration to cut
costs, improve performance and miniaturize special
optical instruments, for example, micro-scale photo-
nic circuits are manufactured in optical materials
with a transparent window up to 20 um. The applic-
ation of integrated photonics has promoted the
rapid development of optical communication tech-
nology and the expansion of applied wavelength
from near infrared to middle and far infrared. Howe-
ver, the infrared window materials in medium and
long wave bands are very limited, mainly including
GaAs, GaP, ZnSe, ZnS, InSb, etc."". Considering
the optical and mechanical properties of these ma-

terials, ZnS crystal has become one of the most

doi: 10.37188/C0.2020-0101

promising infrared optical materials due to its ad-
vantages such as low absorption, high hardness,
large Young's modulus, wide transparent window
(0.37~14 pm) and good chemical stability”™. The
performance of photonic devices is related to non-
linear optics, the response of materials to the inter-
action between light and matter, and the balance
between the relaxation processes of materials. This
means that it is necessary to precisely control the in-
teraction between light and matter and the size of
photonic devices so as to realize effective optical
transmission and control in complex optical sys-
tems.

Ultra-fast Bessel pulse laser is the combination
of ultra-fast laser pulse and spatial beam shaping
(zero-order Bessel beam) and is formed by symmet-
ric interference between the plane wave and the
wave vector distributed on the conic bus. It has a
long non-diffraction transmission distance (focal
depth DOF = W/2-tanf, where W is the radius of in-
cident Gaussian beam and 6 is the beam half-cone
angle in the Bessel region) and good transmission

robustness (self-recovery)®®. An ideal Bessel beam
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has anarrow and strong central interference region”'",

This indicates that the Bessel beam is superior to the
Gaussian beam in the micro-nano machining of ex-
tended micro-channels. For example, the Bessel
beam has been used to successfully prepare the nan-
opore micro-channel structure with a aspect ratio of
10000:1 in borosilicate glass!"'"*. In addition, ultra-
fast Bessel laser pulses have shown strong applicab-
ility in the high-depth and large-area machining, the
micro-nano welding, and the development of a mix
of micro-nano scale features with new photonic
functions!®'*'*. Although ZnS crystal is one of the
most promising infrared window materials, its high
nonlinear coefficient can cause serious distortion of
temporal and spatial distribution of laser pulses
when the focused femtosecond laser is transmitted
in this crystal. Moreover, the self-focusing and the
self-defocusing of plasma can cause spatial beam
splitting so that the laser energy cannot be effect-
ively concentrated on the focus. Early experimental
and theoretical studies showed that the peak power
density could be effectively reduced by pulse broad-
ening, thus weakening the nonlinear effect. 15ps-
20ps Ti-sapphire pulsed laser can effectively absorb
laser energy and write waveguide in sulfide glass. In
the early stage, ultra-fast Bessel beam was used to
fabricate the nanopores mainly in quartz glass, silic-
ate glass and borosilicate glass, whose nonlinear ab-
sorption was different from that of ZnS by orders of
magnitude. Secondly, the hardness, thermal diffu-
sion coefficient and Young's modulus of ZnS crys-
tal are also significantly different from those of the
above glass. Therefore, it is difficult to fabricate
nanopores on ZnS crystal with ultrafast laser. So far,
the preparation of periodic subwavelength micro-
structures on ZnS crystal has been reported".
However, the use of ultrafast laser to process the
nanopores with high aspect ratio on ZnS crystal is
still in blank. In Ref. [16], we reported and dis-
cussed the influence of beam mode on the quality of
drilling on ZnS crystal. The experimental results
show that on ZnS crystal, the pore-forming quality
of Bessel beam is better than that of Gaussian beam.

Therefore, the use of Bessel laser to directly write

nanoscale microstructures on ZnS crystal, to pre-
pare various medium-infrared optical components
and to improve or achieve one of their capabilities
has become the current research hotspot of medium-
infrared integrated photonics, with a broad applica-
tion prospect.

In this paper, a Yb:KGW femtosecond laser
with the central wavelength of 1030 nm, the repeti-
tion frequency of 100 kHz, and the pulse width of
223 fs was used to generate the Gauss-Bessel beam
through an axicon. Then the parameter ranges of the
nanopores fabricated on the surface of ZnS crystal
were studied. The morphology of nanopores was
analyzed by using a Focusing lon Beam (FIB, He-
lios G4 CX) and a Scanning Electron Microscope
(SEM, JEOL JSM-7500F). The dependence of the
surface morphology, diameter and depth of nano-
pores on laser pulse energy and pulse width was de-
termined. The potential applications of nanopores

were discussed.

2 Experimental device

The Bessel beam generation device described
in Ref. [8], as shown in Fig. 1, is used in this experi-
ment. Firstly, the beam is expanded to 8 mm, and
the beam diameter will affect the focusing depth.
Applying a combination of an axicon with 1° base
angle (Altechna, 1-APX-2-H254-P, n = 1.45), focus-
ing lens L, with focal length f; = 400 mm, and the
20x near-infrared focusing objective lens L, with
>, =10 mm (Mitutoy NIR, numerical aperture N4 =
0.42, working distance L= 20 mm), and using a spa-
tial filtering system, we build an experimental
device for generating zero-order Bessel beam laser
direct-writing microstructure. A Yb:KGW mode-
locked regenerative laser amplification system
(Pharos, Light Conversion) with a central wave-
length of 1030 nm and adjustable repetition fre-
quency is used to write nano-pore microstructures
on ZnS crystal. The pulse width can be continu-
ously adjusted within 223 fs~25 ps by a removable
grating compressor in the laser system. The energy

of laser pulse is regulated by a half-wave-plate Po-
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larized Beam Splitter (PBS). The sample where the
nanopores are written is an 18 mmx8 mmx2 mm
four-sided polished ZnS crystal. It is fixed to a com-
puter-controlled XYZ 3D high-precision air bearing
platform (Aerotech, ANT130). A focusing lens is
used to focus the beam on the sample. A high-preci-
sion (75 nm) NC system is used to move the sample
at a constant speed during the irradiation with a con-
tinuous laser pulse. The nanopore spacing can be
adjusted by the repetition frequency of the laser
source and the translational velocity of the sample
(4 = v/f). During continuous laser irradiation, the
Aerotech platform moves the sample at a constant
speed (in the positive direction of X-axis) and simul-
taneously moves the relative movement with re-
spect to the laser focus (in the negative direction of
Z-axis) to ensure that a new exposure area is always
placed in the laser action area. This writing method
can help observe the dynamic evolution process of

the pore diameter inside the polished sample.

Bessel
Axicon beam L,
Gaussian 2500'[ ; Mirror
beam __:+ —%a
20%
NA=0.42 L
‘i’ ZnSl
crysta
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Laser propagation 3D
and focus moving  translation
direction stage

Fig. 1 Experimental setup for microchannel writing with

Bessel laser
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3 Experimental results and analysis

The focusing ultrashorter laser pulse has ultra-
high peak power and can selectively induce a series
of nonlinear effects of transparent materials, such as
multi-photon absorption, Kerr effect, plasma self-fo-
cusing and self-defocusing, so as to change the mi-
croregion morphology and molecular structure of
the materials!'”. For the ultra-fast laser with a pulse
width of 20 ps and a wavelength of 1 pm, its air ion-

2[18)

ization threshold is approximately 2.7x10" W/cm

It can be calculated that, in this experiment, the laser
power density range acting on ZnS crystal is
0.57x10%~6.02 x10"* W/cm®. When the laser power
density is greater than the ionization threshold of air
or ZnS crystal, the laser pulse will generate strong
nonlinear absorption in the focus area and cause the
formation of plasma, thus effectively absorbing the
laser energy and forming a local deposition area
with high energy density!"”. The extreme high tem-
perature and pressure in the focus area leads to
phase transition and micro-explosion, and the en-
ergy diffuses from the focus area to the surrounding
material in the form of shock wave, so as to con-
struct a 3D micro-nano structure inside the transpar-

12221 By discussing and analyzing the

ent materia
deposition energy from the nonlinear transmission
of laser pulse inside transparent material as well as
the possible thermal mechanism, the phase change
and the formed microstructural morphology can be
controlled more easily. For the laser parameters and
air/ZnS crystal interface issue in this experiment, the
nonlinear Schrodinger equation in common use can
be used to calculate the concentration of plasma in
the focus region. However, the mechanism of mi-
cro-explosion on the air/crystal interface is more
complex. By referring to the parameters and law of
femtosecond laser waveguide writing on quartz
glass and sulfide glass™2*, this experiment studied
the features of the microstructure fabricated by
Bessel beam on ZnS crystal surface when the pulse
width changed from femtosecond to 20 ps and the
energy changed from damage threshold to 63 pJ.
The FIB, SEM and phase contrast microscope
(PCM, Olympus BX51) were used to characterize
the morphology and length of nanopores and micro-
channels on the sample surface and determine the
dependence of surface morphology, diameter and
depth of nanopores on laser pulse energy and pulse
width.
3.1 Features of nanopores on ZnS crystal sur-

face

Pulse energy and pulse width are the key para-
meters that affect the interaction between laser and

matter. Pulse energy determines the effective radi-
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ation flux that the unit area of material is exposed to
in unit time. Pulse width is related to the axial en-
ergy deposition efficiency of Bessel laser beam!**,
The experimental and numerical results of the inter-
action between ultrafast beam and quartz glass and
of micro-nano fabrication show that several pico-
seconds of pulses can effectively overcome the de-
crease of laser focus plasma density caused by
strong nonlinear effects. Considering spatial and
temporal focusing characteristics, the nonlinear nu-
merical simulation results of this material show that
the plasma concentration generated by the 4.7-ps
pulse ionized at the focal point is one order of mag-
nitude higher than that generated by the 60-fs pulse
of the same energy'”. However, the nonlinear ab-
sorption coefficient of ZnS is one order of mag-
nitude higher than that of common glass, so in the
process of pulse width optimization, the range of
pulse variation needs to be increased. During the ex-
periment, the maximum pulse width was adjusted to
25 ps by adjusting the compressor of the regenerat-
ive amplifier to cover the writing range of the sulf-

], When the laser pulse width was

ide waveguide
increased from 10 ps to 20 ps, the damage threshold
range of the ZnS crystal used in this experiment was
6.51~8.32 J/cm®. The detailed measurement and cal-
culation methods have been reported in Ref. [27].
The Fig. 2 is a picture of the nanopores on the
sample surface, which was obtained from SEM
characterization without any post-treatment. During
the SEM morphology characterization, the ZnS sur-
face was coated with a gold film about 50 nm thick
to become conductive. The black dots at the center
of the white ring are nanopores, each of which is
written with a single pulse. The white halo around
the nanopores is formed by the sputtering or rede-
position of the material removed during laser pro-
cessing. Similar material deposition principles have
been reported in Ref. [28]. ZnS crystal is an import-
ant wideband infrared window material with strong
photosensitivity and inherent sub-stability. Its band
gap width is 3.6~3.8 eV. Under the 1030-nm in-
frared laser radiation, it performs the three-photon

absorption. Its nonlinear absorption coefficient (a; =

0.5x107° cm*/GW?) is two orders of magnitude high-
er than quartz glass. These characteristics indicate
the necessity of spatiotemporal envelope control of
ultrafast laser pulses'. Pulse width is a parameter
sensitive to ZnS crystal surface damage. The Fig. 2
shows that 12.5-ps pulse width is the critical value
where a nanopore will occur. When the pulse width
was less than 12.5 ps, the nanopores with a aspect
ratio did not appear in the pulse energy range of
35.83~62.82 pl. Instead, the pits with certain depth
appeared, as shown in the left column of Fig.2. This
is because under short-duration pulses, the carrier
generation speed is faster and the plasma defocus-
ing efficiency is higher, so that the axial energy de-
position density will be reduced and the thermody-
namic conditions for micro-explosion can't be
met™®,

The Fig. 3 shows the dependence of nanopore
diameter on the pulse width and energy of Bessel
beam. The minimum nanopore diameter on ZnS
crystal surface was measured by SEM to be 80 nm,
and was written by the laser with a pulse width of
12.5 ps and pulse energy of 48.67 uJ. The curves in
Fig. 3 show that when the pulse energy is fixed, the
nanopore diameter will increase with the pulse
width within the pulse width window of 12.5~20 ps.
When the pulse width is fixed, the nanopore diamet-
er will increase with the pulse energy. Moreover, the
greater the energy is, the more obvious this trend
will be. However, this does not seem to be the case
at the pulse width of 12.5 ps. Since pulse width is a
parameter sensitive to crystal surface ablation, the
laser near the critical pulse width 12.5 ps can cause
various nonlinear effects to interact with each other
and result in the instability of nanopore. All the ex-
periments in this paper demonstrate the damage
characteristics under monopulse action, which are
significantly different from the results of multi-pulse
action®. As far as monopulse is concerned, the self-
organizing interference is difficult to occur, and the
modulation of laser intensity in the focus area and of

plasma intensity is not obvious.
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Fig.2 SEM images of nanopores on ZnS surface at various pulse energies. (a) 35.83 pJ; (b) 48.67 uJ; (c) 62.82 pJ. The laser

pulse widths in columns 1 to 4 are 10 ps, 12.5 ps, 15 ps and 20 ps respectively
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Fig. 3 Nanopore diameter on ZnS crystal surface changes

with pulse energy under different laser pulse widths
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The dynamic process of nanopore formation is
generally divided into three stages. The first stage is
the nonlinear absorption of crystal and the distor-
tion of pulse space-time. In this stage, different laser
parameters directly affect the absorption and depos-
ition of energy in the focus area. The second stage is
plasma relaxation, which includes the release of
backscattering pressure of high temperature elec-
trons and the transfer of electron energy to the lat-
tice to cause lattice heating and deformation. The
third stage is mainly thermal process and lattice re-
laxation lasting from picoseconds to microseconds.
The change of refractive index of quartz glass un-

der the action of ultra-fast Bessel beam can be seen

from time-resolved phase contrast photographs and
plasma luminescence intensity. For example, the re-
fractive index of fs time window decreases, that of
ps window increases, and those of ns and ps time
windows decrease. However, it is difficult to de-
termine whether the nanopores are formed in the
femtosecond stage or nanosecond stage. Both the
backscattering pressure of the electrons and the rap-
id expansion caused by thermal effect may lead to
micro-explosion. The self-focusing and self-defo-
cusing effects in nonlinear absorption process and
the Rayleigh Taylor instability in fluid dynamics
process will lead to the irregular change of nano-
pore diameter!"”’,
3.2 Features of nanopores in ZnS

AFM, SEM and other surface analysis tools are
powerless to characterize the 3D morphology of the
nanopores with high depth-diameter ratio. There-
fore, in order to obtain the longitudinal morphology
features of nanopores, the characterization method
of "FIB denudation +SEM imaging" was selected.
The FIB etching process enables us to minimize the
damage to one-dimensional Bessel pores so that we
can analyze the longitudinal morphology of nano-
pores more intuitively. The results of SEM surface

characterization showed that, under 20-ps pulse
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width and 62.82-pJ pulse energy, the nanopore
structure on the surface of ZnS crystal was an oval
rather than a regular circle occurring under other
laser parameters. Under overhigh peak power dens-
ity, the Bessel beam was subjected to unexpected
nonlinear effects on the crystal surface, which af-
fected the normal transmission of the beam. The
possible influencing mechanisms include: Kerr self-
focusing, plasma self-defocusing, multi-photon ion-
ization, and plasma shielding. These effects work
together to constrain the strength of the Bessel beam
on the material surface. Therefore, 20-ps pulse
width and 48.67-uJ pulse energy are selected as the
laser parameters for follow-up study.

The Fig.4 shows the nanopore structure pre-
pared under 20-ps pulse width and 48.67-uJ pulse
energy. It can be seen that, the pore channel has a
variable diameter along the laser transmission direc-
tion. This has something to do with the distribution
of axially deposited energy density of Bessel pulse
laser during the nonlinear optical transmission in-
side the material./). The appearance of pore wall in-
dicates that the material has undergone a process of
melting and resolidification. The white flake on the
microstructure surface is the residual of the gold
film which was applied on the sample surface for
conductive use during the SEM characterization and
then ultrasonically cleaned. The chemical composi-
tion of the white flake was characterized by energy
spectrometer (EDS). The results showed that the
flake was gold. The lamination diagram along the
FIB etching direction is helpful to observe the mor-
phological changes of pore microchannels during
the etching process. It can be seen that the pore mi-
crochannel transitions from about 3 um to a larger
length as the FIB etching goes on. Because the FIB
etching direction can't be easily aligned to the exten-
sion direction of the pore, the information on nano-
pores isn't exhaustive in this paper. To learn more
about the pore depth, we observed the side of the
nanopore by optical phase contrast microscope.

The Fig. 5(b) shows the side view of pore mi-

crochannels under a 20x phase contrast microscope

(transmission type). In the PCM transmission-type
microscope, the phase shift corresponding to negat-
ive refractive index change looks darker on the gray
background. For quartz glass, the black traces indic-
ate that the increase in refractive index, while the
white traces is the nanopore or gratings with de-
creasing refractive index. But for sulfide glass with
high refractive index, the change of refractive index
cannot be judged by diffraction contrast. On the one
hand, the refractive index varies greatly and the
phase may be inverted; on the other hand, the indic-
ation left after laser damage has strong scattering™.,
The above enlarged view shows that the micro-
channels have good uniformity without fault. The
nanopore fabricated on ZnS crystal by 20 ps/48.67 pJ
Bessel laser pulse is about 270 um long. The refract-
ive index of ZnS crystal is higher than that of quartz
glass. If there is no nonlinear effect, the effective
length of Bessel beam focus in the ZnS crystal
should be larger than that of quartz glass. However,
both the simulation and experimental results show
that the length of nanopore in ZnS is only half of
that in quartz glass. The main reason is that the
travel of a nanopore is a highly nonlinear process. It
is difficult to derive the law of pore pattern change
in the two materials from a single parameter. To ex-
plore the positive morphology and pore size change
of nanopores inside the material, the sample surface
was repeatedly polished, gold-plated and character-
ized by SEM. The Fig. 5(a) is a SEM image of the
cross section of the polished micro-channel. The
measurement results show that the pore diameter is
about 180 nm, 40 nm smaller than the unpolished
diameter. To verify the operability and repeatability
of microchannels, several pore microchannels spaced
15 pum apart were processed on the ZnS crystal by
using the Bessel beams with the same pulse width
and energy (20 ps, 48.67 uJ). Three of them are
shown in 5(b). From Fig. 4 and Fig. 5, the accurate
information on nanopore depth cannot be obtained,
except for the information of 3 pm < pore depth <

270 um, which is about half of the pore depth on the
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Fig. 4 SEM image of cross section of FIB-etched nanopore
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Fig. 5 Characteristics of nanopore inside ZnS crystal. (a)
SEM image of cross-section of polished nanopore;
(b) side view of the nanopore under a 20 x phase
contrast microscope (transmission microscopy
type). The upper inset is an enlarged view of a mi-
crochannel. Note that all the microstructures in the
picture are written under the laser parameters of
20 ps and 48.67 pJ
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surface of optimized quartz glass. Even so, it is still
of great significance to fabricate nanopores in mid-
infrared sulfide glass and sulfide crystal. This tech-
nique has laid an important technical foundation for
the realization of mid-infrared waveguide/standing-
wave waveguide Fourier transform spectrometer' =2,
Its applications in mid-infrared photonic crystals,
mid-infrared microfluidic devices and photonic

screens are of great significance .

4  Conclusion

The nanopore structures with high aspect ratio
were written in ZnS crystal with ultrafast Bessel
laser. By adjusting the laser parameters, the optimal
energy window (36~63 pJ) and pulse width win-
dow (12.5~20 ps) for nanopore writing on ZnS crys-
tal were obtained to fabricate the nanopores with a
diameter of 80~320 nm. By using the scanning elec-
tron microscope, focused ion beam and phase con-
trast microscope, the morphology and length of nan-
opores and pore channels on the sample surface
were characterized, and the dependence of surface
morphology, diameter and depth of nanopores on
laser pulse energy and pulse width was identified.
This technique is of great significance to the fabrica-
tion of mid-infrared waveguide Fourier transform

spectrometer and sulfide photonic crystal.

] GELLAMNYRE . HUE, R UELLAME AR
+3 A R, FE A GaAs, GaP., ZnSe. ZnS. InSb
U, LR TG IR S S R FOPLAR M g
ZnS SR DL AR, et 1, K )4 EAR s
B 11(0.37 ~ 14 um) LUK B4 P i ke 45
5= SR N B DEA R ot 23 v S el
HF AR PERE SR M A AR 5 Y TUAH
AR i R A R A ek st 1ot A 22 [ £ SF- il A
Ko XM ARG IR TG S Y B BAE T
AR KOCT 2 RE, UHEE i e R G A
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