Applied Surface Science 396 (2017) 1201-1205

Contents lists available at ScienceDirect

Applied Surface Science

journal homepage: www.elsevier.com/locate/apsusc

Full Length Article

Formation of nanostructures induced by capillary-discharge soft

X-ray laser on BaF; surfaces

@ CrossMark

Yongpeng Zhao?, Huaiyu Cui®*, Shuqing Zhang”, Wenhong Zhang?, Wei Li®

2 National Key Laboratory of Science and Technology on Tunable Laser, Room 102, Block 2A, No.2 Yikuang Street, Nangang District, Harbin Institute of

Technology, Harbin, China

b Department of Optical Engineering, School of Astronautics, Block B2, No.2 Yikuang Street, Nangang District, Harbin Institute of Technology, Harbin, China

ARTICLE INFO ABSTRACT

Article history:

Received 20 July 2016

Received in revised form 19 October 2016
Accepted 14 November 2016

Available online 17 November 2016

BaF, was ablated by a capillary-discharge pumped soft X-ray laser at 46.9 nm focused by a toroidal
mirror at a grazing incidence of 83°. The damaged area, induced by both single and multiple laser pulses,
was determined to be covered with fringe-like nanostructures with spacings of approximately 400 nm
and mastoid nanostructures with diameters of approximately 600 nm. In this study, we analyze the

morphology of the detected damage patterns and discuss the damage mechanism. Results indicate that
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the depth of the nanostructures varies with different pulse numbers and laser power densities.

© 2016 Elsevier B.V. All rights reserved.

1. Introduction

X-ray laser is always an attractive research topic because of its
high photon energy. Studying the interaction process between X-
ray laser and matter is of great importance to fundamental science
as well as for various applications such as nanomachining, plasma
diagnose and living cell detection. In the aspect of nanomachin-
ing, an X-ray laser offers an alternative to an optical femtosecond
laser for generating surface nanostructures because of its shorter
attenuation depth, smaller thermal diffusion length [ 1], and multi-
ple damage mechanisms from thermal and non-thermal processes
[2-5]. For many years, research has focused on the interactions of
X-ray lasers with various materials. Studies of damage mechanisms
and theoretical models continue to explore these interactions.

Si, polymethyl methacrylate (PMMA), amorphous carbon (a-C),
and SiO,, among other materials [6-11], were damaged by fem-
tosecond X-ray lasers at wavelengths of 13.5nm, 32.5 nm, 86 nm,
and 98 nm, respectively. Nanostructures formed on some of the tar-
gets [7,9,10]. Reference [7] documents that columnar structures
with spacings of several micrometers were found in the ablation
areas of Si and SiO,. The possibility of micromachining insula-
tors with intense ultrashort pulses of extreme ultraviolet radiation
were demonstrated. References [9,10] report the detection of
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laser-induced periodic surface structures (LIPSS) in the ablation
areas of a-C and PMMA with spacings of approximately 70 nm, a fig-
ure close to the wavelengths of the radiation sources. Interaction
experiments typically use nanosecond soft X-ray lasers pumped
by capillary discharge and operating at 46.9 nm because of their
lower expense, longer gain times, and better stability. In 1999,
Rocca et al. [12] first researched the interaction of a 46.9 nm laser
focused by a spherical Si/Sc mirror with a multilayer copper coat-
ing and obtained damage patterns with diameters of 3 wm. Then
Juha et al. [13-18] utilized a 46.9 nm laser to generate nanostruc-
tures on PMMA, a-C, and other materials using the same focusing
technique. LIPSS was detected in the ablation area with a spac-
ing of several micrometers. The diffraction patterns induced by a
mask were observed in the desorption area, where the fluency was
greater than zero and less than the threshold. This phenomenon
proves a new way to define the threshold of a 46.9 nm laser.

Because the damage mechanism of an optical femtosecond
laser is multiphoton absorption, the damage is always induced by
more than 1000 laser pulses with a power density higher than
1013 W/cm?. At the same time, most research of femtosecond X-
ray lasers does not focus on nanostructure formation. Such lasers
are inappropriate for most interaction experiments because of
their high cost of operation. In contrast, this paper reports on the
cost-effective use of a nanosecond soft X-ray laser for researching
nanostructures on a target surface which could be damaged by one
single pulse with a power density of 2 x 107 W/cm?.
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Fig. 1. Outline of the focal beam path.

Dielectric materials with large bandgaps Eg, the energy differ-
ence between the bottom conduction band energy and the top
valence band energy, are important objects of study as the solid tar-
gets in experiments probing the interactions of X-ray lasers with
matter [19]. Although these dielectrics are highly transparent to
sources of optical radiation up to the vacuum ultraviolet, they are
efficiently damaged by X-ray lasers when hv > Eg). In this paper,
BaF, (Eg=9.1eV) was ablated by a capillary-discharge 46.9 nm soft
X-ray laser focused by a toroidal mirror at a grazing incidence of 83°
and the nanostructures on BaF, induced by the laser were studied.
This work offers another possibility to dielectrics nanomachining
and is useful to research ablation process of X-ray laser. The toroidal
mirror, compared with the layer-coated spherical mirrors most
often used in soft X-ray laser interaction experiments [ 12,13], offers
reflectivity two times higher. In addition, the laser rarely damages
the toroidal mirror because of the grazing incidence [20] and the
absence of a coating on the mirror. Further, because of the opti-
cal aberration of the mirror, the power density of the focused laser
was inhomogeneous; this circumstance could be helpful for con-
ducting research on the variations of damage pattern morphology
with different power densities.

2. Material and methods

The 46.9nm soft X-ray laser operating at 50 pJ used in this
experiment was produced using a Ne-like Ar plasma excited with a
fast current pulse. The pulse width of the laser was approximately
1.7 ns. Details of the laser are explored elsewhere [21,22]. The gen-
eral outline of the focal beam path appears in Fig. 1. The toroidal
mirror and the X-ray diode (XRD), used to measure the relative
energy of the laser, were fixed in place at the bottom of the vac-
uum chamber. BaF,, with roughness of less than 5 nm, was used as
the target. The target was fastened onto a two-dimensional (2D)
stage, positioned perpendicularly to the beam propagation direc-
tion. The toroidal mirror focused the laser at a grazing incidence
of 83°. The focal length of the mirror was approximately 195 mm.
After measurements by the XRD had indicated the output energy
of the laser was stable, the target was moved into the beam path
by the electric 2D-stage and then irradiated by single or multiple
pulses of the soft X-ray laser beam.

The original laser spot at 46.9 nm, when pumped by capillary
discharge, exhibited a complex shape because of the instability
and asymmetry of the gain medium. Therefore, a YAG:Ce scintilla-
tor was used to capture the original and focused laser beam spots.
ZEMAX software was used to simulate the focal beam path and
to calculate the power density of the spot. Then the shape of the

Fig. 2. Optical microscope image of the damaged area induced by 200 pulses of the
laser.

damage induced by the laser could be predicted. Reference [20]
describes the details of the real spots and the simulated results.

3. Results and discussion
3.1. Ripple-like structures in the ablation area

Fig. 2 shows the optical microscope image of the damage pattern
on BaF, induced by 200 pulses of the laser with a power density of
2 x 107W/cm?. The shape of the pattern coincided with the simu-
lations generated by the ZEMAX software. The size of the pattern
was approximately 300 wm x 300 pm.

The area encircled with a red ellipse in Fig. 2. was detected by an
atomic force microscope (AFM). The results of this imaging appear
in Fig. 3. From the three-dimensional (3D) image in Fig. 3(a) we
could observe ripple-like structures at the edge line of the dam-
aged area. Then we detected the rest part of the damaged area
and these structures were observed all over the damaged area.
Fig. 3(b) provides the depth information of the cross section along
the black line in Fig. 3(a). Analysis of the structure spacings indi-
cated decreases from 7 wm to 3 wm; the maximum depth of the
ripples was approximately 200 nm.

According to Reference [23,24], the capillary discharge laser has
an annular profile, which arising from beam refraction along the
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Fig. 3. AFM image of the damage pattern induced by 200 pulses of the laser. (a) 3D
image. (b) Depth information of the cross section.

gain medium. Based on the spot image caught by a YAG:Ce scin-
tillator, the shape of capillary discharge 46.9 nm laser used in this
experiment is mainly annular profile with several annuluses which
are not completely homocentric. We suppose that this asymmetry
profile also comes from the beam refraction along the gain medium.

And the observed ripples were considered to be induced by the
complex energy distribution of the original laser spot. We will do
further research on this in the future. We believe that the damage
patterns induced by the 46.9 nm laser would be used to analyze the
energy distribution of the original laser spot [15].

3.2. Nanostructures in the ablation area

3.2.1. Fringe-like nanostructures in the ablation area

To detect the damage area induced both by a single laser pulse
and by 200 laser pulses with a larger amplification, nanostructures
covering the area were identified. Fig. 4 shows the AFM 3D images
and the cross-section plots of nanostructures detected at the same
location on the patterns induced both by the single laser pulse and
by 200 laser pulses. The location of Fig. 4(b) was circled with a
red ellipse in Fig. 3(a). Both damage areas presented fringe-like
structures. The cross-section plots confirmed that the depth of the
fringe-like nanostructures induced by single laser pulse was about
10 nm, which was of the order of the attenuation length for BaF, at
the wavelength of 46.9nm [25,26]. To compare with Fig. 4(a) and
(b), the pulse number did not change the spacing of the fringes,
which was measured to be approximately 400 nm. In contrast, the
morphology of the fringes was changed by the number of laser
pulses.

The nanostructure induced by a single laser pulse, as shown
in Fig. 4(a), typically presented a valley in the middle of each
fringe. We supposed that the laser pulse fractured the BaF, surface,
introducing microgrooves. The instantaneous absence of the inter-
particle force resulted in the rise of both sides of each fringe. This
process made the middle of each fringe lower than its sides, thus
forming the valley. There is still no explicit theory that accounts
for the formation of the fringes induced by a 46.9 nm laser on a
BaF, surface. However, in our other related experiments, until now,
the same fringe-like patterns were not observed in the surfaces of
SiO,, Cu, and Si. Fig. 5 shows the AFM images of the ablation area
in Si, Cu and SiO,. In Fig. 5(b), the melting surface was observed,
which was mentioned in Referene [20]. And in Fig. 5(a) and (c), no
clear nanostructures were observed. These three images show the

Fig. 4. Nanostructures on BaF, surface induced by (a) one pulse and (b) 200 pulses of the laser.
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Fig. 5. AFM images of ablation area in Si, Cu and SiO,.

Fig. 6. Variation of the depth of the fringes with the laser pulse number.

evidence that there are no same fringe-like nanostructures as
observed in BaF, formed in the ablation area of Si, Cu and SiO,.

By referring to work by Varlamova [27], we hypothesized a
model for the interaction process. Two processes occurred dur-
ing the interaction of multiple laser pulses with the BaF,. In the
first process, after the damage from the first laser pulse, the fringes
on the BaF, surface would result in the inhomogeneous energy
absorption of the following laser pulses. The material density of
the microgroove would be higher than the material density of the
area on the fringes. Therefore, in response to being targeted by the
laser in the same proportions, more particles in the microgrooves
would absorb the energy of the laser photons and then be ejected.
Thus, the microgrooves would grow deeper. In contrast, in the sec-
ond process, particle self-diffusion tended to smooth the surface
by filling the microgrooves with diffused particles from the fringes.
Then the valley changed into a crest, as shown in Fig. 4(b).

Fig. 6 shows the variation of the fringe depths from 3 nm to
30 nm with the laser pulse numbers of 1, 3, 6, and up to 200. Except
in the case of a single pulse, the depth of the fringes increased with
the increase in the laser pulse number. However, because of the sec-
ond process mentioned above, the two parameters did not show a
linear relationship. According to the analysis depicted in Fig. 6. we
supposed that in the first several laser pulses (one to six pulses), the
second process formed the leading cause of the damage because of
the distinct valley-like structures induced by the first laser pulse.
Then the first process played a dominant role. The following laser

Fig. 7. Different morphology of the damaged area induced by the X-ray laser at
different power densities. (a) 3D AFM image. (b) Depth information of the cross
section.

pulses (6 to 200 pulses) deepened the microgrooves. Afterward,
the second process again dominated and smoothed the surface in
response to surface tension. Therefore, the information in Fig. 6.
provides evidence of the two processes in competition.

3.2.2. Mastoid nanostructures in the ablation area

The fringe-like structures were detected covering the whole
damaged area. And at certain locations they presented to be
mastoid-like shape shown in Fig. 7(a). The nanostructures were
induced by 200 laser pulses. Fig. 7(b) presents the depth informa-
tion of the cross section along the black line in Fig. 7(a). Mastoid
structures appeared with diameters of approximately 600 nm.
About the formation of mastoid structures, we made the specu-
lation. First fringe-like structures were formed by the effect of first
several laser pulses. Then fringes broke into pieces in certain abla-
tion environment. After that, due to the effect of the following laser
pulses, the broke surface was smoothed by the effect of particle self-
diffusion and the fringe-like structures changed into mastoids. We
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gave this conjecture because the mastoids structures only appeared
in several locations of the damaged area induced by multiple laser
pulses.

According to the overall trend of the morphology, the red area,
which was deeper than the yellow area in Fig. 7(a), was induced by
part of the focused laser spot at higher power densities. By analyz-
ing the information in Fig. 7(b), the height of one selected mastoid
in the red area was measured to be 8.8 nm; in the yellow area, the
height was measured to be 35.5 nm. Most of the mastoids in the
yellow area were three to four times higher than those in the red
area. We attributed this phenomenon to the effects of asymmetri-
cal power density of the focused laser spot. An explanation resting
on the second process mentioned above suggests that more parti-
cles located at the top of the mastoid would fill in the microgrooves
because of the laser focusing with a higher power density. There-
fore, the mastoid grew shorter. In contrast, the mastoid induced
by the laser at a lower power density would be higher. This phe-
nomenon helped with performing damage mechanism analysis.
More research is needed to confirm the statement relating these
processes to the formation of the nanostructure morphology.

4. Conclusion

The experiment presented in this paper produced new nanos-
tructures, induced by a capillary-discharge 46.9 nm soft X-ray laser,
on aBaF, surface. The laser pulse number was varied from 1 pulse to
200 pulses. Fringe-like nanostructures with the spacing of approx-
imately 400 nm and mastoid nanostructures with the diameter of
approximately 600 nm were researched. An analysis of the causes
of the depths of nanostructures indicated they were influenced by
variations in the pulse number and power density of the laser. In
cases of multiple-laser pulse damage, the model explained that
nanostructures were induced by the competition of two processes:
surface damage from particle emission and smoothing from particle
self-diffusion.
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