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The formation of hexagonal microarrays of nanoholes (metasurfaces) in a 50-nm hydrogenated amorphous
silicon film by means of three-beam interference of femtosecond laser pulses of the visible range (wavelength
515 nm) is studied experimentally with various exposures of the film. Characterization of arrays by scanning
electron and optical microscopy, as well as optical transmission and reflection microspectroscopy, shows that
an increase in the number of fixed energy laser pulses leads to a gradual evaporative formation of nanoholes
in the film and, overall, the metasurface. Raman microspectroscopy reveals a simultaneous growth of the vol-

ume content of the crystal phase.
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1. Hydrogenated amorphous silicon (a-Si) with a
transparency band in the optical range (>400 nm) is
considered as a promising material for creating optical
waveguides with low losses [1], connectors (intercon-
nectors) [2], nonlinear optical devices of ultrafast
switching [3], and structural nanoelements of meta-
surfaces [4]. Currently, optical and a-Si based nonlin-
ear optical devices are formed by the combined
method of sputtering and lithography, which is com-
patible with CMOS (complementary metal—oxide—
semiconductor) technology of constructing integrated
circuits and the related circuitry. However, this
method has disadvantages, including high cost, signif-
icant levels of chemical contaminants, and lack of
flexibility. On the other hand, high-performance laser
nanostructuring microtechnologies have been actively
developed in recent years [5—8], which make it possi-
ble to form large arrays of complex-shaped plasmon
microelements in a reasonable time under precisely
targeted exposure to femtosecond laser pulses with a
high repetition rate. At the same time, the physical
principles of femtosecond laser fabrication of single
dielectric microelements [9, 10] and their large arrays,
including the interaction of radiation with matter [11,
12] and related technical problems, are still under

active development. In particular, in the case of a-Si
films under multipulse action, the hindering factors
are undesirable structural modification (e.g., crystalli-
zation) and subablative destruction/nanostructuring
of films and individual nanoelements by the sections
of a laser beam having a subablative energy density [13,
14], heat-induced destruction of dielectric nanoele-
ments, and other factors that have yet to be estab-
lished.

In this work, the experimental conditions for the
formation in an amorphous silicon film of large
ordered arrays of nanoholes (metasurfaces) in the spa-
tial field created by the interference of three space-
multiplexed and time-synchronized femtosecond laser
pulses are investigated for the first time using optical
and structural methods.

2. Multipulse three-beam interference nanostruc-
turing of amorphous silicon (a-Si) films on glass slides
placed on a three-coordinate motorized platform was
performed using an optical scheme shown in Fig. 1a.
The radiation source was ultrashort (FWHM duration
of 0.3 ps) pulses of a visible range fiber laser (central
wavelength of 515 nm). Pulses of the TEM, mode
were multiplexed into a hexagonal structure by a
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Fig. 1. (Color online) (a) Optical block diagram of a setup
for three-beam interference recording of metasurfaces
with multiplexing of a femtosecond laser pulse by a diffrac-
tion optical element. (b) Phase profile of a binary diffrac-
tion optical element for multiplexing laser radiation. (c)
Experimental distribution of the radiation intensity in the
scheme of three-beam interference.

binary diffraction optical element based on fused
quartz (Figs. 1b, 1c). Further, the three extra beams
were cut off by a diaphragm, and the remaining beams
were focused on the silicon film by a microlens with a
numerical aperture of NA = 0.65 (Fig. 1a). The three-
beam interference was recorded on fresh sections of
the film at a fixed maximum energy of the initial
pulses of about 3 wJ and a variable exposure of N =
(1-5)x103 pulses.

Hydrogenated a-Si films with a thickness of 50 nm
were sprayed from gaseous monosilane on glass slides
by the plasma-chemical method at a temperature of
800 K. Raman spectra (Fig. 2a) measured at room
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temperature at an exciting laser wavelength of 488 nm
using an U-1000 microscope (Jobin Yvon) show the
main known band of a-Si near 475 cm~! (broadened
TO band [15]). Measurements of transmission spectra
in the range of 350—600 nm using an SF-2000 spec-
trophotometer revealed a fast growth of the film trans-
mittance in the range of 400—500 nm with an interfer-
ence minimum of transmission and an interference
maximum of reflection near 400 nm (Fig. 2b), as well
as high absorption of ultrashort pulses at a wavelength
of 515 nm with an absorption coefficient of
o(515nm) = 4 x 10° cm~!. Preliminary visualization of
arrays of nanoholes in a-Si films was carried out using
an Altami-6 optical microscope, and more detailed
studies of the structure of the arrays were carried out
using a JEOL 7001F scanning electron microscope. A
MFUK microscope—spectrometer was used for opti-
cal transmittance and reflectance microspectroscopy
of the arrays in the range of 400—900 nm including
both the entire array (area of about 25 um for the aper-
ture size of 500 um and a 20X microlens) and individ-
ual cells (area about 2.5 um for the aperture size
100 um, and a 40x microlens).

3. The exposure of the 50-nm a-Si film to three
interfering beams with a small number of pulses N =
1—10 leads to the formation of a hexagonal array of
both nanocraters and through nanoholes with a diam-
eter of 300—500 nm (Figs. 3, 4). This is due to the
incomplete spatial homogeneity of the interference
pattern associated mainly with some imperfection of
the spatial transverse alignment of the used simple
optical scheme; the inhomogeneity of the profile of
the original TEM,, mode also plays a role. As the
exposure is increased to N = 50—100, through nano-
holes appear almost everywhere in the interference
region, while a structure period of about 1.5 um is pre-
served (Fig. 3); the low rate of hole formation indi-
cates a slow evaporative removal of the film in spite of
its relatively small thickness. Further, when N > 500,
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Fig. 2. (Color online) (a) Raman spectrum of an a-Si film 50 nm thick. (b) Transmission spectra and extinction coefficient (inset)

of the same a-Si film.
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Fig. 3. Scanning electron microscopy images of arrays of nanoholes in an a-Si film 50 nm thick at exposures of (top row) 3—
1000 pulses (image size 10 x 10 um) and (bottom row) 3, 10, and 500 pulses (size label corresponds to 1 um).
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Fig. 4. (Color online) (a) Optical transmission spectra and (b) reflection spectra of arrays of nanoholes in an a-Si film 50 nm thick
at different exposures N (indicated on the graphs); (bottom) optical microscopy images of these arrays at different exposures N in

(left) transmission and (right) reflection.

nanoholes are filled with melt and dust, while the local
hexagonal order of the modification regions is pre-
served, which points more likely to some internal
causes of the destruction of nanoholes (possibly of
plasmonic nature or due to random rescattering on the
inhomogeneities of the structure), rather than to the
instability of the interference pattern for mechanical
reasons.

JETP LETTERS Vol. 110 No.11 2019

Similarly, the transmission and reflection spectra
of arrays of nanoholes in the range of 400—900 nm
(Fig. 4) demonstrate extremely weak changes in the
corresponding coefficients at exposures N < 500
(slightly more pronounced for the reflection coeffi-
cient owing to the double pass of radiation through the
structure), which points to the subwavelength nature
of the holes and the superwavelength period of the
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Fig. 5. (Color online) (a) Transmission and (b) reflection spectra
at different exposures N (indicated on the graphs).

of individual cells of nanohole arrays in an a-Si film 50 nm thick
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Fig. 6. (Color online) Raman spectra of the silicon (Film in (a)) outside the array of nanoholes, (Array) inside the array, (Unit
cell) inside a unit cell, (Nanohole) inside nanohole, and (Film in (b)) on its periphery at the exposure of N = (a) 100 and (b) 1000
pulses. Inset: a microscopy image of the inhomogeneous structure of nanoholes in the transmission (the distance between the

centers of the holes is about 2 um).

structure in this spectral range. At a higher exposure,
N > 500, transmittance grows in the entire spectral
region, whereas reflection drops, which can be associ-
ated with an increase in the diameter of the nanoholes
(contrary to the SEM data in Fig. 3) and with anneal-
ing of the entire structure in the interference region,
which removes the “tails” of absorption associated
with defect states in the band gap of crystalline silicon
(see the inset of Fig. 2b). Optical microscopy images
of the arrays in the transmission and reflection modes
clearly show the inversion of the color of the holes at
N > 500 (Fig. 4).

A more detailed characterization of the transmis-
sion and reflection spectra of arrays of nanoholes in
the range of 400—900 nm on the level of individual
hexagonal cells reveals more noticeable changes in
both the transmission and reflection coefficients while
maintaining the same features of their spectra (Fig. 5).

The observed changes in the optical characteristics
of nanohole arrays become clearer after analyzing the
structure of the array material by Raman microscopy
(Fig. 6). At exposure N = 100, a strong shifted peak of
nanocrystalline silicon at (517.0 £ 0.3) cm~!, having a
half-width of about 11 cm™! and a crystallite size of
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about 3—5 nm, appears against the background of a
wide band of amorphous silicon with a maximum in
the region of 475 cm™! (Fig. 6a) [16]. At higher expo-
sures, N = 1000 (Fig. 6b), the peak of nanocrystalline
silicon against the background of the band of amor-
phous material appears both on the images of the cen-
tral region of the array (the size of the probed area is
about 25 um) and on the images of the material
between the holes. Probing the complex ring-shaped
structure of nanoholes obtained at high exposures
shows a prominent peak of nanocrystalline silicon
almost without any background signal of the amor-
phous material (Fig. 6b). The observed annealing of
the film material in the region of formation of the
array of nanoholes partly explains the above-discussed
cumulative change in its optical characteristics as the
laser exposure increases.

As follows from the above, multipulse interference
femtosecond laser recording of arrays of subwave-
length nanoholes in an amorphous silicon film with
the use of a simple three-beam optical scheme allows
fabricating multielement arrays of nanoholes with a
size of up to 300 nm (despite a high rate of ambipolar
diffusion in the dense electron—hole plasma at scales
of 100—200 nm in a-Si [17]) with the preservation of
regular packing of the modified areas of the film even
after several thousand pulses, that is, with the preser-
vation of long-term stability of the interference pat-
tern; the contrast of the interference pattern is suffi-
cient to avoid the formation of periodic surface nano-
structures [13, 14]. Characterization in a broad
spectral region (400—2000 nm) of an array formed at
an exposure of N = 50 pulses shows that, in addition to
the interference minimum in reflection near 500 nm
(Figs. 4, 5), there is also a sharp minimum in the
region of 1.2 um (not shown), which is likely associ-
ated with the collective (diffraction) mode of the array.
However, a strong exposure of N = 1000 pulses does
not improve, but destroys arrays at the level of individ-
ual nanoholes, apparently, because of inhomogeneous
annealing of the film material in the area of the inter-
ference and increasing intensity of scattered laser radi-
ation on the inhomogeneous structure near the holes.

4. To summarize, we have studied the optical and
structural processes in the formation of hexagonal
arrays of nanoholes (metasurfaces) in a thin film of
hydrogenated amorphous silicon by three-beam inter-
ference of multiplexed femtosecond laser pulses of the
visible range at different exposures. The optimal mode
of recording such arrays (metasurfaces) at intermedi-
ate laser exposures has been established and degrada-
tion of optical and structural characteristics of arrays
at excessive exposure has been detected.
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