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Direct laser writing of microrelief structures
on chalcogenide glass by laser beam recorder of master discs

Methods to create microrelief phase elements for diffractive optics and oph-
thalmology were analyzed. Direct laser writing, by a laser beam recorder
used for master discs is an effective method for the formation of flat micro-
relief phase elements on thin films of chalcogenide semiconductors, where
photo-structural transformations occur under the action of laser radiation.
Key words: direct laser writing, micro-optical elements, chalcogenide semi-
conductors, photo-structural transformations, laser beam recorder.

Introduction
The application of direct laser writing (DLW) extends further than recording data

on optical discs. DLW in photoresists enables the fabrication of a wide range of contin-
uous microrelief phase elements. To improve the characteristics of optical surveillance
systems, high-resolution aerial photographs require flat light-focusing elements. The
elimination of aberrations to obtain clear images with a traditional lens from video sur-
veillance systems, with high resolution, is usually achieved through the application of a
large number of optical elements. This approach leads to a significant increase in the
weight of the surveillance system. It is possible to solve this problem by creating small
and lightweight imaging systems using diffractive optical elements [1]. Flat diffractive
optical elements not only improve the performance of standard mirror-lens systems, but
can also be used to create unique devices for ophthalmology. It is possible to create an
artificial eye based on flat superlenses, with adaptive electrical controls for the three
main parameters that determine the resulting image quality: focal length, astigmatism,
and image centering. For the creation of artificial eyes, it is necessary to solve a number
of complex problems, including the production of flexible flat superlenses [2].
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The technology for the DLW of various micro-optical elements requires the crea-
tion of accurate systems for rotating the substrate with a photosensitive layer, position-
ing the recording head according to a given law, and setting and controlling the power
of the recording laser radiation. The most efficient systems can be created using circular
rotation of the substrate; it allows one to create flat micro-optical elements for various
purposes [3–5]. Previous studies have shown that DLW in positive photoresists can be
used for the rapid fabrication of arrays of micro-optical structures (up to three times
faster than a comparable electron beam lithography system) with high precision manu-
facturing of nanostructure elements [6]. The method of DLW of diffractive optical ele-
ments has significant advantages over other technologies for the production of phase
optical elements, accurate control of process parameters, flexibility in fabricating con-
tinuous-relief micro-optical elements via a single exposure scan and development, and
the ability to fabricate diffractive optical elements with arbitrary surface-relief profiles
[5, 6]. The accuracy requirements for manufacturing microrelief elements and diffrac-
tive optics have increased considerably in recent years. They usually apply to the transi-
tion to a submicron and nano size range in the dimensions of the optical structure ele-
ments. The use of inorganic photoresists can alleviate some of the challenges of transi-
tioning to the nanoscale range. Inorganic photoresists, based on chalcogenide semicon-
ductors, are widely used in the DLW method [7–10]. Microrelief images on chalco-
genide semiconductors can be obtained by various methods of DLW: local evaporation
of the absorbing material, a change in the volume of the material in the radiation zone,
and photo-structural transformations with subsequent selective chemical etching. Micro-
relief images on chalcogenide semiconductor films can be formed under the action of
laser pulses of various durations. Photo-structural transformations in chalcogenide sem-
iconductors allow one to create multi-level microrelief images. Industrial laser beam
recorders were developed for the DLW of information on master discs, with a layer of
positive photoresist. Those are characterized by the rotation of the substrate at a prede-
termined, constant linear rate and accurate radial movement of the recording head. The
possibilities of using a standard laser beam recorder of master discs for the DLW of
diffractive optical elements over a large area, and micro-optical elements, were ana-
lyzed.

Direct laser writing of phase optical elements
The technology to create flat micro-optical elements of variable resolution was

developed more than twenty years ago. There were two main approaches for their de-
velopment: a method to create blazed binary gratings and the «echelette» method for
blazed gratings. The disadvantage of the latter approach is the limitation owing to the
shadowing effect. In both cases, the height of the patterned structures is typically equal
to the wavelength of the incoming light, which makes the manufacture of micro-optical
elements for large surfaces technologically complex [11]. The technology to form flat
microlenses is based on photolithography methods, namely, the application of photore-
sist layers, laser exposure, selective etching of the photoresist layers, and the substrate
application [12]. Therefore, together with the methods to laser record microelements,
the technology to diamond-cut microlenses was developed. The use of mechanical ma-
terial removal to create micro-optical elements is difficult because it requires the use of
precise machine tools and expensive diamond cutting tools [13, 14]. An alternative
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method to develop flat micro-optical elements is by replacing standard, bulky, and ex-
pensive lenses with a high numerical aperture, consisting of a large number of lenses.
Excessive weight and size limit the use of a multi-lens in compact and cost-effective
optical systems. However, flat lenses with a high numerical aperture can be widely used
in video surveillance systems, microscopy, and small-sized spectrometers. Achieving a
high numerical aperture in flat lenses, using the diffractive optical elements of the com-
ponents, is a difficult task. This is due to phase distortions because their constituent
structures are of a wavelength scale [15]. The problem of eliminating aberrations and
phase distortions, when creating high-aperture optics based on plane diffractive optical
elements, can be solved by using many level elements, the number of which can be sev-
eral hundred [1, 16]. The development of diffractive optical elements with 256 levels
was reported [1]. The spatial resolution of the process of creating micro-optical ele-
ments using DLW is primarily determined by the spot size of the focused laser beam.
This subsequently depends on the wavelength and characteristics of the recording mate-
rials, an on the accuracy of the two-coordinate positioning systems used in the recording
process [7].

The formation of nanosized relief on chalcogenide semiconductors
by a laser beam recorder of master discs

Unlike conventional high refractive index glasses, chalcogenide glasses can un-
dergo distinct radiation-induced structural modifications, at comparatively low power
densities and exposure doses [7]. Chalcogenide glasses have gained extensive interest,
not only because of their high refractive index, wide transparent window, and high opti-
cal nonlinearity, but also for their rich physicochemical properties, such as phase chang-
ing and photopolymerization, upon light exposure [17, 18]. These unique properties
have made chalcogenide glasses an excellent candidate for diverse applications, includ-
ing micro-optical elements and metamaterials [17, 19]. The processes that are based on
photo-structural transformations in chalcogenide glassy semiconductors satisfy the most
requirements for the technology required to form flat optical elements and microrelief
phase elements. The microrelief images on chalcogenide semiconductor films can be
formed under the action of laser pulses of different durations. Photo-structural transfor-
mations in chalcogenide semiconductors facilitate the creation of multi-level microrelief
images that allow the acquisition of flat, high-performance, focused microelements. One
of the substantial advantages of using inorganic photoresists, based on chalcogenide
semiconductors, is the possibility to use laser recording for bumps (on a negative resist)
or pits (on a positive resist) of various height (depth). Inorganic resists are characterized
by a wide dynamic range [8, 20]. Typical exposure characteristics of an inorganic resist
are shown in Fig. 1 [20].

Experimental studies on the process of recording data on a positive inorganic re-
sist, using the laser beam recorder of master discs, showed that it is possible to form pits
of specific sizes. The depth of the pits was determined by the thickness of the resist and
length/width of the pits, by the recording laser power and the chemical etching mode
[8]. Nickel copies were made of the original discs, which were used to replicate the
CDs. Recording data on a layer of negative inorganic resist, deposited on a nickel sub-
strate, made it possible to obtain relief structures after selective chemical etching, by
which relief copies on polycarbonate were obtained by thermal pressing. Relief struc-
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tures on the inorganic resist layer were shown to have a sufficiently high mechanical
strength, which allows the formation of diffractive micro-optical elements directly in the
resist layer, without additional processing of the substrate material [21]. The resolution
of inorganic photoresists, based on chalcogenide semiconductors, allows recording
tracks with a width of 0,3–0,5 microns. The minimum track width recorded by the laser
beam on the films of the inorganic resist is primarily determined by the resolution of the
optical system, which focusses the laser recording radiation [22]. The images of the
tracks recorded on the positive and negative inorganic resists are shown in Fig. 2 and
Fig. 3, respectively.

Fig. 1. Characteristic curve of the inorganic negative resist As2-S3 [20]

Fig. 2. The relief microstructure on the positive inorganic photoresist GeSe2. [23]

On inorganic resists, it is possible to obtain both negative images (on As2S3 re-
sists) and positive images (on GeSe2 resists). The type of resist depends on both the
composition and the selective etching used [8]. To obtain micro-optical elements by
direct laser recording, chalcogenide semiconductors of various compositions can be
used: As-based glasses (As35S65) and Ge-based glasses for the formation of images in
the UV-range (244 nm) [7]; 3D micro-optical elements formed by the photo-structural
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transformations of germanium silicate by DLW [25]; telluride (PbTe) chalcogenide for
the formation of micro-optical elements for the near IR-range [26]. Using DLW with
femtosecond pulses of UV-radiation, diffraction gratings were recorded on thin films of
As2S3 [17]. Nanostructured arrays were photo-patterned on As2S3 films using multipho-
ton DLW [27]. Combined elements of various heights can be performed by exposing
the negative resist to laser radiation of various power [24].

Fig. 3. The relief microstructure on the negative inorganic resist As2S3  [24]

Using the laser beam recorder of master discs
to form micro-optical elements

For the manufacture of microrelief structures and diffractive optical elements,
there are many non-standard technologies that use sophisticated modern equipment [28–
30]. Research on the development of circular laser recording systems for the production
of micro-optical elements began more than 20 years ago. It was previously shown that a
micro-image can be formed by means of a continuous rotation of the substrate, while
the focused light beam is simultaneously moved along the radius of the substrate. Such
systems provide a recording of microrelief images at high speed. It is possible to pro-
duce a mask of specified configuration, using a computer-controlled amplitude modula-
tion of the laser beam [28].

In recent years, a new generation of laser recording devices was developed, which
can be used for the manufacture of micro-optical elements. A standard laser beam re-
corder of master discs, with a modified laser beam control system, can be used to create
Fresnel lenses, diffraction optical elements and micro-optical elements, using the DLW
method. Laser beam recorders of master discs facilitate the recording of tracks with a
given constant pitch, with a minimum radial runout of focused tracks on a photoresist.
Micro-optical elements should be written by a laser beam recorder of master discs du-
ring continuous spiral scanning and circular raster scanning processes. In this case, the
scanning of a material surface is fulfilled by two types of functional element move-
ments: substrate rotation and radial displacement of the recording beam. This method
provides the maximum writing speed for micro-optical elements [28]. A standard laser
beam recorder of master discs has an autofocus system, with an electrodynamic or pie-
zoelectric actuator that supports the focusing plane and the substrate during the writing
process, with an accuracy of 0,05 µm. To ensure minimal radial beats, a laser recording
station uses an aerostatic spindle with a beat radius of no more than 0,1 µm. DLW by
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laser beam recorder allowed the fabrication of multiphase levels in one photolithogra-
phy process step [31].

It is of considerable interest to use such high-precision equipment for the manu-
facture of micro-optical elements. Circular scanning laser recording systems which in-
clude the laser beam recorder of master discs allow making the formation of diffraction
optical elements for large areas. The radial beat of the tracks recorded on the laser re-
cording station does not exceed 50 nm. The modification of the control system of the
laser beam recorder of master discs allowed the recording of tracks of different depths
(including different depths of the elements of one track) by controlling the recording
power. To obtain tracks of different widths, recording should be performed by the se-
quential exposure of tracks, with a recording head displacement of the width of the
track. The recording of individual tracks can be emitted with radiation of varied power,
which allows the formation of images with a given profile. Micro-optical elements were
recorded at a linear velocity of 2,4 m/s with a 405 nm laser beam, which was focused into
a spot with a diameter of 0,5 μm. The minimum width of the recorded lines was 0,5 μm.
Binary optical elements can be recorded with a laser beam recorder. A diagram of the
process of laser recording binary optical elements with inorganic resists is shown in Fig.
4. They are created in a photoresist layer by sequentially exposing annular zones of vari-
ous widths. The microprocessor control system of the station should be able to record
zones of a given width by exposing a different number of contiguous tracks. After selec-
tive etching of the photoresist, it can etch the substrate material to a predetermined depth.

a)

b)
Fig. 4. Creation of diffraction optical elements on an inorganic resist:

a) two-level elements; b) multilevel elements
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Our experimental studies showed that laser recording of diffraction elements with
a high linear velocity (2,4 m/s) without local thermal destruction is possible on chalco-
genide glasses of the AS-S-Se system. As shown during the recording of two-level opti-
cal elements on an inorganic resist by the laser beam, recorder zones of different widths
were formed by radiation, with a laser beam of constant power at different numbers of
passes. However, the process of manufacturing multilevel elements is more compli-
cated. During multilevel optical elements laser beam recording on inorganic resists,
zones of various widths and heights have to be written with different laser recorder radi-
ation powers.

Conclusion
1. DLW facilitates the manufacturing of multi-level diffraction optical elements

with an arbitrary relief profile.
2. Standard laser beam recorders of master discs can be used as circular scanning

laser systems for the direct laser recording of diffractive optical elements and micro-
optical elements on photoresist layers. The laser beam recorder of master discs with
circular scanning is a universal tool for the fabrication of diffractive optical elements.
For laser recording of diffraction and micro-optical elements, a monitoring system for
the positioning of the recording head is necessary. Future development should allow for
the recording of tracks of various widths, with a given variable pitch, and recording
with different exposure levels in each zone.

3. In direct laser recording for the formation of diffractive optical elements, inor-
ganic photoresists based on chalcogenide semiconductors can effectively be used. These
semiconductors have a high refractive index, a wide spectral range of transparency, and
allow the formation of images on which various photo-induced processes are used. La-
ser recording of diffraction elements with a high linear velocity (2,4 m/s) without local
thermal destruction is possible on chalcogenide glasses of the AS-S-Se system.
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