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Due to their versatility and possibility to obtain higher resolution chalcogenide glasses are ideal non-organic materials for 
lithography. They act either as negative or positive photoresists. Even etchless resists can be obtained in chalcogenides 
because of their optical functionality. We have shown that the chalcogenide photoresists that is widely used for production 
of relief-phase hologram optical elements can be successfully applied in the interference lithography to form the submicron 
relief structures on Si wafers by using the anisotropic etching. Two-dimensional photonic configurations characterized by a 
hexagonal assembly of rods or having gratings with traces of micrometer width have been obtained. After etching, using an 
amine based etchant we have obtained a hexagonal lattice of holes having the diameter of around 2 micrometers. Photonic 
structures can be formed at the surface of amorphous arsenic trisulphide films with great accuracy and resolution at the 
micrometric scale. 
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1. Introduction  
 
The chalcogenides are materials either in crystalline 

or amorphous states, which are based on the chalcogen 
elements (Sulphur, Selenium and Tellurium) in the 
combination with other elements (Arsenic, Phosphorus, 
Germanium, Tin, etc.). The structure of the chalcogenides 
is based on a network of covalent bonds, which gives the 
specific properties to these materials. While the crystalline 
state of the chalcogenide is hard to obtain, the amorphous 
phase can be easily obtained by cooling of the melt [1]. 

The properties of the amorphous (glassy) 

compositions are quite different from the crystalline 
counterparts. In the same time the chalcogenide glasses 
exhibit a number of properties which are important both 
from fundamental and practical points of view. 

The basic structure at the atomic level consists in 
chains of atoms for elemental chalcogen and disordered 
layers for complex chalcogenides. Let us take the example 
of a typical chalcogenide (Arsenic trisulphide, As2S3). A 
model of As2S3 glass can be seen in Fig. 1 a, while a 
disordered layer is presented in Fig. 1 b. 

 

 
Fig. 1. The structure of As2S3 glass in a bulk glass (a) and a thin disordered film (b). (As – red, S - yellow) 

 
Arsenic trisulphide glass is intensively studied due to 

its optical properties and versatility in structural 
modifications. It is characterized by high nonlinear 
refractive index (Fig. 2 a), high transmission in near and 
far infrared regions and low phonon energies.  

The study of the optical features of non-crystalline 

vitreous semiconductors near the absorption edge is of 
great interest. The absorption edge of non-crystalline 
materials is very sensitive to material composition and 
structure as well as external factors such as electric and 
magnetic fields, heat, light, and other radiation. Under the 
influence of these factors the optical properties of non-
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crystalline semiconductors are reversible or irreversible 
modified. These materials have important advantages such 
as the fact that they can exist in both amorphous and 
crystalline states. They are suitable for optical 
investigations because their absorption edge is in the 
visible region of the spectrum. Moreover, vitreous 
materials can be easily obtained in bulk samples, thin film, 

and optical fibers. The absorption edge of As2S3 is at 2.4 
eV (Fig. 2 b). 

These properties make them suitable to be used as 
materials for components in optoelectronic devices, as 
solid electrolites, photonic crystals, IR-transmitters, optical 
and electrical phase change memories or rewritable 
memory materials for CD’s and DVD’s.  

 
Fig. 2. Optical properties of As2S3 glass. a) The variation of the refractive index with the wavelength b) The absorption edge  

  
Why are chalcogenide glasses good for lithography? 

They are sensitive to different radiations offering them a 
greater versatility, they have small molecular units thus 
having the possibility to obtain higher resolution, and they 
are much harder than polymers and can maintain the 
shape. Due to their optical functionality we can obtain 
etchless resist and due to the metal photodissolution in 
chalcogenide glasses dry grayscale lithography can be 
done [2, 3]. Chalcogenide glasses can also be used for wet 
lithography. Much simpler etching can be done without 
any treatments and they are resistant to acids thereby there 
is easier to transfer patterns in substrates using reactive ion 
etching. Finally, in chalcogenide glasses both positive and 
negative resists are possible depending on the type of glass 
used. In conclusion, chalcogenide glasses offer a new 
more powerful class of photoresists for more versatile 
lithography than the currently available organic 
photoresists. The standard processing protocol of a 
chalcogenide photoresist is described in the next section.   

 
2. Light interaction with chalcogenide glasses 
 
In order to be used in lithographic processes 

chalcogenide materials have to be sensitive to light. 
Recently, we have identified 39 different effects produced 
in chalcogenide glasses and thin films [4]. Many 
applications of the glassy chalcogenides are based on the 
interaction of the light irradiation with the material. Some 
experiments include the interaction of the band gap, sub-
band gap light and super band gap light. 

The main effects related to the interaction of the light 
with the glass are: 
 -Photodarkening and photobleaching 

 -Photoexpansion of the material 
 -Change of composition with the elimination of 
one chalcogen 
 -Vaporization of the material 

The photodarkening and photobleaching effects were 
the first optical effects discovered in chalcogenide glasses. 
In principle, the optical absorption edge is shifted toward 
higher wavelength (photodarkening) or toward lower 
wavelength region (photobleaching). These processes are 
reversible as a function of heat treatment (under the glass 
transition temperature (Tg)).  

The reversible photodarkening (PD) phenomenon was 
reported by de Neufville et al. [5] as early as 1973. If an 
amorphous chalcogenide film e.g. As2S3, is irradiated by 
light with photon energy near absorption edge (2.4 eV) 
then one observes a shift of the absorption edge towards 
lower energy up to certain saturation limit. The new state 
called darkened state due to the higher transparency of the 
film when regarded in white light can be erased by 
annealing the glass near the softening temperature. 
Because the photoconductivity spectrum shifts also 
towards lower energies (red shift) [6] it was assumed that 
the phenomenon is a photoinduced decrease of the optical 
gap which can be recovered by annealing. The recovery 
was called photobleaching (PB). The photobleaching is the 
reverse process of photodarkening. 

The photodarkening is a common phenomenon in 
glass materials. The chalcogens themselves show such 
phenomena (amorphous selenium is a typical example) but 
they exhibit specific features [7, 8]. The photodarkening 
was detected only in amorphous films. Thus, although the 
intense long-time illumination can in principle lead to the 
photodarkening of the thick samples, the limited exposure 
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time on natural light (practically not more than one week) 
put a limit to the sample thickness [9]. Experiments on 
thick films and bulk glasses were carried out. The effect is 
amplified in chalcogenides annealed under Tg.  

Photobleaching in chalcogenides was observed under 
light illumination. The photobleaching is the reverse 
phenomenon of photodarkening. It is necessary to 
illuminate the chalcogenide sample at a temperature a little 
bit larger than those used in photodarkening. [10]. Apart 
the optical bleaching there was observed thermal 
bleaching. The threshold for thermal bleaching is higher 
than that needed for optical bleaching. 

The photoexpansion is one of the main phenomena 
which produce photoinduced volume change. The 
irradiation of amorphous chalcogenides films with 
bandgap light produces an increase in thickness and is 
termed photoexpansion [11, 12]. It has been demonstrated 
that amorphous As2S3 thin films irradiated with bandgap 
and sub-bandgap light expands with about 0.5 % and 4 % 
(giant photoexpansion) [13], respectively. Both 
photoexpansion and giant photoexpansion vanish after 
annealing close to the glass transition temperature. On the 
other hand, when the material is irradiated with super-
bandgap light, photocontraction effects ascribed to 
ablation or photovaporization [14] are induced. 
Photoexpansion and photocontraction are usually 
produced in chalcogenides, the sign of the effect 
depending on the glass composition. A study of the lenslets 
formation in chalcogenide glasses by photoexpansion as a 
function of wavelength has been reported by 
Ramachandran et al. [15]. Radiation generated by an argon 
ion laser operating at 514.5 nm was used to record optical 
lenslets in As2S3 glass and a relative volume variation up 
to 10% was observed by Saliminia et al [14]. Exciting 
possibilities of optical microfabrication were opened by 
this discovery because the response of the material is local 
[16]. 

Tanaka et al. [17] showed that by illumination of a 
chalcogenide glass with focused and relatively intense 
unpolarized sub-bandgap light, a prominent volume 
expansion is generated. By using the volume expansion 
effect Saitoh et al. [18] produced lenslets and applied them 
on the ends of the optical fibers to concentrate the laser 
beam at the output. The lenses are active in red and near 
infrared regions of the optical spectrum and had a focal 
length of around 10 µm. Saitoh and Tanaka [19] developed 
aspherical chalcogenide microlenses for semiconductor 
lasers with arsenic sulphide glass as active medium 
exposed to light irradiation, which can focus an elliptical 
laser beam to a circular spot. 

Photoexpansion induced by above bandgap light, was 
observed in Ga-Ge-S based glasses by Messaddeq et al. 
[20]. Such compositions are promising for optical storage 

and planar waveguide applications. The authors reported a 
relative volume expansion (ΔV/V0) of 20 % in 
Ga10Ge25S65 glass composition. This effect is considerable 
higher than that in As2S3 glass, where ΔV/V0 = 5%. The 
authors conclude that the volume expansion is correlated 
to the motion of the chalcogen atoms in the irradiated area, 
in this case the sulphur atoms. They observed the increase 
of sulphur amount in the irradiated area by EDS 
measurements. 

The modification of composition and phase separation 
are produced during light irradiation or heat treatment. 
Moreover light (UV) determines the reaction of the 
chalcogenide glass surface with oxygen from the 
atmosphere and formation of a thin film of As2O3 
(arsenolite). By the elimination of chalcogen the 
composition changes and different phases are separated. 
For example in the case of arsenic trisulphide firstly non-
bonded sulphur is expelled and, then, the sulphur bonded 
in the stoichiometric As2S3. Thus the composition of type 
orpiment is changed to realgar type composition with 
corresponding change of the optical properties.  

One important effect occurring during interaction of 
high power light with the chalcogenide material is the 
vaporization in the chalcogenide mass. The vaporization 
occurs by elimination of cluster of different composition, 
and size [21]. Vaporization is preceded by photofluidity 
effect discovered by Hisakuni and Tanaka [22].  

In the following subsections we will present the main 
methods used for chalcogenide glasses processing using 
laser irradiation: direct laser writing, pulsed femtosecond 
laser irradiation and interference lithography. 

 
 
3. Processing of the chalcogenide glasses  
 
As shown in the previous section chalcogenide 

materials have specific properties that make them suitable 
for lithography. The steps of the lithographic process in 
chalcogenide glass are presented in Fig. 3. First a 
chalcogenide thin layer is deposited on a glass substrate 
using the pulsed laser deposition method (PLD). As2S3 
films were prepared on glass substrate by PLD using a 
KrF* excimer laser, having λ = 248 nm and of 80 nJ 
energy per pulse. Pulse duration is 25 ns. The total number 
of pulses used was 11000. Homogeneous films were 
obtained with thickness of around 2 micrometers. 
Secondly, the layer is irradiated using femtosecond laser 
pulses (λ = 800 nm). In this case the chalcogenide glass 
acts like a negative photoresist. In the final step the sample 
is etched using an amine based aqueous etchant. The 
removal of the irradiated regions by etching leaves the 
selected regions of the photoresist. 
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Fig. 3. The lithographic process in As2S3 chalcogenide glass 
  
 

3.2 Direct laser writing (DLW) 
Laser interaction with chalcogenides depends on the 

wavelength and power of the beam light and on the type of 
material. During interaction of laser beam with 
chalcogenide materials the main phenomenon is the 
structural changes as described above. These changes 
depend on the power of the beam or laser spots. At low 
energy the photoinduced modifications do appear. At 

higher power the interaction of the light with the 
chalcogenides leads to the partial decomposition of the 
material with the release of chalcogen (S, Se). 

If the films are processed by a continuous laser  beam 
one obtains lines of different depth on the surface of the 
films. Thus one can inscribe lines by using a rather low 
incident power. Fig. 4 shows an example of such line. A 
network of printed lines can serve to produce diffraction 
lattices to be used for infrared and near-infrared devices.  

 
 

Fig. 4. AFM image of the lines drawn on the surface of a thin arsenic sulphide film using a continuous laser beam 
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3.3 Pulsed femtosecond laser irradiation. Two  
      photon absorption in chalcogenide glasses. 
 
It is known that the chalcogenide glasses exhibits a 

characteristic one-photon absorption spectrum. That is, the 
absorption edge consists of three functional curves, i.e., a 
square-root dependence, the so-called Urbach edge and an 
exponential weak-absorption tail. The weak-absorption tail 
limits optical transparency of chalcogenide glasses [31].  

Tanaka [32] have shown that the two-photon 
absorption spectrum of As2S3 glass has an exponential 

form exp( / )E  , where E  150 meV. 
This exponential form implies that the two photon 

process is enhanced by the gap states, which cause the 
weak-absorption tail. When the incident light intensity is 
less than 10 MW/cm2, one-photon excitation of the gap 
states occurs more frequently than two-photon excitation 
of free carriers, and accordingly, the former could be 
responsible for the photoinduced phenomena induced by 
sub bandgap photons. 

From the studies of the 3D optical data storage into 
As2S3 blocks via photodarkening with 800-nm 
femtosecond laser pulses [33] it was shown that two 
photon absorption and can be achieved using relatively 
low energy laser pulses. The two-photon absorption cross-
section was found to be 6.2 ± 0.5 GM at around 800 nm 
wavelength.  

We have reported [23] the results of femtosecond laser 
imprints on As2S3 film surface. A network of nano-lenslets 
is created by local exposure of individual sites separated 
by 5 µm × 5 µm. The irradiation was performed for 300 
ms in each point. The laser power was varied from 2 to 50 
mW.  

In Figure 5 one can see the formation of hillocks 
and/or holes on the surface of a thin amorphous As2S3 film 
by direct laser writing method using femtosecond laser 
pulses (λ = 800 nm). The shape of the modified surface is 
found to be a function of the laser power. Thus, a network 
of nano-lenslets could be imprinted at appropriate laser 
power and might be used in planar optoelectronic circuits.  

 

 
 

Fig. 5. AFM images of laser irradiated As2S3 thin film surface using a laser power of a) 8 mW, b) 12 mW, c) 18 mW, d) 20 mW, e) 25 
mW, f) 30 mW, g) 50 mW 

 
It can be observed a boundary between the low laser 

pulses and high power laser pulses. For low power laser 
pulses the main effect which is evidenced is the 
photoexpansion. For high power pulses a process of 
ablation takes place and vaporization of the material with 
the formation of holes into the film. 

 
3.3 Interference lithography (IL) 
 
Interference lithography is widely used for the 

fabrication of one dimensional nanostructures [24], 
production of the master mold for nano-imprinting 
lithography [25], formation of grating structures on 
semiconductor surfaces [26, 27], pre-patterning of the 
substrate before formation of photonic crystals by 
electrochemical etching [28] or vacuum deposition [29] 
etc. 

We previously [30] used As2S3-As2Se3 as an inorganic 
photoresist for the fabrication of submicrometer periodic 
relief on silicon wafers using interference lithography. A 
300 nm thick photoresist of As2S3-As2Se3 was vacuum 
evaporated on (100) silicon substrate on which a 50 nm 
thick chromium layer was previously deposited. The 
obtained samples were exposed by interferential pattern 
that was generated by an argon laser (λ = 488 nm) using 
the holographic setup assembled by the wave-amplitude 
division method. The energy used was around 0.5 J/cm2, 
and in the course of formation of bi-gratings each 
exposure can be 1.5-2 times reduced. 

The two-dimensional periodic structures on Si (100) 
surface were formed by double exposure on two 
perpendicular orientations of the Si wafers. During first 
exposition Si (100) wafers were aligned by a base cut in 
parallel to interference grating lines and during the second 
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irradiation the wafers were rotated with 90o. The size of 
the exposed part on the substrate reached up to 75×75 mm. 

After exposure, the samples were chemically treated 
in non-water alkaline organic solutions (negative etching) 
to form a relief pattern. The removal of Cr layer using 
water solution of HCl through a chalcogenide mask was 
the next step. Thus, the obtained two-layer resistive mask 
As2S3-As2Se3-Cr was used to form a corresponding relief 
on Si surface. Anisotropic etching of silicon was carried 
out using ethylene diamine solutions. As ethylene diamine 
actively dissolves chalcogenides, etching of silicon 
occurred, mainly, through a Cr resistive mask that is 
neutral to alkaline solutions. 

Fig. 6 a shows the AFM image of a diffraction grating 
formed on the silicon (100) surface by the anisotropic 
etching through As2S3-As2Se3-Cr resistive mask (grating 
period is near 1.0 μm). Fig. 6 b shows the bi-grating 
structure that was formed using double exposure of 0.3 
J/cm2. Here photoresist islands were symmetrical and the 
ratio of the island diameter to interval width between 
islands close to unity. Time of silicon etching was 15 s. 
Depth of the obtained relief is 0.15 micrometers. The size 
of photoresist islands depends on the value of exposure, 
and the form of islands depends on the ratio of exposures 
in two mutually perpendicular directions. 

 
 

Fig. 6. AFM images of the relief created on the surface of Si (100) a) relief and groove profile of a grating obtained on by 50 s silicon 
etching b) profile of bi-grating with symmetrical elements obtained by a 15 s etching time 

 
 

In the next sections two applications of the 
lithographic process in chalcogenide glasses will be 
presented. The first one is optical microlenses and the 
second is photonic crystals. 

 
4. Applications 
 
4.1 Optical microlenses 

 
A first application is related to the formation of 

microlenslets on the surface of the chalcogenide film. By 
irradiating a thin chalcogenide film obtained by PLD using 
15 fs laser pulses of 800 nm wavelength, 80 MHz 
repetition rate and 5 nJ maximum energy per pulse we 
have obtained As2S3  microlenses. The processing of the 
AFM images can evidence the shape of these lenslets (Fig. 
7 a). We have shown the ray tracing in these lenslets [34]. 
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Fig. 7. Chalcogenide microlenses. A lens represented by a 3D-plot (a) and the shape of the lens fitted by an asymmetric double 

sigmoidal curve (b) 
 

The profile of the lenslet was measured from the AFM 
data (Fig. 7 b). The data were fitted with an asymmetric 
double sigmoidal curve. The fitting curve is given by 
equation (1) were y0 is the offset, A is the amplitude, xc is 
centroid and w1, w2, w3 are width parameters. 
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The parameters that define the fitting curve for the 

lenslets are presented in Table 1. Using these parameters 
the lenslet profile is fitted excellently. 
 

Table 1. Fitting parameters 
 

Parameter Value Std. error 
y0 -0.09925 0.00382 
xc 8.30668 0.00035 
A 0.33291 0.00475 
w1 1.34572 0.00763 
w2 0.18998 0.00267 
w3 0.20191 0.00290 

 
 

The geometrical characteristics of the lenslet are: a 
diameter of 2.03 μm and a height of 0.21 µm. The focal 
length was determined to be between 1.21 µm at λ = 650 
nm to 1.37 µm at λ = 5 µm (Fig. 8). For computing the 
focal length we used the values of the refractive indices at 
different wavelengths from [35]. The transmission of light 
through the lenslets is limited by the As2S3 optical 

absorption edge of 2.41 eV. 

 
Fig. 8. The variation of the focal length of the 

microlenslets with the wavelength used. 
 
 

We have computed the raytrace through the lens (Fig. 
9). Spherical aberration represents in our case the distance 
between the position of the intersection of the refracted ray 
with the focal plane and the position of the focus. Paraxial 
focus is placed at z=1.0076 µm (focal length = 0.9051 
µm). In this plane a meridional raytrace shows this 
spherical aberration (Fig. 10 a). The raytrace was done 
over a diameter of 0.5 µm (from y= -0.25 µm to y= +0.25 
µm), which represents the effective lens aperture. In 
paraxial focus the focal spot is less than 10 nm in diameter. 
Longitudinal raytrace shows that the actual focal plane is 
positioned at z=0.982 µm (that is a focal length = 0.8795 
µm) as it can be seen in Fig. 10 b. This time the focal spot 
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is only 5 nm in diameter, half of that in the paraxial focal 
plane. The shape of the aberration curve indicates a pretty 

good correction state. 

 
Fig. 9. Caustic (longitudinal raytrace): (left) rays of a beam parallel to z-axis (propagation direction) are focused in a spot placed 

before the paraxial (theoretical) focal plane (detail at right). 
 

 
 

Fig. 10. Meridional raytrace: spherical aberration (meridional aberration) vs. incidence height (y) at paraxial focal plane (left) and at 
real focal plane (right). 

 
 
 

4.3 Photonic crystals 
Photonic structures are important components of the 

optoelectronic circuits used in telecommunications and in 
non-linear optics, as lossless guiding [1], tightly bent 90o 
waveguides [2], and on-chip integration, as they can 
combine optical waveguides, resonators, dispersive 

devices and modulators. Recently, it was shown that 
various 2D or 3D structures can be inscribed on the 
surface and bulk of an arsenic sulphide glass by the action 
of femtosecond laser pulses followed by etching in alkali 
or amine based etchants [3, 4]. The laser irradiation was 
made with a Synergy Pro Ti-Sapphir pulsed laser working 
in femtosecond regime. The laser emission band is 
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between 750 and 850 nm and the repetition rate is tens of 
MHz. The minimum diameter of the laser is 1-2 μm. A 
Thorlabs NanoMax300 XYZ table, controlled by computer 
allows for fine positioning of the laser in order to get 
various geometrical configurations of the irradiated zone 
(hexagonal lattice).  
As an example we have imprinted on the surface a 
hexagonal lattice of points by laser pulses (Fig.11 a). The 

height of the columns is around 100-200 nm. After the 
etching step using an amine based etchant we have 
obtained a hexagonal lattice of holes having the diameter 
of around 2 micrometers (Fig. 11 b). The computed band 
structure for the lattice constant used experimentally (5 
micrometers) is presented in Fig. 12.  
 

 
Fig. 11. 2D photonic crystal before etching (a) and after etching (b) 

 

 
Fig. 12. Computed band structure for ε = 7.3 and a = 5 μm 

 
We have also shown that photonic crystals can be 

obtained without the etching step [40]. We have 
demonstrated that two-dimensional photonic structures can 
be printed on the surface of bulk chalcogenide glass of 
composition As2S3. Regular columns obtained by 
photoexpansion of the glassy material have the height of 
150-200 nanometers, while the holes formed after etching 
have a diameter of 2 micrometers. 

 
5. Conclusions 
 
As a conclusion, due to their versatility and possibility 

to obtain higher resolution chalcogenide glasses are ideal 

non-organic materials for lithography. They act either as 
negative or positive photoresists. Even etchless resists can 
be obtained in chalcogenides because of their optical 
functionality. We have shown that the chalcogenide 
photoresists that is widely used for production of relief-
phase hologram optical elements can be successfully 
applied in the interference lithography to form the 
submicron relief structures on Si wafers by using the 
anisotropic etching 

We must remark that the processing of thin 
chalcogenide glasses films by femtosecond laser 
irradiation can lead to the producing of new optoelectronic 
elements and moreover represents a facile method for the 
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creation of photonic crystals. The microlens imprinted on 
the surface of PLD deposited As2S3 thin films could be 
used to focus the red-infrared laser light passing through 
an optical fiber. transition from the column configuration 
to the hole configuration has been revealed when the laser 
pulse power was increased. The threshold of the transition 
has been established at ~15 mW. The lenses obtained by 
photoexpansion of the glassy material have the height of 
150-200 nanometers, while the holes formed by high 
energy irradiation have the depth of 100-300 nanometers. 
The inscription process is achieved in one step, without 
etching, is simple and efficient. 

Two-dimensional photonic configurations 
characterized by a hexagonal assembly of rods or having 
gratings with traces of micrometer width have been 
obtained. After etching, using an amine based etchant we 
have obtained a hexagonal lattice of holes having the 
diameter of around 2 micrometers. Photonic structures can 
be formed at the surface of amorphous arsenic trisulphide 
films with great accuracy and resolution at the micrometric 
scale. 
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