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Direct nanoimprint of chalcogenide glasses with
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Abstract: Chalcogenide glasses are attractive materials for optical applications. However, these
applications often require patterning of the surface with functional micro-/ nanostructures. Such
patterning is challenging by traditional microfabrication methods. Here, we present a new, to
the best of our knowledge, approach of direct imprint via solvent-based surface softening, for
the patterning of As,Se3 surface. Our approach is based on an elastomeric stamp soaked in an
organic solvent. During the imprint, the solvent diffuses into the imprinted substrate, plasticizes
its surface, and thereby allows its imprint at the temperature below its glass transition point. Thus,
our approach combines the full pattern transfer with the maintenance of the shape of the imprinted
substrate, which is necessary for optical devices. By using this approach, we demonstrated
functional antireflective microstructures directly imprinted on As,Se; surface. Furthermore, we
showed that our approach can produce imprinted features sized down to 20 nm scale. We believe
that our new approach paves the way for more future applications of chalcogenide glasses.

© 2022 Optica Publishing Group under the terms of the Optica Open Access Publishing Agreement

Chalcogenide glasses are attractive optical materials [1-3] due to their high near- and mid-infrared
transmission and refractive index, which can be modified by varying the glass composition [4]. In
addition, chalcogenide glasses overcome phase transition upon interaction with electrons, X-rays,
and photons [5,6], which makes them attractive materials for non-volatile memory devices [7].
Furthermore, chalcogenide glasses demonstrate third-order non-linearity, which stems from
the low phonon energy of the bonds connecting the heavy chalcogenide atoms, making them
attractive for optical switching applications [8]. Finally, chalcogenide glasses have relatively low
glass transition temperature (Tg), which ranges between 150°C and 200°C, depending on the
glass composition [9]. Such low T, enables scalable and cost-effective fabrication of optical
components using precision glass molding [10]. These unique properties make chalcogenide
glasses advantageous over other materials commonly used in infrared optics, such as silicon
or germanium whose applications in optical components such as windows or lenses require
expensive and complicated processing based on grinding and precision polishing.

Despite numerous advantages of chalcogenide glasses, their practical application in optical
devices is still challenging. Bare chalcogenide glasses reflect more than 20% of light in the
infrared spectrum, therefore, their surface must be covered with an antireflective coating. Classical
antireflective coatings based on vacuum-deposited films have low compatibility with chalcogenide
glasses due to the difficulty in the index matching of the deposited films, poor adhesion of these
films to the surface of chalcogenide glass, and relatively high mismatch between the thermal
expansion coefficients of chalcogenide glasses and those of antireflective films. The latter often
results in cracking and mechanical delamination of the deposited films, which in turn substantially
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hampers their antireflective performance. Furthermore, thin-film-based antireflective coatings
are effective only for a limited range of wavelengths and incident angles, which limits their use
for broadband applications.

An emerging alternative to thin-film-derived antireflective nanostructures is based on mi-
crofabricated arrays of subwavelength 3D structures, whose concept was inspired by natural
subwavelength structures discovered on the cornea of nocturnal moth Spodoptera eridania [11].
Today, such nanostructures can be fabricated on optical surfaces using standard nanofabrication
techniques, and their periodicity and geometry can be tailored to achieve broadband and omni-
directional antireflective performance that is hardly achievable by thin-film based coating [12].
Whilst the fabrication of antireflective subwavelength structures was successfully demonstrated
on commonly used optical materials such as glass, quartz, or Si [13,14], their fabrication of
chalcogenide glasses still requires a new, and unconventional approach suited explicitly for this
family of materials.

Soft thermal imprinting is an attractive approach for the surface micro-structuring of chalco-
genide glasses. As already mentioned above, chalcogenide glasses can be imprinted due to their
low glass transition temperature. Up to date, soft imprinting was successfully demonstrated on
thin films of chalcogenide glasses deposited on solid substrates [15—18]. In such an imprint,
which is schematically shown in Fig. 1(a), a pattern can be transferred from an elastomeric mold to
the surface of the chalcogenide film, which is softened due to the heating above its glass transition
point, whereas the underlying solid substrate made of silicon for example, remains undeformed.
This approach, however, is inapplicable for the direct surface patterning of substrates made of
chalcogenide glass. Indeed, the combination of high pressure and temperature needed to transfer
a pattern from a mold to the surface of chalcogenide glass would also deform the substrate itself,
making it inapplicable as a component for precision refractive optics (Fig. 1(b)). On the other
hand, low pressure and temperature imprinting would result only in partial pattern transfer [19]
(Fig. 1(c)). Ideally, the imprint should result in a full pattern transfer while maintaining the
original shape of the substrate (Fig. 1(d)).

(a) Imprint of film (b) Directimprint at T>> T, (c) Direct imprint at T<< T,  (d) Ideal direct imprint

soft mold

chalc. glass

Si

Fig. 1. Various concepts of nanoimprint of chalcogenide glasses.

Several approaches for the direct imprint on chalcogenide glasses have been recently suggested.
One such approach is based on confining a substrate of chalcogenide-glass within a tight metallic
fixture that prevents the substrate deformation during the imprinting [20-23]. Yet, this approach
requires custom-made fixtures for each substrate geometry. Furthermore, the maintenance of
the original substrate shape was never quantified for this method of imprinting. Two other
approaches were recently demonstrated by our group. The first one was based on the radiative
imprinting with a carbon-nanotube (CNT) reinforced Polydimethylsiloxane (PDMS) mold [24].
Due to the light absorbance of CNT-PDMS mold, only the mold-glass interface is heated and
imprinted, while the bulk of the imprinted substrate is kept below its glass transition temperature,
and therefore remains undeformed. However, the complex preparation of nanotube-PDMS
composite mold substantially complicates this fabrication approach. Another approach was based
on the imprinting of a plasticized film of chalcogenide glass deposited from solution onto a
chalcogenide-glass substrate, which can be done at a temperature below the glass transition point
of the substrate [25]. However, this process is challenging due to the difficulty of controlling the
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thickness of the plasticized film, especially for films with submicron thicknesses. Thus, facile,
robust, and versatile approaches for the direct surface imprint of chalcogenide glasses are still to
be explored. Once developed, such approaches will pave the way to numerous optical applications
of chalcogenide glasses that require their surface patterning, including but not limited to the
production of antireflective structures.

This work introduces a novel approach for the direct surface patterning of chalcogenide glasses,
which is based on their imprinting with a PDMS-based mold. The key feature of this approach,
which is schematically described in Fig. 2(a), is the soaking of PDMS mold in a solvent capable of
dissolving the imprinted chalcogenide glass. While soaked for a controlled time, the mold turns
into a reservoir of a controlled amount of the solvent. The mold is then immediately used for the
imprinting, during which the solvent partially diffuses from the mold into the glass and softens its
surface. In this way, the surface can be imprinted at a temperature lower than the glass transition
point of the pristine chalcogenide glass. In this case, the pattern is fully transferred from the mold
to the softened surface, while the deformation of the bulk of the imprinted glass is completely
avoided. We successfully applied this approach to produce various micro-/nanopatterns. First,
we demonstrated that despite the relative simplicity of this imprinting approach, it could be used
to replicate features as small as 20 nm. We then investigated the chemical composition and
structure of the imprinted surface and concluded that they do not differ from those of pristine
chalcogenide glass. This important conclusion supported the idea that this novel approach can be
used to directly pattern optical functionalities on the surface of chalcogenide glass, whilst the
functionalities and the underlying surface can be designed with the same optical properties. We
implemented this idea by directly imprinting fully functional moth eye antireflective structures
that yield an excellent broadband and omnidirectional attenuation of surface reflection in the
infrared spectrum. Thereby, we demonstrated the applicability of our imprinting approach to
produce miniaturized structures with a broad range of size scales and functionalities.
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Fig. 2. (a) Schematic pross flow of direct imprint of As,Ses substrate. (b),(c) SEM images
of 2D grating in master mold and on the surface of the imprinted As;Ses, respectively.
(d) High-magnification SEM of the grating on AsySes. (e) Cross section profile of the
imprinted line showing its FWHM.

First, we explored the limits of our imprint approach to replicate ultra-small features. To
that end, we produced a master mold by patterning arrays of 20 nm lines in a positive-tone
electron-beam resist (PMMA) on a silicon substrate (Fig. 2(b)) and used it for direct replication of
PDMS-based soft mold. The mold itself consisted of an imaging hard-PDMS layer and soft PDMS
— a configuration that ensures a reliable transfer of such ultra-small features [26]. To produce
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17 As,Ses substrates, we first mixed As and Se in stoichiometric proportions inside a quartz
ampoule, fussed the mixture under vacuum, quenched it in air, and molded the obtained glass in
a dedicated preform. Prior to the imprinting, the mold was soaked for 5 min in ethylenediamine
(EDA), an organic solvent capable of dissolving As;Se;. Then, the mold was immediately
apposed on the As;Ses substrate in a custom-made nanoimprinting tool by applying a pneumatic
pressure of 4 bar and a temperature of 165°C for 30 min. At the end of the imprinting process,
the substrate and the mold were cooled down to ambient temperature, the pressure was released,
and the mold was gently peeled off the substrate.

Figure 2(c) shows SEM images of a 2D array of 20 nm lines imprinted on the surface of
AsySes. Visual inspection of these lines, and their comparison to the original lines patterned on
the master mold, clearly demonstrate that the pattern was transferred with high fidelity. This
fidelity can be further quantified by measuring the full-width half-maximum (FWHM) of the
cross-section profile for imprinted lines (Figs. 2(d) and (e)). Furthermore, the periodicity of the
lines in the master mold was 200 nm, and the exact same periodicity was found for the imprinted
pattern (insets in Figs. 2(b) and (c)). These data confirm that nanometric patterns imprinted by
our approach are transferred with a very high fidelity and that the possible effect of the PDMS
volume expansion due to EDA absorption on the obtained pattern geometry was negligible.

It should be noted that the demonstrated pattern was imprinted at a temperature below that
of the glass transition point of AsySes. This low imprint temperature was possible due to the
softening of the surface layer of the imprinted glass by the EDA. A similar solvent-diffusion-based
imprint was recently demonstrated by us using polymeric substrates, where the thickness of the
softened layer was estimated by diffusion modeling to be around a few microns [27]. Similar
to the mechanism of solvent-assisted polymer imprint, here it can be hypothesized that at later
stages of the imprinting, a great portion of EDA molecules diffuse out of the mold. This diffusion
likely produces a negative gradient in the EDA concentration between the imprinted glass and
the mold. This gradient drives a backward migration of EDA molecules from the imprinted glass
to the mold. Also, a part of EDA diffuses from the surface into the bulk. These two possible
mechanisms of EDA loss from the imprinted surface layer at the late stage of the process cause
the transition of the imprinted layer from a softened state to the solid amorphous As;Ses, which
is similar by composition and properties to that of pristine As,Ses. In the context of the optical
application of our imprinting process, it is crucial to verify that the interaction of the mold with
the imprinted glass does not alter the composition of the latter in a way that can negatively
affect its optical properties [28]. For that purpose, we first compared the compositions of the
bare and imprinted As;Ses surfaces using X-ray photoelectron spectroscopy (XPS), focusing
on the ratio between As and Se atoms (Figs. 3(a),(b)). We found that As/Se ratio was nearly
the same throughout the processing steps, with an average value of around 0.71. An additional
important aspect of the chemical composition of imprinted As,Ses are possible solvent residuals,
which must be minimized. EDA, which was used in this work as the solvent, contains only
carbon, nitrogen, and hydrogen. However, neither carbon nor nitrogen can be quantitatively
measured by XPS, because the C*-N peak at 286 eV, which is a common surface marker for
nitrogen-containing organic molecules, overlaps with the Auger peak of Se, and N*-C peak at
400 eV overlaps with the LM5 peak of Se. As an alternative to XPS, we used energy dispersive
spectroscopy (EDS) to quantify the nitrogen content. Figure 3(c) shows the EDS data for nitrogen
and oxygen content on the surface of bare and imprinted As,Ses. It can be seen that bare As,Ses
contains no nitrogen at all. However, imprinted As;Se3 contains about 5% nitrogen which can
be attributed to residuals of EDA. Also, a high oxygen content on the surface of As,Se; can be
attributed to contamination. Since this amount of oxygen is nearly the same as on the imprinted
surface, it can be concluded that the imprint process did not lead to the oxidation of As;Ses
because the imprinting took place in vacuum. One possible negative side-effect of thermal
processing of chalcogenide glasses is the crystallization of their surfaces, which can hinder their
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optical transparency by light scattering [18]. To test whether our imprinting process causes any
crystallization of As;Ses, we characterized the imprinted surface by X-ray electron diffraction
(Acuka =0.1542 nm) (Fig. 3(d)). The measured spectrum shows broad peaks characteristic of
amorphous As,Ses, and clearly demonstrates that our process does not induce crystallization.
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Fig. 3. Material analysis of bare and imprinted As;Ses. (a) and (b) XPS-based analysis of
elements and different depths for bare and imprinted AsySes, respectively. (c) EDS analysis
of bare and imprinted As,Ses. (d) XRD of the imprinted sample, showing the amorphous
structure of AspSes. (e) and (f) Raman peaks of bare and imprinted substrates, respectively.
(g) Fraction of Raman structural unit.

We also used Raman spectroscopy to estimate any possible effect of the imprinting process on
the structure and composition of As,Ses. Figures 3(e),(f) show the Raman spectrum of bare and
imprinted As,Ses, respectively. The deconvolution of the main Raman peak produced five peaks
that correspond to different vibrational modes of As;Ses. These peaks are broad for both As,Ses;
before and after the imprint, which provides additional confirmation that no crystallization took
place during the imprinting process. Based on the areas of each peak, we also calculated the
relative amounts of the structural units, in order to assess possible changes in material structure
(Fig. 3(g)). In particular, the peak at 223 cm~! corresponds to the vibration of As,Ses pyramidal
unit, and the increase in its area indicates the increase in the degree of crosslinking of the glass
network. This observation mirrors previously reported Raman analysis of thermally imprinted
AsySes thin films [17]. This increase in the cross- inking is the reason for the little decrease in
the peak area related to the non-crosslinked units, such as the peak at 212 cm™" that corresponds
to As4Ses unit. Overall, the surface analysis before and after the imprint clearly indicates that
any changes in the material composition and structures caused by the imprinting are minor.

The demonstrated imprinting approach enables numerous optical applications of chalcogenide
glasses that require surface patterning with functional microstructures. Here, we used this
approach to realize antireflective moth-eye subwavelength structures designed for the mid-
infrared spectrum. To that end, we first produced a master mold by self-assembly of 2 um
polystyrene microspheres into a dense monolayer on a silicon substrate using a Langmuir-Blodgett
trough. The monolayer deposition was followed by the reduction of microsphere diameter in
oxygen plasma (Corial DRIE 200L System, 100sccm O2, RF = 15W, LF =200W, 30sec), Deep
Reactive Ion Etching of silicon through the formed microsphere mask (Corial DRIE 200L,
36sccm SFg, 15scem CoHy, RF = 15W, LF =250W, 15min), and the removal of the microspheres
by washing in chlorobenzene. The obtained microstructures had a periodicity of 2 um determined
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by the initial microbead diameter, a height of ~1.2um, and conical shapes with the top and bottom
diameters of 1.35 and 1.75 microns, respectively (Fig. 4(a)). We then transferred the pattern
from the master mold to a soft PDMS mold by casting standard PDMS-hardener mixture (1:10,
Sylgard 184) on top of the master mold, curing it at 60°C for 1 hr, and peeling the hardened
PDMS from the master surface, resulting in a negative 3D structure of the master mold (Fig. 4(b)).
Finally, the obtained soft mold was used for the solvent-assisted imprinting as described above.
Figure 4(c) shows an imprinted As;Ses substrate, and Fig. 4(d) shows a high-resolution SEM
image with the imprinted microstructures. Figure 4(e) presents an AFM image of the imprinted
AsySes, including 3D structure and cross-section. Both SEM and AFM images indicate that the
dimensions of the imprinted microstructures, as well as their periodicity, are identical to those
fabricated on the master mold. Most importantly, the measured height of the imprinted coni was
1.2 microns, which matches exactly the depth of the pits on the mold surface, indicating a perfect
pattern transfer. Thus, it can be concluded that our imprinting process has a very high fidelity of
pattern transfer not only for the nanoscale patterns, as shown previously, but also for patterns in
the micron scale, which are particularly relevant for optical functionalities active in the infrared
spectrum.
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Fig. 4. Antireflective structure directly imprinted on As,Ses. (a),(b) AFM 3D scanning
and x-section plot profile of the master mold and of soft mold used to imprint the structure,
respectively. (c) Image of As,Ses surface patterned with antireflective structure and SEM
image of the structures on it. (¢) AFM 3D scanning and x-section plot profile of the imprinted
As)Ses surface.

To demonstrate the optical functionality of the imprinted antireflective pattern, we measured
its reflectance spectra at three different incident angles and compared them to those of a bare
AsySes surface (Figs. 5(a)-(c)). It can be seen that while the bare As;Ses reflects up to 25%
of the incident light, the imprinted structures attenuated the reflection down to ~1%, which
was observed at a spectral range of 6 to 7 microns for an incident angle of 11°. This achieved
antireflective performance is comparable to that of moth-eye microstructures produced by a more
complex and cumbersome imprint process than that reported before [22,23,25]. The measured
spectrum is compared with a simulated spectrum, which was generated using Optilayer software
package for each incidence angle, and took into account the experimental dimensions of the
antireflective structures. It must be noted that the experimental spectrum shows a substantial
attenuation in the reflection within the range much broader compared to the simulated spectrum.
We believe that this broadband antireflective characteristic is due to the non-uniformity in height
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of the antireflective structures across the sample. This non-uniformity is likely the reason beyond
the observed blueshift of the experimentally obtained reflectance minima, as compared to the
simulated ones. The experimental spectra also lack the interference peak that is clearly seen in the
simulation at the wavelength of around 2 microns. Also, the experimental spectra represent the
specular reflectance, which does not contain the effects of solid diffraction angles and scattering.
These effects, however, are insignificant for the range of wavelength for which the antireflective

microstructures were designed.
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Fig. 5. Reflection spectra: Reflectance spectrum of surface imprinted with antireflective
microstructures (red), compared to that of bare AsySes surface (green), and a simulated
spectrum (blue) at an angle of (a) 11°, (b) 30°, (c) 40°. The inset shows the simulated and
measured spectra in the range of 5-10 um.

Finally, it is crucial to verify that the thermal imprinting of the surface does not produce the
unwanted deformation of the imprinted substrate. To that end, we characterized surface flatness
of both bare and imprinted As,Ses, using 3D laser scanner (Olympus, OLS5000, A=630nm),
and profilometer (Veeco Dektak Profilometer). The data is shown in Fig. 6. The profilometry
shows that a pristine As,Ses substrate has an initial bow of about 1.5 microns over 2 cm distance
(which spans over almost the entire diameter of 1”” sample), which likely stems from the shape of
the preform used in its production. On the other hand, an imprinted As,Ses substrate shows the
same bow level. Also, the 3D surface scanning of the bare and imprinted substrates shows very
similar levels of flatness, confirming that the demonstrated imprinting process does not produce
any deformation of the substrate. This critical feature of our imprinting process is achieved due
to the fact that the imprinting of a softened surface layer is done at a temperature significantly
lower than that of the Tg of bare As;Ses, preventing its deformation.

In summary, we have demonstrated a novel, robust and facile approach for the direct nano-
structuring of chalcogenide glasses. The ease of implementation of this approach stems from the
standard PDMS-based soft mold commonly used for soft imprinting. By exploiting a hybrid
mold version based on a hard imaging layer and soft support, we demonstrated that our approach
is feasible for producing features down to 20 nm. On the other hand, we also demonstrated the
fabrication of micron-scale features; therefore, this imprinting approach is highly versatile, it is
not limited to a specific range of feature size and pattern resolutions, and can thus be applied to
the fabrication of optical micro-/ nanostructures for a broad range of wavelengths, as well as a
myriad of micro-nano structures whose applications are beyond optics. The robustness and high
pattern fidelity of the demonstrated imprinting process are due to the softening of the surface
layer of the imprinted chalcogenide glass. Yet, this softening also allows to achieve the additional
important characteristic of this approach, which is the ability to imprint at a temperature below
the glass transition point of pristine chalcogenide glass thereby maintaining the original shape of
the directly imprinted substrate. Whereas previous methods of the direct imprint maintained
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Fig. 6. Flatness measurements: (a),(b) 2D laser interferometry scan of the backside of
the bare and imprinted As,Ses substrates, respectively, showing that the surface was not
deformed during the imprinting process; (c),(d) profilometry scans of bare and imprinted
AsySes substrates showing similar levels of flatness.

the shape of the substrate by either complicated mechanical fixtures or complicated structural
modification of the mold, our approach does so in a robust and straightforward way, without the
need for a special equipment or specialized processes of mold fabrication. Overall, our approach
is unique in its combination of three important features: (i) full pattern transfer for a broad range
of feature sizes and resolution, (ii) complete conservation of the original substrate shape, and (iii)
scalability and robustness of fabrication. As such, this paves the way to numerous applications
that require direct patterning of chalcogenide glasses that have not been realizable up to date.
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