Nanoscale optical features via hot-stamping of As,Se; glass
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ABSTRACT

Here we show our ability to fabricate two-dimensional (2D) gratings on chalcogenide glasses with peak-to-valley
amplitude of ~200 nm. The fabrication method relies on the thermal nano-imprinting of the glass substrate or film in
direct contact with a patterned stamp. Stamping experiments are carried out using a bench-top precision glass-molding
machine, both on As,Se; optically-polished bulk samples and thermally-evaporated thin films. The stamps consist of
silicon wafers patterned with sub-micron lithographically defined features. We demonstrate that the fabrication method
described here enables precise control of the glass’ viscosity, mitigates risks associated with internal structural damages
such as dewetting, or parasitic crystallization. The stamping fidelity as a function of the Time-Force-Temperature regime
is discussed, and further developments and potential applications are presented.
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1. INTRODUCTION

Surface nano-structuring, often referred to generally as nano-imprinting, offers endless possibilities for creating novel
devices, with applications spanning photonics, microelectronics, biosensors, and surface science. Photolithography and
related methods rely on a radiation source (UV, electron beam, X-ray or ions) to create a desired pattern onto a
photosensitive resist material previously coated to a substrate. These methods are well-established technologies for
prototyping, low-volume work and mask production but have yet to be demonstrated suitable for larger scale/area
applications. Typically, these approaches require large equipment and operating investment that strongly limit their
potential and make them incompatible with high-throughput roll-to-roll processing. Alternative strategies such as ink-jet
1 soft lithography !, or reaction-diffusion ! printing have been developed recently to increase manufacturing yield,
transfer fidelity and resolution while driving complexity and cost downward. While nanoimprint lithography (NIL) !
allows micrometer-scale and sub-hundred-nanometer resolution as well as 3D structure fabrication, translation to larger
areas is often limited by the ‘patterning’ process methodology.

Traditionally the basic NIL process is based on the use of thermoplastic or cross-linkable polymers that serve as ‘soft’
stamps that can deform and rigidify in the mold crevices and features. In the present effort we explored direct hard-
stamp nanoimprinting as a cost-effective patterning method for transferring complex nanometer-sized structures onto
chalcogenide glasses (ChGs). ChGs contain group VI chalcogen species sulfur (S), selenium (Se) and/or tellurium (Te),
with other group IV or V elements. These glasses have an infinitely large capacity for composition alloying with glass-
formers such as As, Sb, Ge or Ga, enabling large, continuous tuning of their thermo-mechanical and optical properties.
ChGs have been extensively studied due to their mid-infrared (MIR) transparency, optical non-linearity, photo-
sensitivity and phase-change ability " ® and within the past decade their use in bulk, planar and fiber optics has
expanded considerably as their design and processing flexibility for these forms has enabled use in a range of photonic
applications ”. Furthermore ChGs offer interesting properties exploitable for the collective management of photons for
photovoltaic applications. Their optical band gap energies, typically situated between 1.5 to 2.5 eV, and can be tuned to
match the weak absorption wavelength regimes of a-Si, c-Si, CIGS, CdTe, and organic solar materials. Unlike crystalline
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materials that exhibit abrupt viscosity changes at the melting point when heated, ChGs feature a smooth viscosity-
temperature curve, making them amenable to shaping, either in bulk, planar film or fiber form, or to solution-based
processing routes for large-area coating strategies ' 'l In addition it allows direct structure formation in glasses.
Fabrication of ChG optical components, such as waveguides and resonators, has been demonstrated by standard
photolithography '* '] e-beam patterning I'*!, solution-derived method "' or hot nanoimprint % '7,

Taking full advantage of these attractive attributes, we explored the feasibility of fabricating 2D symmetric and
asymmetric gratings on ChGs with nanoscale peak-to-valley amplitude. Based on its known thermal stability against
crystallization, we have selected for these experiments the canonical stoichiometric As,Se; compound (also referred to as
As40Seq, based on its relative mol fractional constituent level). Efforts to impose surface structure on the bulk forms of
this composition were carried out and then extended to thermally evaporated glass films. Here, the bulk glass or
deposited glass film is brought in contact with a patterned silicon wafer and held above its glass transition temperature
(T,) for a certain time-temperature regime under an applied load, so that the glass flow conforms to the shape of the
stamp pattern. A range of process parameters has been progressively refined leading towards conditions that yield good
transfer fidelity and post-stamped surface quality. The stamping fidelity is discussed and further developments are
presented.

2. METHOD

Nanoimprint experiments were carried out on bulk glass and thermally evaporated thin films using a research grade
precision glass-molding machine manufactured by Dyna Technologies Inc. (DTI’s GP-5000HT press). It is a bench-top
molding machine with the precision of a standalone-molding machine, which also possesses the flexibility, functionality
and control over process parameters needed for research and laboratory testing (Fig. 1a). Attributes of the system are
discussed elsewhere !'®.

The proposed single-step imprint process starts with the fabrication of the glass sample and stamps. The synthesis of the
bulk glass As,Se; was carried out by the co-fusion of the raw elements under vacuum in quartz reaction tubes. The melt
is rocked overnight above Ty, to ensure melt homogeneity and then rapidly quenched in air. All syntheses were carried
out using high-purity starting reagents (As: Alfa Aesar SN, Se: Alfa Aesar 5N). In order to investigate stamping fidelity,
we have carried out tests on the glass in bulk and in thin film forms (Fig. 1b). In the first case the glass rod is cut into a
disk of 10 mm diameter and 2 mm thickness with both faces parallels and optically polished. In the second case
powdered glass is deposited by thermal evaporation in a ~2.15 um-thick layer; the deposition substrate consist of 3"
silicon wafers coated with 3 pum thick thermal SiO,. Uniform thickness films with dense micro-structures free of defects
are obtained in this manner. Stamps are fabricated through gray-scale lithography to etch silicon wafers with a KOH
solution to engrave parallel grooves of various widths and heights.

For each test, the glass film and stamp are inserted in the DTI press and subjected to a Force-Temperature-Time profile
schematically depicted in Fig. 1c. The first stage, or heating stage, involves heating the glass sample at the temperature
of stamping (1. Tsamping), With Tsumping higher than the glass transition temperature of the glass (T as2se3 = 190 °C), so that
it becomes less viscous. Heating rates during this stage range from 50-75 °C per minute. During the second stage
(soaking), the glass sample is held at a constant force (2. Fyaxing) for a set time (3. tiuaking), and allowed to thermally
equilibrate. The third stage involves applying a pressing force (4. Fyamping) to the glass sample for a few minutes (5.
tsiamping)s Which conforms the sample to the shape of the adjacent mold surfaces. It is assumed at this stage that the glass
is fluid enough at the equilibrating ‘soak’ temperature that the applied load causes the material to flow and conform to
the shape of the stamp pattern. Optimum press conditions required to define conditions of glass flow are guided by prior
knowledge of the base glass’ viscosity temperature behavior ['”). The final stage is the cooling stage, in which the sample
is brought back to room temperature.
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Fig. 1. Hot-stamping on As;Se; glass (a) DTI press (b) schematic representation of the experiment (¢) Force-Temperature-Time
profile

Post-stamping, the glass surface is inspected to evaluate surface quality and stamping fidelity. The surfaces of the glass
film and stamp are optically interrogated to estimate the glass area impacted by the stamping, and to detect evidence of
incomplete stamp/surface contact and/or possible dewetting. Non-contact white light interferometric microscopy (Zygo
Corp. model NewView 6300) is used to assess large-scale roughness measurement and estimation of film thickness
uniformity. In order to assess imprinted feature’s peak height and width, stamped bulk samples were examined using
scanning electron microscope (SEM; Hitachi model S3400 SEM). Each sample was coated with a thin conductive
platinum layer (~500 nm) to enable viewing.

3. RESULTS AND DISCUSSION

The stamping of the As,Se; glass bulk is schematically depicted in Fig. 2a. The stamp consists of a silicon wafer
(~8x8mm”) engraved with parallel grooves of 2.50 um in depth and of groove widths spanning 5, 7, 10, 15, 20 and 30
pum. Depicted in Fig. 2b is the SEM micrograph of the stamped sample (process parameters: Fyoaxing = 0 1bs (0 N), teoaking
=5 mins, Tsamping = 210 °C, Fyamping = 25 1bs (111 N), teamping = 3 mins). No evidence of crystallization at the surface of
the glass is observed after nanoimprinting. When compared with pre-stamping surface topology (panel (a)), the SEM
micrograph on Fig. 3b reveals that the stamping process allows the wafer’s features to be transferred onto the whole
surface of the glass.

(a)

(J] As,Se, bulk post-stamping
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Width: 5, 7, 10, 15, 20, 30 um
Depth: 2.50 um

4

Fig. 2. NIL on As,Ses bulk glass (2-mm thick, 10-mm diameter) (a) Scheme of the experiment; optical micrographs of the stamp
(grooves width: 5, 7, 10, 15, 20, 30 pm, depth: 2.50 um) and of the glass before stamping (b) SEM micrograph of the glass post-
stamping.
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Result of interferometric microscopy is shown on Fig. 3. As illustrated in Fig. 3a, the dimension of the glass features is
in good agreement with the dimension of the largest grooves (height ~2.50 um and width ~20 and 30 um). The peak-to-
valley profile across a diagonal line (Fig. 3b) shows good consistency of the peak height at 2.50 um. However we note
that the transfer of the thinner grooves (5 and 7 um) is incomplete. The explanation of this result remains, to this date,
speculative but we assume that the glass fluidity is not sufficiently high at the equilibrating ‘soak’ temperature to cause
the material to flow and conform to the shape of the stamp pattern. Alternatively, or in conjunction, we believe it can be
due to post-stamping thermal and/or mechanical shocks weakening the thin stretches of glass.

We have demonstrated here our ability to imprint straight lines with a dimension of several microns wide and 2.5
microns high on As,Se; bulk material. Yet thin film configuration with gratings having dimension in sub-micron scale
might be more suitable for device integration such as solar cells. Following experiments on bulk samples, we have
conducted hard stamping test on As,Ses; glass thin films. The scheme of the experiment and process parameters are
shown in Fig. 3. The stamp is made of a silicon wafer (~8x8mm?) engraved with parallel grooves of ~0.20 pm in depth
and width (Fig. 3a).

H~2.50 um
W*~30 um

Fig. 3. NIL on As;Se; bulk glass (a) SEM micrograph and peak-to-valley profile of 20 and 30 um grooves (b) Top-view and peak-to-
valley profile across one specific line

Summarized in Fig. 3b the process parameters and experimental outputs for four samples (noted ‘a’ to ‘d’ respectively).
The soaking force and time are set at 0 1bs and 5 minutes respectively, and the stamping temperature at 235 °C. The
stamping force Fyamping ranges 20 to 30 Ibs (89 to 133 N) and the stamping time 1.5 or 2 mins. Very low-quality transfer
fidelity is achieved for samples ‘a’, ‘c’ and ‘d’; dewetted patches are observed on these samples and the glassy features
reache only a fraction of the groove’s depth.
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W~0.20 ym, H~0.20um

(b) Process parameters Output

. Soaking Stamping (T = 235 °C) Dewetting | Peak/Valley
F(lbs) | t(mns) F(lbs) t(mns)
a B 5 25 15 | yes >50 nm
As.Se. 2.15 um b 0 5 30 5 | no ~250 nm
c BB 5 20 455 yes >50 nm

Fig. 4. NIL on As,Ses thin film (2.15 pm in thickness) (a) Scheme of the experiment; SEM micrograph of V-grooves etched on Si
wafers using KOH and peak-to-valley profile (V-grooves depth and width 0.20 um) (b) Process parameters and stamping output for
four samples

(a) ELY

Fig. 5. NIL on As;Se; thin film (a) 3D view (b) top-view and peak-to-valley profile across one specific line

Best transfer is obtained for the sample ‘b’ (Fig. 5) with Fyoq = 30 Ibs (139 N), tyamp = 1.5 mins. As can be seen no
evidence of dewetting is observed. The height of the glass features, ~250 nm, is in relatively good agreement with the
expected groove depths (~200 nm) at the surface of the Si wafer. Furthermore the peak-to-valley values of the glassy
features are very homogenous across the film.

We have aimed at unraveling how process parameters used during the stamping cycle impact the final, post-pressed
quality of an As,Se; glass surface. Further developments are in progress to mitigate risks associated with nanoimprint
development, such as issues with integrity of the shape, dewetting, crossed-contamination or parasitic crystallization.
The basic NIL process is based on the physical deformation of a thermo-viscous material under applied pressure and at
elevated temperatures. The processing temperature we used for imprinting As,Se; glass is 210 °C in bulk form and 235
°C in thin film form; this difference is due to the strong adhesion of the glass on the silica wafer, which necessitates an
increase in the stamping temperature. Temperatures at this point remained suitably high to enable flow, without
approaching the temperature at which glass volatilization takes place. Yet, as part of the drive to understand the effect of
pressing parameters on feature transfer and to reduce the overall energy-time stamping budget, it will be of interest for
future process development to reduce the viscosity of the grating glass material. Already, preliminary soft stamp
experiments on the AsySesgy glass (T, = 109 °C) show that this composition can be pressed at temperatures in the 100-
140°C range. Lower fabrication and processing temperatures along with a marked decrease in dimensionality and
connectivity in the glass network should result in a glass that is “easier” to press.
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Though glass thermal properties may vary, it is reasonable to expect that the same areas will prove similarly challenging
in all cases. A non-trivial consideration not largely examined in this initial part of our study relates to the fact that
despite being compositionally identical to the parent bulk glass material, it is well known from prior studies in our group
on bulk-film glass structural differences *”), that the glass network of the evaporated films are not identical to the parent
glass. Hence, use of identical processing conditions are not expected to yield identical post-pressed surface behavior. For
this reason development of pressing and post-press measurement techniques will continue with special attention paid to
refine the time-force-temperature regime to precisely control the thermo-viscosity behavior of the glass in its appropriate
film state. Additionally, we will elucidate how the geometry of the grooves can correlate, at constant stamping regime, to
the resulting stamp feature uniformity. These results will be compared and evaluated using Computational Fluid
Dynamic (CFD) methods being currently refined, with the process parameters being used as inputs for modeling of these
efforts. Finally this refinement will involve the mapping of glass surface features with higher resolution methods, such as
atomic force microscopy.

4. CONCLUSION

This study investigates the use of hard, hot-stamping of ChG bulk and thin films. We have demonstrated our ability to
transfer features with sub-micron resolution onto As,Se; glass bulk and thin films. Expertise and know-how will be
extremely valuable to further optimize nanoimprint patterning of thermo-viscous ChGs for application where stable,
complex, large-area features are targeted. Specifically it will allow addressing the efficiency limit and high fabrication
cost of current light trapping methods by developing novel low-symmetry gratings for next-generation thin photovoltaic
cells. Other complimentary efforts to this work *!! aim towards extension of these findings, towards the integration of
stamped ChG structures to other photonic device structures on traditional and other, novel substrate platforms.
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