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The fabrication of ideal optical components is a world-wide grand challenge facing us. Benefiting from the
unique thermoplastic nature, precision glass molding (PGM) is considered as a promising method for rapid and
precise fabrication of optical components. The success and proliferation of such methods critically rely on the
manufacturing of robust and durable master molds. Although silicon-based molds relying on photolithographic
forming are facile to manufacture, they are brittle and have limited longevity when used as the molds. To address
this challenge, here, we propose a hierarchical macro to nano mold preparation method based on the thermo-
plastic forming ability of metallic glasses (MGs), which excels in micro and nano scale fabrication. After sub-
sequently crystallizing the as-formed MG, we demonstrate that the crystalline MG is suitable as an excellent mold
for molding optical glasses with service temperature up to 600 °C. Using this ‘spawning’ process, several metallic
molds including macroscopic lens arrays, microscale gratings, and nano-lens arrays were successfully prepared,
respectively. The minimum feature size of the mold is 300 nm and the optimum surface roughness is 7.43 nm.
Correspondingly, we prepared hierarchical optical glass components with excellent optical properties using MG

as molds.

1. Introduction

In recent optical and biomedical industries, great demands of optical
components are in need, especially those with micro structure surface
that could yield new light functions [1-3]. Glasses and plastics are
commonly used substrate materials to fabricate such products. Owing to
the significant advantages on aspects of hardness, refractive index, light
permeability and environmental stability, glasses usually play irre-
placeable roles in the fields of aerospace and national defense which
requires high quality [4-7]. However, precision forming is still a huge
challenge for glass due to its high hardness and brittleness. Conventional
grinding and polishing are mature methods to prepare optical elements
of macro scale, on the down side, they are expensive, time consuming
and not capable for the micro/nano structure surface fabrication of
glasses [8-11]. Although sand blasting, photolithography, wet/dry
etching and micro cutting techniques have been developed to construct
micro/nano patterns on glasses, they are either of poor accuracy, low
efficiency or high cost, hence not appropriate for the massive production
of glass components [12-15]. Therefore, many researchers are

* Corresponding author.
E-mail address: majiang@szu.edu.cn (J. Ma).
1 These authors contributed equally to this work.

https://doi.org/10.1016/j.jnoncrysol.2022.121821

interested in the development of a new glass processing method.
Benefiting from the thermoplastic forming ability, precision glass
molding (PGM) is considered as a very promising approach to achieve
fast and precise fabrication of optical components. It has raised enor-
mous attention since proposed to produce precision optical elements
such as aspherical lenses, Fresnel lenses, diffractive optical elements
(DOEs), micro lens arrays and so on [16-21]. In the glass thermo
molding process, mold materials and mold fabrication stands as a
longstanding important issue to be satisfactorily solved. The mold ma-
terials are required to have superior high temperature strength as well as
harness, workability, stability, dimensional accuracy and low cost et al.
Generally speaking, hard materials such as silicon carbide (SiC), tung-
sten carbide (WC) and fused silica (SiO) are preferable mold materials.
Unfortunately, they are merely suitable for the macro scale continuous
mold surfaces, the case would be very difficult if one wants to generate
micro/nano structures on these materials [22]. Previous research pre-
liminary has demonstrated that the micro cutting of surface plating (e. g.
Ni-P or Ni-W coating) on stainless steel can be used for the glass com-
ponents molding with micro structures, however, the whole process is
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complex and not environmental friendly, more importantly, the endur-
able temperature of the mold is limited [21]. Apart from this, with the
rising requirements of optical components with higher quality, the
fabrication of small structures down to nano scale is the inevitable
tendency, and it should be noted that the glass molding on length scale
from several micro to nanometers is still a big challenge. Silicon (Si) is
another mold option for the micro even nano forming of glasses, un-
fortunately, due to the high susceptibility to wear and tear and severe
adhesion to glass in high temperature, Si mold is not suitable for PGM.
Hence, it is significant to find novel mold materials and techniques for
glass molding of micro and nano scale components.

Metallic glasses (MGs) are a class of metallic materials without long-
range ordering crystalline structures. The unique amorphous nature
endows them with ultrahigh strength and hardness, high wear and
corrosion resistances [23-25]. Interestingly, MGs can be thermoplasti-
cally formed like plastics in a temperature window known as the
supercooled liquid region (SLR) [26]. Benefitting from this window,
MGs can be easily formed into complex surface structures with
well-defined geometries on length scales ranging from macro-, micro-
and nano-scale [27-30]. The unique characteristics of MG can provide
an economical and convenient avenue for precision manufacturing of
embossing molds [31,32]. Unfortunately, the relatively low glass tran-
sition temperature (T,, generally lower than 400 °C) of MGs limits their
applicability to the molding of plastic polymers with similarly lower T
(generally lower than 200 °C) [33-36], while applications to the
molding of optical glasses with high Ty (>500 °C) have merely been
reported. In this work, based on the thermoplastic properties of MGs, we
developed a "crystallization after forming" strategy to achieve precision
fabrication of hierarchical glass molding molds from the macro to nano
scale. The obtained molds can endure high temperatures up to 600 °C,
which is suitable for the molding of most optical glasses. Our results
provide a fast and cost-efficient method for the mass production of op-
tical molds and throw light on the precision fabrication of nanoscale
glass optical devices.

2. Experimental
2.1. Materials & mold preparation

The Zrs5CuzgNisAl; g (at.%) MG was chosen for this study owing to its
excellent glass forming ability and thermoforming ability [37], which
ensure the retention of amorphous nature during the structure con-
struction process. The alloy ingots were prepared by arc melting a
mixture of elements with a purity at least 99.95% under a Ti-gettered
purified Ar atmosphere. To ensure a homogeneous composition, each
ingot was remelted five times. Afterwards, MG rods with a diameter of 5
mm were obtained by casting the melted alloy into a copper mold. The
tungsten carbide balls (WC-8 wt.% Co) with diameters of 5 mm and 1
mm, grating patterned Si templates with line width and depth of 10 um
and anodic aluminum oxide (AAO) plate with a pore size of ~300 nm
was purchased directly from commercial suppliers and act as precursor
molds to thermoform macro, micro and nano scale structure on the
surface of MGs, respectively. After that, the structured MG was fully
crystallized under high temperature above crystallization temperature
(Ty) for 30 min. Then, crystallized MG (CMG) was used as mold to
thermoform optical glasses. The optical glass, p-K59 (@5 mm, 2 mm
thick, CDGM Glass Co. Ltd., China) was chosen for this work, and the T,
is 497 °C and softening temperature (Ts) is 551 °C, respectively. Both MG
and glass billets were polished to an optical mirror surface with a
roughness of less than 5 nm prior to thermoforming.

2.2. Characterizations
The intrinsic structure of the as-cast, thermoformed and crystallized

MGs were ascertained by x-ray diffraction (XRD; Rigaku MiniFlex600)
with Cu Ka radiation and differential scanning calorimetry (DSC;
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Perkin-Elmer DSC-8000) at a heating rate of 20 °C/min. The high-
temperature contact angle (HCA) between mold materials and molten
glass was determined by a droplet shape analyzer (DSA100S, Kriiss,
Germany). The microscopic morphology of the precursor molds, MG
molds and the final obtained optical components were collected by a
scanning electron microscope (SEM; FEI QUANTA FEG 450) instrument.
The three-dimensional (3D) morphology and dimensional accuracy of
microscale molds as well as optical components were evaluated utilizing
white-light interfering profilometer (Bruker ContourGT-X 3D). The 3D
profiles of nanoscale molds and corresponding optical components were
measured using atomic force microscopy (AFM, OXFORD MFP-
3DInfinity). The transmittances of the bare and nanoimprinted glass
were measured and evaluated by adopting a commercial Fourier trans-
form spectrometer (Shimadzu UVmini-1280, Japan).

2.3. Experimental setup

The thermoplastic forming of CMG molds and optical glass compo-
nents was carried out on self-developed equipment (TM-YJ-03, ShenZ-
hen University, China). The equipment uses resistance heating, with a
maximum temperature of 1200 °C and an accuracy of +2 °C. The
pressure system is based on a closed-loop servo-cylinder output and is
available in the load range 0.2-30 kN, with an accuracy of 0.01 kN. The
ultimate vacuum of the equipment is 3 x 10-4 pa, the cooling method is
circulating water cooling, the control system is developed on the basis of
LabVIEW. The basic principle of the hierarchical press molding of op-
tical glasses using MG molds was schematically drawn in Fig. 1(a). First,
the precursor molds (WC balls, Si and AAO) and MG were sequentially
assembled in the vacuum cavity and then a pre-pressure of 0.05 kN was
applied. Subsequently, the cavity vacuum was pumped to 3 x 10~ Pa to
avoid oxidation of the molds and MG during the thermoplastic forming
process. Then the chamber was heated up to 450 °C at a heating rate of
50 °C/min. The structure would transfer from the precursor templates to
the MG with the application of certain force. The chamber was then
continued to be heated to 550 °C and held for 30 min to ensure con-
version of MG to CMG. After that, the CMG was used as the mold for the
press molding of optical glasses.

3. Result and discussions
3.1. Surface quality evaluation of thermoformed mg and cmg

Fig. 1(b) presents the DSC curve of the as-cast MG, the typical glass
transition phenomenon and exothermic crystallization peak can be
found in this curve, indicating that the T is about 420 °C and Ty is about
480 °C, respectively. The XRD patterns in Fig. 1(c) compare the nature of
MG and CMG. The typical crystal peaks can be found in the XRD pattern
of CMG, while the amorphous peak can be found in the MG sample,
reveals that the as-cast MG was fully amorphous nature and CMG was
completely crystallized. In addition, the characteristic temperature
point of CMG was also determined. Fig. 1(d) verifies the absence of
amorphous phase in CMG and shows that the melting temperature (Ty,)
of CMG is 720 °C, reveals that the prepared CMG molds can form glasses
with softening temperature higher than 600 °C.

The surface quality is a key concern for mold especially the optical
component mold. To evaluate the effect of crystallization treatment on
the surface roughness of MG, the polished Si wafers with a surface
roughness of less than 5 nm were used as a precursor mold to thermo-
form MG at a load of 1 kN. Then the white light interferometer was used
to characterize the surface quality of the thermoformed MG and corre-
sponding CMG. As shown in Fig. 1(e-f), the overall surface roughness of
MG obtained by hot pressing was 5.95 nm and the local roughness was
4.80 nm. The profiles in X and Y directions (see Fig. 1(g)) further
demonstrate the value. Subsequently, the surface quality of the same
area of the CMG corresponding to the MG was also evaluated. As pre-
sented in Fig. 1(h-j), the overall surface roughness of the CMG after
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Fig. 1. (a) Schematic diagram of hierarchical optical component fabrication. (b) DSC curve of ZrssCuzoNisAljo. (¢) XRD patterns of fully amorphous (MG) and
crystallized (CMG) ZrssCuzoNisAl;g. (d) DSC curve of CMG ZrssCusgNisAljg. (e-g) Surface roughness of the MG obtained by hot pressing. (h-j) Surface roughness

of CMG.

complete crystallization was 7.43 nm and the local roughness was 5.11
nm. It can be found that the surface roughness of CMG was merely
increased by 1~2 nm compared to MG when avoiding oxidation, which
is acceptable for the fabrication of optical molds.

3.2. Evaluation of adhesion of cmg mold to glasses

The phenomenon of glass-to-mold sticking is a major problem for
PGM. Glass forming molds and forming tools work in a high temperature
environment above 500 °C. The surface of the mold is highly vulnerable
to reaction and adhesion with chemically active softened glass, which

seriously depletes the life of the mold and damages the glass forming
quality [38]. Therefore, it is essential to evaluate the anti-adhesion of
CMG molds to glass at high temperatures. Measuring the
high-temperature contact angle (HCA) between the molten glass and the
mold is considered to be an intuitive and effective method [39-44]. In
the present work, the glasses and the mold materials to be evaluated
were heated to 700 °C in a vacuum environment and the contact be-
tween them is subsequently observed. Two other commonly used mold
materials (WC and Si wafer) were also selected for the high-temperature
wetting experiment for comparison. All mold materials were polished to
an optical mirror finish prior to HCA experiments. The contact state of
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the mold materials with the molten glass was recorded and shown in
Fig. 2(a-c), it can be found that CMG and WC exhibit a superior contact
state with the molten glass, while Si shows severe adhesion to the molten
glass. For a detailed comparison, the high-temperature contact angle
(HCA) between the mold materials and molten glass was measured.
According to Fig. 2(d-f), the HCA of CMG, WC and Si with molten glass
were about 153.8°, 145.3° and 122.7°, respectively. This means that
CMG exhibits even better glass adhesion resistance than the classic mold
material WC. It is worth mentioning that the glass can detach freely from
the CMG and WC after solidification, but adheres tightly to the Si wafer,
which is consistent with the results of high temperature wetting
experiments.

3.3. Preparation of multi-scale cmg molds and glass components

Tungsten carbide molds are widely used in PGM for macro glass parts
due to their outstanding serviceability and excellent anti-adhesive
properties with glasses [22]. However, with the dramatic increase in
demand for lightweight and miniaturization of optical parts, the appli-
cation of WC molds in glass molding is limited due to the extremely high
manufacturing cost of micro and nano features. Leveraging the ther-
moplastic nature of MGs, CMG molds can obviate the challenges of
micro and nano mold manufacturing. To verify the applicability,
multi-scale CMG molds from macro to nano scale were prepared by
thermoplastic forming. As shown in Fig. 3(a), a concave lens CMG mold
with an aperture of 3 mm was easily prepared using a 5 mm diameter
WC ball, one can find that the CMG mold possess obvious metallic luster.
Fig. 3(b) shows the details of its appearance, no obvious defects and
cracks can be observed. Furthermore, macroscopic lens array molds can
also be fabricated using a similar method. As presented in Fig. 3(c), a
macroscopic concave lens array CMG mold was prepared using multiple
WC balls of 1 mm diameter. To validate the feasibility of the prepared
CMG molds, optical glass (D-K59, Tg=497 °C, Ts=551 °C) was selected
for the PGM experiment. The corresponding single lens and lenses arrays
glass components were successfully prepared (see Fig. 3(d and f)). Fig. 3
(e) shows the lateral morphology of the glass lens in Fig. 3(d), and it can
be found that the lens is clearly spherical, which is consistent with the
characteristics of the WC ball.

Tungsten carbide and silicon carbide are considered to be excellent
mold materials, but the manufacturing challenges severely limit their

a b

CA=153.8° e
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application in the field of micro and nano PGM. We demonstrate that
CMG can be an excellent alternative material to solve the dilemma. To
validate this, a Si template with a grating pattern was chosen to prepare
the CMG mold. Fig. 3(g-i) present the morphology and dimensions of the
original Si template. The pitch and depth of the gratings are both 10 pm.
MG was converted into CMG after completing forming under a load of
0.5 kN. It can be found that the obtained CMG mold exactly replicates
the structure of the Si template (see Fig. 3(j)). By comparing Fig. 3(h)
and (k), we can find that the groove depth of the Si template is 8.82 pm,
while the groove depth of the replicated CMG mold is 8.81 pm, it means
that the replication accuracy of CMG can be as high as 99%. The com-
parison of the profile contours in Fig. 3(1) and (i) further demonstrates
the precision replication capability of CMG. It is clear that the CMG mold
is highly compatible with the structure of the Si template, which means
that precision structures on CMG molds can be obtained by simple
thermoforming instead of expensive special processing methods. Excit-
ingly, utilizing the obtained CMG molds, similar structures were suc-
cessfully prepared on optical glass. As shown in Fig. 3(m), a uniform and
smooth grating structure was constructed on the glass surface. One can
find that the line width of the raster on the glass is consistent with the
CMG mold, which indicates the high applicability of the CMG mold in
PGM. It is worth noting that the grating profile on the glass was curved
rather than rectangular (see Figs. (m-0)), which was obtained by
applying a tailored load. It means that glass grating components with
different radii of curvature can be prepared to match different applica-
tion scenarios, only by adjusting the load rather than replacing the
template.

The most problematic issue faced by conventional molding molds is
the preparation of nano-features. Excitingly, the proposed CMG mold
can facilitate the solution of this problem. To validate this, AAO tem-
plates with a pore size of about 300 nm were used to prepare CMG molds
with nano features. Fig. 4(a) shows the SEM morphology of the AAO
template with nanopore arrays, the corresponding stereomorphs were
determined by AFM and are shown in Fig. 4(b-c). By applying a pressure
of 1 kN to MG in the SLR, the nano-features on the AAO template were
successfully replicated. Subsequently, the MG was converted to CMG by
annealing. As shown in Fig. 4(d), CMG molds with nano-protrusion ar-
rays were successfully prepared. The AFM images in Figs. 4(e-f) further
illustrate the contours of the protrusions, we can find that they are ho-
mogeneous and no defects can be found. Eventually, the prepared nano-

CA=145.3° f CA=122.7°

Fig. 2. (a-c) The contact states of molten glass on polished CMG, WC, and Si, respectively. (d-f) The corresponding CA value of the molten glass.
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Fig. 3. (a) CMG mold of single lens. (b) SEM morphology corresponding to (a). (c) CMG mold lens array. (d) The glass component molded using the CMG mold in (a).
(e) Side view of (d). (f) The glass component molded using the CMG mold in (c). (g-i) Morphology and dimensions of Si template (j-1) Morphology and dimensions of
CMG molds prepared by Si template. (m-0) Morphology and dimensions of glass components prepared by CMG molds.

CMG mold was used to mold optical glasses to verify its usability. As
displayed in the Fig. 4(g), lenticular arrays with nano-features were
successfully prepared on optical glass. The AFM results in Fig. 4(h-i)
demonstrate the concave profile of optical glasses, which is consistent
with the profile of the AAO template. The successful preparation of
nano-lens arrays on glass surfaces demonstrates the high applicability of
the proposed CMG mold for nano-scale glass molding, which circum-
vents the fabrication challenges in conventional mold manufacturing
process and opens a window for glass processing at the nano-scale.
The proposed CMG is a fast and low-cost method for the preparation

of glass molding dies, which finds a convenient solution for the precision
fabrication of hierarchical glass components. To validate the availability
of this method, the properties of glass products prepared by CMG mold
molding are examined. It is known that grating diffracts light at a certain
angle according to the grating equation. When a compound light (such
as sunlight) is shone on a grating, each beam of the compound light will
separate in some direction, thus revealing a distinct grating pattern [45].
As shown in Fig. 5(a), the glass products (corresponding to Fig. 3(m-0))
molded from CMG molds exhibit color patterns visible to the eye, which
indicates that the grating patterns on the Si template were successfully
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Fig. 5. (a) The photographic of grating glass product. (b) Comparison of light
transmittance between nanostructured glass and bare glass. (c) A visualization
map of optical mold preparation technologies.

transferred to the glass surface. In addition, glass with nanostructures
shows better readability and light transmission than bare glass accord-
ing to previous reports [5,46]. In this work, the light transmission of the
glass products with nano-lens array (mentioned in Fig. 4 (g-i)) was
measured. As shown in Fig. 5(b), glasses with nanoarrays show a sig-
nificant increase in light transmission in the 200-1100 nm wavelength
band compared to bare glass. One can see the improvement of about
23% in the 200-300 nm band and about 8% in the 300-1100 nm band,
the results indicate that the use of the CMG mold to construct glass
products with nano features is reliable.

As an emerging cutting-edge metallic material, MG brings the dawn
of convenient precision manufacturing due to its unique superplasticity.
In this work, CMG molds were developed for the molding of optical glass
based on the superplasticity of MG. Compared to other mold preparation
technologies, such as LIGA, ultra-precision milling/polishing/grinding,
FIB machining, electrical discharge machining (EDM), laser machining,
laser direct writing, CMG method provides significant convenience and
cost-effectiveness. Surface roughness and minimum structure di-
mensions are two important considerations for mold preparation tech-
nology. The above two indicators of CMG method and other mentioned
mold preparation technologies were summarized (See Table 1). To
facilitate comparison, the visual mapping of surface roughness and
minimum structural dimensions based on typical mold manufacturing
technologies, including CMG method, was plotted. Different from other
preparation techniques, the preparation of CMG molds is based on the
thermoplastic forming of MG. Through thermoplastic molding, MG can
achieve atomic-level surface roughness [47] and structures with a
minimum feature size of 13 nm [28]. The optimal surface roughness of
the CMG mold prepared in this work is 7.43 nm, and the smallest lens
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Table 1
A summary of typical mold fabrication techniques.

Method Surface roughness Structure dimensions Refs.
(nm) (pm)

CMG 7.42 0.3 This

work

LIGA 1.23 100 [48]

6.61 300 [49]

0.95 36-96 [50]

4 62 [51]

Milling & polishing <10 20 [52]

3.2 11-39 [53]

<10 15 [54]

20 25 [55]

<10 10 [56]

2.3 <50 [57]

3 20-30 [58]

9 20-30 [59]

Grinding & polishing 18 5 x 10° [60]

5.7 <1 x10° [61]

<5 <1 x 10° [62]

30 1.5 x 10° [63]

15.2 1.3 x 10° [64]

7-23 5 x 10° [65]

FIB Machining 8 7 [66]

1.4 2.5-4.93 [67]

4.5 5 [68]

Electrical discharge 850 100 [69]

machining 196.6 700 [70]

1x10° 900 [71]

219 300 [72]

500 150 [73]

2 x 10° 5 x 10° [74]

Laser machining 700 200 [75]

500 300 [76]

9.5 20.5 [77]

16.3 2 [78]

80 500 [68]

Laser direct writing 27 25 [79]

20 5 [80]

size is about 300 nm. As presented in Fig. 5(c), CMG method shows
obvious advantages over other mold manufacturing technologies. This
means that CMG method not only provides convenience, but also offers
significant advantages in terms of manufacturing accuracy and mini-
mum structural dimensions. To sum up, we developed a potential
technique for the precise fabrication of nano-molds, which will advance
the massive application of multifunctional nano-optical glass devices.

4. Conclusions

In summary, this work proposed a CMG method for the precision
manufacturing of hierarchical optical molding molds. By using such
method, multi-scale molds include macro lens arrays, micro grating and
nano-lens arrays were successfully fabricated with reliable quality. The
optimum surface roughness of the CMG mold prepared in this work was
measured to be 7.43 nm, and the smallest lens size was about 300 nm.
Utilizing the developed CMG molds, the corresponding optical glass
components were prepared by PGM. The glass with grating exhibit color
patterns visible to the eye and glass with nanoarrays show a significant
increase of light transmission in the 200-1100 nm wavelength band
compared to bare glass. The light transmission increased by 23% in the
200-300 nm band and by 8% in the 300~1100 nm band. To sum up, our
results provide a fast and cost-efficient method for the mass production
of optical molds and throw light on the precision fabrication of nano-
scale optical devices.
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