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a b s t r a c t 

Glass microlens arrays (MLAs) offer flexible designability and superior light modulation capability, mak- 

ing them essential in optical communication, sensing, and imaging. Glass compression molding (GCM) 

using metallic molds is regarded as one of the most promising methods for the mass production of glass 

MLAs elements. However, a significant challenge lies in fabricating fine micro- and even nanostructures 

on the surfaces of metallic molds for GCM. To overcome this limitation, we developed a non-mechanical 

method that exploits the unique thermoplastic forming properties of metallic glasses (MGs). Lens arrays 

with structural features of 75 μm and 400 nm were successfully fabricated on the Zr-based MGs. The 

molded MGs were subsequently subjected to full crystallization and coated with an amorphous Ir-Ni- 

Ta-Nb film. This ‘spawning’ process yielded metallic molds suitable for the GCM process. The resulting 

molds demonstrated excellent anti-adhesion performance and high-temperature durability, with a sur- 

face roughness of only about 4.6 nm, and no deterioration after 30 molding cycles at 620 °C. Using these 

molds, corresponding glass elements were replicated with high fidelity, and their reliable imaging and 

focusing performance was validated. Overall, we present a convenient and promising strategy for the 

high-volume fabrication of precision glass elements. 

© 2025 Published by Elsevier Ltd on behalf of The editorial office of Journal of Materials Science & 

Technology. 
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. Introduction 

Glass microlens arrays (MLAs) are known for their wide field 

f view and infinite depth of field, exhibiting great application 

n imaging, beam shaping, display technologies, and optical com- 

unication [ 1–5 ]. In modern optical industries, there is a press- 

ng need for fabricating optical elements with precise structure, 

ersatile functions, and superior performance. The journal Science 

as listed “whether a perfect optical lens can be manufactured”

s one of the 125 greatest scientific challenges today [ 6 ]. To date,

ow to manufacture micro- to nanoscale glass lens arrays with 

arge-scale, high-precision, and low-cost, remains a hot and sig- 

ificant topic [ 7 ]. Although advanced fabrication techniques such 
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s plasma etching [ 8 ], micro-milling [ 9 ], focused ion beam (FIB)

illing [ 10 ], and laser-assisted micro-machining [ 11 ] have enabled 

he formation of micro- and nano-scale lens arrays on glass, these 

ethods are costly, labor-intensive, and unsuitable for mass pro- 

uction. Fortunately, glass compression molding (GCM) enables the 

recise replication of micro- and nanostructured arrays from molds 

nto glass, characterized by high precision, enhanced manufactur- 

ng efficiency, excellent structural uniformity, and significantly re- 

uced production costs, thus becoming a highly promising solu- 

ion [ 12–15 ]. For example, G. Yang [ 16 ], K. Li [ 17 ], and F. Gong

 18 ] successfully fabricated lens arrays with unit sizes of 60 μm, 

0 μm, and 430 nm on glass surfaces using GCM, respectively. 

hey found that increasing temperature and extending holding 

ime significantly improved the filling ratio and shape accuracy 

f the lenses. Pressure also showed some effect, but its influence 

iminished at higher temperatures. Notably, constructing precise 

icro- and nanoscale optical structures on the mold surface is es- 
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ential to the GCM process [ 19 ]. Metallic and ceramic materials 

re typical mold materials, including die steels [ 20 ], cemented car- 

ides [ 21 ], WC [ 22 ], SiC [ 23 ], and sapphire [ 24 ]. The fabrication of

hese molds demands high-precision machining techniques, such 

s precision grinding [ 25 ], integrated micro-cutting and etching 

 26 ], femtosecond laser machining [ 27 ], and single-point diamond 

urning [ 28 ]. However, when structural dimensions fall below the 

undred-micrometer scale or reach the nanometer scale, the high 

ardness and brittleness of these materials pose significant chal- 

enges to existing mold fabrication technologies. Utilizing single- 

rystal silicon (Si) templates fabricated by etching [ 29 ] and anodic 

luminum oxide (AAO) templates prepared by anodization [ 30 ] en- 

bles the fabrication of structures at the hundred-nanometer scale 

r even smaller. Despite their advantages, these materials suffer 

rom severe adhesion to glass at high temperatures, and their ser- 

ice life is limited to only a few cycles or even a single use. There-

ore, developing new mold material and technologies for fabricat- 

ng micro- and nano-lens arrays via GCM is of paramount impor- 

ance. 

Metallic glasses (MGs), also known as amorphous alloys, are 

 class of advanced metallic materials characterized by a long- 

ange disordered and short-range ordered atomic structure [ 31–

3 ]. Their special microstructure imparts unique thermoplastic 

roperties distinct from crystalline alloys [ 34–38 ]. As the temper- 

ture rises into the supercooled liquid region (SLR, between the 

lass transition temperature Tg and the crystallization tempera- 

ure Tx ), the viscosity of MGs decreases by orders of magnitude 

ith rising temperature [ 39 ]. Leveraging such property, MGs can 

e thermoplastically deformed into arrayed structures spanning 

rom the macroscopic to the micro- and nano-scales [ 40–42 ], and 

chieve atomic-level surface roughness (Sa) [ 43 ]. It indicates that 

Gs can serve as highly promising cross-scale GCM mold materi- 

ls, with fabricated glass elements potentially achieving extremely 

ow Sa and thus improved optical performance. Currently, the pri- 

ary obstacle is the mismatch in the Tg between the MG molds 

nd the glass materials. The Tg of oxide glass materials usually ex- 

eeds 500 °C [ 44 , 45 ], whereas that of MGs generally falls below

00 °C [ 46–48 ]. Moreover, similar to other mold materials, MGs 

xhibit serious adhesion to glass at high temperatures [ 45 , 49 ]. As

 result, their direct application in the GCM process has not yet 

een reported. 

Constructing protective coatings on the mold surfaces has 

roven effective in improving high-temperature durability and 

nti-adhesion. Conventional noble metal coatings, such as Pt-Ir 

 50 ] and Ir- Re [ 44 ], exhibit excellent anti-adhesion properties but

re rarely used in engineering fields due to their high cost. In con- 

rast, hard nitride coatings such as TaN [ 51 ], CrN [ 52 ], and AlCrN

 53 ] offer an optimal balance between cost and functionality. How- 

ver, several significant challenges remain for these coatings, par- 

icularly concerning precise composition design and the suppres- 

ion of oxidation-induced degradation. Diamond-like carbon (DLC) 

lms have attracted considerable attention due to their exceptional 

anomechanical properties and lubricating performance [ 54 ]. Nev- 

rtheless, their limited thermal stability leads to graphitization 

uring high-temperature molding processes, resulting in prema- 

ure coating peeling failure. Although α-Al2 O3 coatings can achieve 

nti-adhesion with both crown glass and chalcogenide glass [ 45 ], 

heir large grain size results in Ra of up to 100 nm, necessitating 

ost-processing by ultra-precision grinding. Moreover, these coat- 

ngs are usually susceptible to oxidation, poor wear resistance, or 

eak adhesion to the substrate during use, ultimately compromis- 

ng mold reliability [ 14 , 55 , 56 ]. Thus, there is an urgent need for

he development of new coatings and supporting strategies. 

In this study, we developed an efficient strategy for fabri- 

ating micro/nano lens arrays of metallic molds with excellent 

igh-temperature durability and anti-adhesion. The strategy lever- 
231
ges the superior thermoplastic forming properties of conven- 

ional MGs and a novel amorphous Ir-Ni-Ta-Nb protective coat- 

ng. First, leveraging the excellent thermoplastic forming ability 

f Zr-based MGs, lens arrays with unit structure sizes of 75 μm 

nd 400 nm were fabricated on their surface. The molded MGs 

ere then annealed to a full crystalline state and coated with 

n amorphous Ir-Ni-Ta-Nb film, resulting in cross-scale crystallized 

G (CMG) metallic molds suitable for the GCM process. With a Sa 

f approximately 4.6 nm, the CMG metallic mold exhibits excel- 

ent surface quality. In addition, the Ir-Ni-Ta-Nb coating not only 

emonstrates excellent anti-adhesion properties but also exhibits 

 strong adhesion force to the substrate. At 620 °C, the mold un- 

erwent 30 molding cycles without any coating peeling or glass 

esidue, further confirming its exceptional high-temperature dura- 

ility and anti-adhesion. The reliable optical performance of the 

abricated glass elements was ultimately verified through imag- 

ng and focusing experiments. This study provides a convenient 

nd efficient approach for fabricating micro/nano lens array molds, 

aving the way for the mass production of high–precision glass 

lements. 

. Experimental procedures 

.1. Materials preparation 

Given the superior thermoplastic forming capability and wide 

LR, the Zr-based MG Zr55 Cu30 Ni5 Al10 (at. %) was selected for 

etallic mold fabrication. The reported Tg and Tx of the Zr-based 

G are 411.8 and 491.8 °C, respectively [ 35 ]. The synthesized Zr- 

ased MG was cut into circular blocks with a diameter of 10 mm. 

hese blocks were polished using sandpaper and inlaid polishing 

echniques to produce a flat, mirror-like surface free of scratches. 

ollowing polishing, the physical, morphological, and roughness 

haracteristics were determined, and are shown in Fig. S1(a–c) in 

upplementary Materials, respectively. The roughness of the blocks 

as measured to be 2.32 nm, providing a solid basis for mold qual- 

ty. The Ir-Ni-Ta-Nb MG targets were rectangular blocks, measuring 

2 mm in length and 9 mm in width. Both X-ray diffraction (XRD) 

atterns of the Zr-based MG as well as XRD patterns of the target 

nd the physical image after coating are shown in Fig. S2(a) and 

b), respectively. The XRD patterns exhibit broad diffraction peaks, 

onfirming that both materials are amorphous. Microlens Si tem- 

lates and AAO templates were purchased from Suzhou Youzhong 

icro-Nano and Shenzhen TopMembranes Technology Co., Ltd., re- 

pectively. The Si template was prepared by photolithographic re- 

ow and etching, and the dual-channel porous AAO template was 

abricated using a two-step anodization process. Fig. 1 (a) shows 

he scanning electron microscope (SEM) image of the Si template, 

evealing a clean surface uniformly covered with microlenses of 

pproximately 75 μm in diameter. The Sa results for the Si tem- 

late, shown in Fig. 1 (b) and (c), correspond to the areas marked 

1 (microlens top) and R2 (platform), with Sa values of 241.8 and 

87.5 pm, respectively. The excellent surface quality provides a 

olid foundation for the subsequent mold fabrication. The three- 

imensional (3D) image of the Si template ( Fig. 1 (d)) indicates 

hat the microlens structures protrude to a height of approximately 

5 μm. The top-view ( Fig. 1 (e)) and cross-sectional ( Fig. 1 (f)) SEM

mages of the AAO template reveal uniformly distributed internal 

hannels with diameters of approximately 300 nm. In addition, op- 

ical glass (model d -K9, Ø9 mm, 2 mm thick) with a Tg of 497 °C
nd a softening temperature ( Ts ) of 551 °C was purchased from 

DGM Glass Co., Ltd., Chengdu (China). The main component of 

he d -K9 glass was silicon dioxide (SiO2 ), with minor amounts of 

, Ba, Na, and K [ 18 ]. 
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Fig. 1. Morphological characterization of precursors. (a) The SEM morphology of the Si template. (b) and (c) Roughness results for areas marked R1 and R2 in (a). (d) 3D 

structural reconfiguration diagram of the lens cell in the Si template. (e) and (f) Top-view and cross-sectional SEM images of the AAO template. 

Fig. 2. Historical curve of temperature and pressure during the preparation of CMG molds with MLAs structures and glass MLAs. 
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.2. Thermoplastic forming and coating 

The MG and glass were shaped by thermoplastic forming using 

 high-vacuum MG thermoplastic forming unit (TM-YJ-03, Shen- 

hen University, China), which was independently developed and 

ssembled by our research group. Both CMG molds with MLAs 

tructures and glass MLAs were successfully prepared. Detailed 

emperature versus pressure history curves are shown in Fig. 2 . 

he Zr-based MG was pre-pressed to 0.2 kN at room temperature 

RT) and heated to 470 °C at 50 °C/min. A pressure of 0.4 kN was

hen applied and maintained, and the temperature was increased 

o 550 °C and held for 5 min to ensure full forming and crystal- 

ization. During the cooling stage, the pressure was applied until 

eaching 450 °C. The sample was cooled to RT, which completed 

he demolding process. In the preparation of the glass MLAs, the 

lass sample was heated to 620 °C at 50 °C/min, held for 1 min,

nd then cooled to RT. A pressure of 0.2 kN was applied from the 

ommencement of heating to sample cooling to 400 °C. Following 

he thermoplastic forming, the samples were placed in a beaker 

lled with alcohol and subjected to vibrational demolding using 

n ultrasonic cleaner to generate the glass MLAs. The procedures 

sed in the preparation of the CMG molds and the glass elements 

ith a nano lens arrays (NLAs) structure were similar to the meth- 
232
ds described above, with two differences during the CMG mold 

reparation. The applied pressure was 20 kN, with the inclusion 

f an additional chemical corrosion step, where the CMG molds 

ere immersed in 1 mol/L NaOH solution to facilitate demolding. 

he Ir-Ni-Ta-Nb films were deposited on the CMG molds by pulsed 

aser deposition (PLD), using a PLD450 unit (Shenyang Scientific In- 

trument, Chinese Academy of Sciences). The laser emitted single 

ulses with an energy of approximately 500 mJ at a frequency of 

 Hz, for a deposition process time of 6 h. The DLC coating was 

eposited using a multifunctional vacuum composite coating sys- 

em (PVD 75/90, Shenyang Weilide Vacuum Technology Co., Ltd.) 

t 170 °C in an argon atmosphere, with a pressure of 0.2 Pa, a 

urrent of 2.0 A, a bias voltage of −100 V, and a deposition time 

f 30 min. 

.3. Characterization of multi-scale structures 

X-ray diffraction analysis (Rigaku MiniFlex600) was conducted 

o determine the amorphous or crystalline character of the Zr- 

ased MG, Ir-based MG, and CMG. The phase structure of the 

eposited Ir-Ni-Ta-Nb films was confirmed by grazing incidence 

RD (GIXRD, Rigaku Smartlab, Japan) using Cu K α radiation. All 

he XRD analyses were conducted at a scanning rate of 2 °/min 
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Fig. 3. Structural characterization of MLAs samples. (a) The schematic diagram for the preparation of metallic MLAs mold and glass MLAs. (b) The SEM morphology of 

CMG mold before coating. (c) The SEM morphology in backscattering mode of the metallic MLAs molds. (d) The SEM morphology of the glass MLAs. (e) 3D structural 

reconfiguration diagram of the lens cell in the CMG mold. (f) EDS results corresponding to (b). (g) Reconfiguration of 3D structure in lens units of glass MLAs. (h) Profile 

curves of lens units for Si templates, metallic MLAs molds, and glass MLAs. (i) and (j) Roughness of surfaces in the R1 and R2 regions. 
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ver a 20 °–80 ° 2 θ range. Differential scanning calorimetry (DSC; 

erkin-Elmer DSC-80 0 0) was carried out in an argon atmosphere 

t 20 K/min to determine the characteristic Tg and Tx of Ir-based 

G and the melting temperature ( Tm 

) for CMG. Sample surface 

orphology and elemental distribution were evaluated by field- 

mission SEM (FEI QUANTA FEG 450). Transmission electron mi- 

roscopy (TEM) measurements were made using a JEM-2100F unit 

JEOL Ltd.) to determine film bonding to the substrate and atomic 

tructure; samples were prepared using an FEI Scios SEM/FIB dual- 

eam system. The coefficient of thermal expansion (CTE) for CMG 
233
nd Ir-based MG was measured from 20 to 800 °C using a thermo- 

echanical analyzer (402 F3, NETZSCH, Germany) at a heating rate 

f 5 °C/min and a high-purity nitrogen atmosphere. Sample surface 

orphology and roughness were evaluated using an atomic force 

icroscope (AFM, Bruker Dimension Icon, Germany). The hardness 

nd modulus of the CMG and metallic mold surfaces were mea- 

ured by nanoindentation (TI950, Hysitron). The adhesion force of 

he Ir-Ni-Ta-Nb and DLC films with respect to the CMG substrates 

as measured using a nano-scratch instrument (Klaimicro, USA) 

quipped with a diamond tip with a diameter of approximately 
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Fig. 4. Morphological characterization of CMG molds with MLAs structures fabri- 

cated under varying pressures. (a) 3D reconstructions of lens units on CMG MLAs 

molds fabricated under 0.2 and 0.6 kN pressures. (b) Profile curves of lens units on 

CMG MLAs molds fabricated under applied pressures of 0.2 and 0.6 kN. 
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 μm. Samples containing lens structures underwent a 3D struc- 

ural reorganization using an Olympus laser confocal microscope 

LEXT OLS 4500, Japan), and the profile curves were recorded. The 

lemental and chemical composition of the DLC coatings were ana- 

yzed by X-ray photoelectron spectroscopy (XPS; Thermo Scientific, 

SA) using Al K α X-rays (characteristic energy: 1.4867 keV). 

. Results and discussion 

.1. Fabrication and morphology of the metallic MLAs mold 

The schematic representation in Fig. 3 (a) illustrates the process 

f “MLAs on glass” preparation using MG, which involves three 

teps. Firstly, the Zr-based MG is heated to the SLR in a vacuum 

hamber, pressurized to replicate the microlens structure from the 

i template, and crystallized to obtain the CMG molds. Secondly, 

he Ir-Ni-Ta-Nb MG is used as the target, and the CMG molds are 

oated using PLD technology to obtain the anti-adhesive metallic 

LAs molds. Thirdly, the d -K9 glass is positioned above the metal- 

ic MLAs molds and subjected to heating and pressurization in the 

acuum chamber to complete the fabrication of the glass MLAs. 

The morphology of the CMG mold is illustrated by the SEM im- 

ge shown in Fig. 3 (b) and representative low-magnification im- 

ges are presented in Fig. S3(a). It can be seen that the lens units

re uniformly distributed in 50 μm intervals, with no evidence of 

i template residues or impurities. The morphology of the metal- 

ic MLAs molds was analyzed using SEM in backscattering mode, 

s shown in Fig. 3 (c), and the corresponding energy disperse spec- 

roscopy (EDS) results are presented in Fig. 3 (f). Fig. S4(a) shows 

he physical image of the metallic MLAs molds with a diameter of 

0 mm. No coating loss and localized presence of excess droplet- 

ike material were observed in this SEM result. Additionally, the 

DS results establish a uniform distribution of Ir, Ni, Ta, and Nb 

ithout any evidence of element segregation. These results con- 

rm that the surface of each lens unit in the CMG mold is coated 

ith an Ir-Ni-Ta-Nb film. The DSC results (Fig. S5) have estab- 

ished the Tm 

for Zr-based CMG (840 °C), and the Tg (830 °C) and 

x (948 °C) of Ir-Ni-Ta-Nb. Thus, it is confirmed that the metal- 

ic molds prepared in this work do not deform at temperatures 

round 800 °C. Both physical and SEM images of the fabricated 

 mm diameter glass MLA samples are shown in Figs. S4(b) and 

(d), respectively, with the lower magnification SEM images given 

n Fig. S3(b). The SEM images of the glass MLAs reveal a uniform 

istribution of the lens units with no detectable impurities, adhe- 

ion components, or structural defects, proving the anti-adhesive 

haracteristic of the Ir-Ni-Ta-Nb coating. 

The application of laser confocal microscopy served to charac- 

erize the 3D structural reconstruction of the lens units in the CMG 

olds and glass MLAs, as shown in Fig. 3 (e) and (g). Colors in the

econstructed 3D image correspond to different heights. It can be 

een that the convex microlens structure in the Si template be- 

omes concave when copied into the CMG, and reverts to con- 

ex when replicated into the glass. The profile curves for the lens 

nits from the Si template, metallic MLAs molds, and glass MLAs 

re shown in Fig. 3 (h). The results reveal a lens height of 25 μm

nd a width of 75 μm, where the profile curves are nearly identi- 

al. Based on the profile curve of the lens unit, the morphological 

eviation curve was generated, as shown in Fig. S6. The peak-to- 

alley (PV) between the metallic MLAs mold and the glass MLAs is 

pproximately 60 nm, which is within the acceptable PV error of 

36 nm for typical microlens arrays [ 16 ]. The area shown in pink

epresents the main region of the lens unit used for optical imag- 

ng Fig. 3 (h). The low Sa is essential for enhanced imaging quality. 

nalysis by AFM was performed on the areas marked as R1 and R2 

n Fig. 3 (c) and (d). The results are shown in Fig. 3 (i) and (j). The Sa

ssociated with R1 and R2 are 4.13 and 3.71 nm, respectively, sat- 
234
sfying the optical imaging requirement (Sa < 10 nm). The rough- 

ess results of the unstructured regions marked as S1 , S2 , and S3 

re shown in Fig. S7(a–c), respectively, with associated Sa values of 

.07, 4.74, and 4.58 nm. 

The above-mentioned results have established a successful uti- 

ization of the thermoplastic forming property of Zr-based MG 

ombined with novel Ir-Ni-Ta-Nb coatings to fabricate high-quality 

etallic molds with low roughness and anti-adhesive properties. 

his strategy can serve to improve the processing efficiency and 

uality of metallic molds for GCM with lower manufacturing costs. 

urthermore, the forming quality of CMG MLAs molds under dif- 

erent pressures was examined. Fig. 4 (a) shows the 3D structures 

f CMG MLAs molds fabricated at 0.2 and 0.6 kN, respectively, in- 

icating that concave MLAs are successfully replicated under both 

onditions. However, there are some differences in the colors of 

he 3D structural images, indicating inconsistent heights following 

olding. Here, we extracted the associated profile curves of both, 

hich are shown in Fig. 4 (b). From the profile curves, well-formed 

urfaces were observed at both 0.2 and 0.6 kN, which confirms 

hat the MG can readily mold microlens structures at this scale. It 

hould be noted that the height at 0.2 kN is approximately 23 μm, 

ower than that of the Si template, which may be due to insuffi- 

ient pressure. In contrast, the height at 0.6 kN reaches approxi- 

ately 26 μm, exceeding the template height, which can be at- 

ributed to excessive pressure. Combining these data again demon- 

trates that 0.4 kN is a relatively optimal parameter. 

.2. Mechanical properties of Ir-Ni-Ta-Nb coatings 

The strength of the bond between the coating and substrate is 

ritical for practical applications, as it determines the service life 

f the coating and directly affects its reliability and durability in 

omplex environments. The TEM image presented in Fig. 5 (a) and 

DS maps ( Fig. 5 (b)) serve to characterize the structure and com- 

ositional distribution of the metallic MLAs molds from a cross- 
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Fig. 5. Characterization results of the interface between the Ir-Ni-Ta-Nb coating and CMG molds. (a) Depicts cross-sectional TEM images of Ir-Ni-Ta-Nb films. (b) The EDS re- 

sults corresponding to (a). (c) High-resolution TEM results and diffraction pattern of the Ir-Ni-Ta-Nb region. (d) High-resolution TEM results and diffractograms corresponding 

to the marked areas in (a). (e) HAADF imaging corresponding to the d2 region in (d). (f) The EDS results corresponding to (e). 
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ectional view. It can be seen that the Ir-Ni-Ta-Nb film (85 nm 

hickness) is uniformly deposited on the CMG molds, where the 

lements exhibit a homogeneous distribution without any segrega- 

ion. In Fig. 5 (c), the high-resolution TEM image of the Ir-Ni-Ta- 

b film region illustrates a disordered atomic arrangement. The 

nset to Fig. 5 (c) shows the diffraction pattern obtained by fast 

ourier transform (FFT) analysis, displaying a clear diffused ring 

ithout any observable crystalline spots, which proves the amor- 

hous structure of the film. The high-resolution TEM analysis of 

he area identified in Fig. 5 (a) is presented in Fig. 5 (d), and it

an be seen that the film has formed an atomic bond with the 

ubstrate. The substrate is crystalline, characterized by an ordered 

tomic array with an atomic spacing of 0.264 nm. This Zr-based 

G crystallization ensures structural stability, and the sample does 

ot deform at a working temperature of approximately 800 °C. The 

, d1 , and d2 FFT diffraction analyses generate diffraction spots that 

onfirm substrate crystallization. 

The area marked in Fig. 5 (d) was subjected to additional anal- 

sis by high-angle annular dark-field (HAADF) imaging ( Fig. 5 (e)) 
235
nd EDS mapping ( Fig. 5 (f)). There is an ultrathin oxide layer with

 thickness of 4.5 nm, which may be formed by oxidation dur- 

ng thermoplastic forming and exposure to the air. The EDS results 

uggest that the oxide layer is composed of ZrO2 . Furthermore, the 

nalysis has revealed a partial diffusion of Zr, Cu, and Al into the 

lm area, which may contribute to a greater bonding strength of 

he coating to the substrate. 

In order to further research the bonding strength of amorphous 

r-Ni-Ta-Nb coatings with CMG molds, CMG plates with amor- 

hous Ir-Ni-Ta-Nb coatings were subjected to a nano-scratch to 

est the adhesion. Sample morphology following the nano-scratch 

as observed using the backscattering mode of SEM, as shown 

n Fig. 6 (a), where the dark gray area represents the substrate. It 

an be seen that the scratches gradually widen, and then stabilize. 

hen the dark gray substrate is completely exposed, it indicates 

hat the film has been damaged. The entire scratch testing pro- 

ess consists of three stages: plastic deformation, crack propaga- 

ion, and penetration. Areas marked as S3, S1, and S2 in Fig. 6 (a)

ere observed by high-magnification SEM, and the results are in 
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Fig. 6. Adhesion force and mechanical properties of Ir-Ni-Ta-Nb coating. (a) The SEM morphology of the CMG plate with amorphous Ir-Ni-Ta-Nb coatings after nano- 

scratching. (b) High-magnification SEM morphology and EDS results for the S3 region in (a). (c) and (d) High-magnification SEM morphology of the S1 and S2 regions 

in (a). (e) and (f) Adhesion force of amorphous and polycrystalline Ir-Ni-Ta-Nb coatings to CMG plates, along with grazing incidence XRD results. (g) DLC coating adhesion 

force to CMG plates and its XPS spectra. (h) Results of CTE testing from Zr-based CMG and Ir-based MG. (i) Load-displacement curves of the CMG and the metallic MLAs 

molds. (j) Comparison of hardness and modulus between the CMG mold and the metallic MLAs mold. 
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ig. 6 (b–d), respectively. The magnified image of the S1 area shows 

ppreciable scratching as the load is increased, but the dark gray 

ubstrate is not exposed, indicating that the film is not penetrated. 

he magnified image of the S2 reveals a visible tear in the film, 

here the dark gray substrate is progressively exposed. The coat- 

ng is clearly broken near the scratch edge at position Lc2 , exposing 

he dark gray substrate. The magnified view of the S3 area and EDS 

esults demonstrate that the film is fully punctured, leaving a 5 μm 

ide scratch without adhesion or abrasive wear, consistent with a 

eeling failure of the coating. 

The normal force from the nano-scratch experiment was plotted 

gainst the lateral force. If the slope exhibits sudden changes, the 
236
orresponding normal force represents the critical load for coat- 

ng failure (Lc2 ), which serves as a measure of the coating adhe- 

ion strength [ 14 ]. In the case of the CMG plate as a substrate, the

ormal force versus lateral force plots for amorphous and poly- 

rystalline Ir-Ni-Ta-Nb coatings, and DLC coatings are shown in 

ig. 6 (e–g), respectively. The polycrystalline Ir-Ni-Ta-Nb coatings 

ere obtained during the parameter optimization process using 

LD at a deposition frequency of 5 Hz. The associated Lc2 values for 

he coatings are 423.4, 34.8, and 161.5 mN, respectively. From the 

RD patterns in the insets of Fig. 6 (e) and (f), the broad diffraction

eaks and the one mixed with a few crystal peaks indicate that the 

oatings are fully amorphous and polycrystalline, respectively. The 
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Fig. 7. Testing of anti-adhesion and repeatability between CMG metallic molds and glass. (a–c) The SEM morphology of CMG metallic molds after 2, 30, and 45 GCM cycles. 

(d) The EDS results correspond to the high-magnification SEM morphology in (c). (e) and (f) Schematic diagram of the anti-adhesion mechanism in CMG metallic molds for 

GCM before and during forming. 
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PS analysis of the DLC coating shows a C1 s peak at 284.4 eV cor-

esponding to a graphite structure (100 % sp2 ), whereas the peak 

t 285.0 eV is attributed to a diamond structure (100 % sp3 ) [ 57 ].

lso, the broad peak at 284.7 eV indicates the presence of amor- 

hous carbon, which confirms the DLC structural features of the 

lms and its corresponding fitted spectrum is presented in Fig. S8. 

pplying the ratio of sp2 to sp3 C-C obtained from the Gaussian 

tting of the C1 s energy spectrum, the calculated sp2 /sp3 value is 

.59. Consequently, the amorphous Ir-Ni-Ta-Nb coating exhibits a 

tronger adhesion force when compared with the polycrystalline 

r-Ni-Ta-Nb and the commercial DLC coatings. Moreover, a favor- 

ble result was obtained in this study when compared to the usual 

0 mN adhesion force [ 14 ]. 

A suitable match of the substrate and coating CTE is crucial to 

revent the peeling of the coating during repeated use and main- 

ain the precision of the microstructure. The linear CTE was calcu- 

ated using Eq. (1) : 

= �L 

L0 �T 
(1) 

here L0 , �L , and �T denote the initial length, elongation, and 

hange in the temperature of the sample, respectively [ 35 ]. 

Fig. 6 (h) presents the CTE curves of Zr-based CMG and Ir- 

ased MG. The calculated CTE over the temperature range of 30–
237
50 °C for the two materials is 9.51 and 7.08 ppm/K. The CTE val- 

es are similar, do not exceed 10 ppm/K, and both materials can 

e considered to exhibit constant expansion properties. Fig. 6 (i) 

nd (j) illustrates the nanoindentation results of CMG and metal- 

ic MLAs molds. The hardness and modulus of the surface of CMG 

olds coated with amorphous Ir-Ni-Ta-Nb film increase from 7.43 

o 12.03 GPa and from 82.25 to 149.58 GPa, respectively. Surfaces 

xhibiting a high hardness and modulus enable the molds to re- 

ist microstructure deformation under load, just as the indentation 

epth of metallic MLAs molds is shallower than CMG molds. 

Overall, the amorphous Ir-Ni-Ta-Nb coating improves the me- 

hanical properties of Zr-based CMG surfaces, exhibiting excellent 

onding quality to the substrate. Suffice it to believe that the qual- 

ty and durability of the mold will benefit from these properties. 

.3. Anti-adhesion and repeatability of the CMG metallic mold 

Most sticking phenomena associated with the GCM involve 

he glass adhering to the surface of the mold, where the anti- 

ticking coating peels off after many cycles of GCM. Therefore, the 

orphology of the metallic MLAs molds after many GCM cycles 

as investigated by SEM in backscattering mode, with the results 

hown in Fig. 7 (a–c). Following 2 and 30 cycles of GCM, it can be

een that there are no black glass adhesions on the surface of the 
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Fig. 8. Characterization of imaging and focusing properties of glass MLAs. (a) Schematic diagram of the test for optical properties. (b) Glass MLAs in dark-field imaging 

H-word results. (c) and (d) The results of different magnifications for observing glass MLAs imaging H-word in a bright field. (e) Results of dark-field focusing in glass MLAs. 

(f) and (g) Different magnifications to observe the results of glass MLAs in bright field focusing. 
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old, which proves that the amorphous Ir-Ni-Ta-Nb coating ex- 

ibits excellent anti-adhesion properties and stability. In the high- 

agnification SEM images of the mold after 2 cycles, the surface 

ppears intact, without any exposure of substrate, or evidence of 

oating peeling. In contrast, the high-magnification SEM image of 

he mold after 30 cycles reveals two areas of exposed dark gray 

ubstrate, approximately 1 μm in size, indicating slight peeling of 

he coating. As the number of cycles increases, the regions of peel- 

ng grow in number and area. The SEM results of the mold after 45 

ycles reveal various degrees of coating peeling from in the mold. 

ost of these peeled regions are 3–5 μm and appear randomly at 

he bottom and edges of the lens unit, and the unstructured plat- 

orm area. Taken together, these results indicate that the coating 

ails in a progressive manner. Each GCM cycle results in localized 

earing and thermal stress in the coating, leading to the forma- 

ion of micro-cracks in the film. These micro-cracks subsequently 

xpand, interconnect, and ultimately cause the coating to fail by 

hysical peeling. Notably, the repeatability of the molds in this 

tudy is excellent compared to most molds reported, which suf- 

er from coating peeling of hundreds of microns or even visible to 

he naked eye after around 10–20 cycles. Furthermore, the cycling 

xperiments have demonstrated that the molds in this study can 

ithstand at least 30 GCM cycles without any coating peeling. It is 

nticipated that increasing the coating thickness or adding transi- 

ion layers will significantly enhance the durability of the mold. 

Fig. 7 (d) corresponds to the EDS results of high-magnification 

EM of the mold after the 45th GCM cycle, where 27 % Ir and 4 %

 indicate that the coating possesses excellent antioxidant perfor- 

ance. Meanwhile, this result proves that the coating inevitably 

eacts chemically with oxygen during the GCM cycle. Addition- 

lly, the Ir-dominant elements in the coating do not extend to the 
238
lass. The content of Si (3 %), B (3 %), Ba (2 %), and Na (2 %) is

elatively low, confirming that the glass elements do not spread 

o the mold surface. Therefore, the EDS results further confirm 

he excellent anti-adhesion properties of the Ir-Nb-Ta-Nb coatings. 

he schematic diagrams presented in Fig. 7 (e) and (f) illustrate 

he anti-adhesion mechanism during the GCM process, both before 

nd during the forming process under a vacuum at 620 °C. Before 

orming, the surface of the mold prepared with the Zr-based CMG 

s covered with an amorphous Ir-Ni-Ta-Nb coating, while a num- 

er of elements (O, Si, B, Ba, Na, and K) are dispersed on the d -K9

lass surface. In the forming under vacuum at 620 °C, a separation 

ayer between the Ir-Ni-Ta-Nb coating and glass surface prevents 

iffusion of the main elements, resulting in superior anti-adhesion 

roperties [ 49 ]. 

.4. Optical properties of the glass MLAs 

The optical performance of the glass MLAs is a critical factor 

n evaluating the effectiveness of the proposed strategy [ 1 , 12 ]. To

his end, the imaging and focusing capabilities of the glass MLAs 

ere systematically assessed using the experimental setup illus- 

rated in Fig. 8 (a). A light source was used to illuminate a mask 

late engraved with the letter "H" producing an H-shaped light 

eam that impinged on the bottom of the glass MLAs sample. Sub- 

equently, a charge-coupled device (CCD) camera was employed 

o capture the imaging effects on the structured surfaces of the 

lass MLAs samples. Dark-field imaging ( Fig. 8 (b)) has revealed a 

niformly distributed bright H-shaped pattern on the surface with 

harp contours. The bright-field images at low ( Fig. 8 (c)) and high 

 Fig. 8 (d)) magnifications clearly show the uniform distribution of 

ens structures. Notably, the bright H-shape appears at the top and 
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Fig. 9. Morphological characterization of samples with NLAs. (a) The SEM morphology of metallic NLAs mold. (b) Corresponding to the EDS results of (a). (c) Results of AFM 

from metallic NLAs mold. (d) and (e) Different magnification SEM morphology of glass NLAs. (f) The AFM characterization of glass NLAs. (g) Profile curves of lens units in 

samples with NLAs. (i) Comparison between roughness and structural dimensions of optical molds fabricated by different technologies. 
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enter of each lens unit, demonstrating the superior imaging qual- 

ty. When the mask plate was removed and the light source di- 

ectly projected onto the glass MLAs samples, the focusing perfor- 

ance was captured using the CCD camera. The dark-field focusing 

esults ( Fig. 8 (e)) exhibit luminous dots approximately 15 μm in 

iameter uniformly distributed on the surface. In the bright field, 

uminous dots are also uniformly distributed and centered at the 

op of the lens unit, as shown in Fig. 8 (f) and (g). The outstanding

ptical performance of the glass MLAs in bright- and dark- fields 

emonstrates the potential of this strategy for optical applications. 

.5. Fabrication of glass elements featuring NLAs 

When the structural size of the MLAs reduces to submicron and 

ven nanoscale (i.e., NLAs), there may be more fascinating and ver- 

atile applications in the field of optics [ 2 ]. Hence, the feasibility of

pplying the proposed strategy to fabricating glass elements with 

anostructures was further investigated. Interestingly, the metallic 

LAs mold and glass NLAs were successfully prepared. The CMG 

olds were initially prepared using AAO templates, and the sur- 

ace of the molds was coated with the amorphous Ir-Ni-Ta-Nb film 

o obtain metallic NLAs molds. Both SEM morphology and EDS re- 
239
ults of this mold are shown in Fig. 9 (a) and (b). It can be observed

hat lens structures with a diameter of approximately 400 nm are 

niformly distributed on the surface. Additionally, the uniform dis- 

ribution of Ir, Ni, Ta, and Nb elements without segregation demon- 

trates that the mold is successfully coated with the Ir-Ni-Ta-Nb 

lm. As shown in Fig. 9 (c), the 3D structure of the mold obtained

rom AFM analysis displays raised lens structures with a height 

hat was almost consistent. The morphology of the glass NLAs ob- 

ained from SEM measurements is shown in Fig. 9 (d) and (e). The 

urface of this element features a uniform distribution of concave 

ens structures with a diameter of approximately 200 nm. Fig. 9 (f) 

llustrates the 3D structure of the elements obtained by AFM. It 

an be seen that the majority of the lenses are consistent in depth. 

s shown in Fig. 9 (g), the profile curves of the lens units for both

olds and elements are depicted. The height of a lens unit on the 

old is approximately 500 nm, while the depth of the counterpart 

n the element is approximately 90 nm. Flipping the profile of the 

lement, as shown in the inset of Fig. 9 (g), results in a near over-

ap with the profile of the mold, demonstrating that the strategy is 

ighly effective. In the future, it will be possible to fabricate var- 

ous high-quality glassy elements featuring nanostructures based 

n the optimization of the thermoplastic forming process. 
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Fig. 10. Morphological characterization of CMG molds with NLAs structures fabricated under varying pressures. (a) and (b) The SEM images at different magnifications of 

the CMG NLAs mold fabricated under 5 kN. (c) Results of AFM from the CMG NLAs mold @ 5 kN. (d) and (e) Different magnification SEM morphology of the CMG NLAs 

mold prepared under 10 kN. (f) The AFM results correspond to the CMG NLAs mold @ 10 kN. (g) and (h) The SEM morphology at different magnifications of the CMG NLAs 

mold obtained under 15 kN. (i) The AFM analysis results of the CMG NLAs mold @ 15 kN. 
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Current methods of manufacturing GCM molds can be divided 

nto mechanical and non-mechanical procedures. Sa and the struc- 

ural dimensions of GCM molds prepared using different process- 

ng techniques are summarized in Fig. 9 (i), and the pertinent data 

re given in Table S1. As can be found, the Sa and structural dimen-

ions of the molds prepared in this work are 4.6 nm and 400 nm, 

hich are superior to that reported for the majority of methods. 

he excellent result achieved is closely related to the high qual- 

ty of the precursor. Most importantly, the excellent thermoplastic 

orming capability of MG enables high-quality replication of micro- 

nd nano-scale structures from the precursor under appropriate 

rocessing conditions, achieving complete structural transfer while 

reserving superior surface quality. This is a capability that tra- 

itional metallic materials inherently lack. Moreover, conventional 

abrication methods for micro- and nanostructures, such as me- 

hanical cutting and laser engraving, tend to generate significant 

ebris and heat, making it difficult to achieve fine structural fea- 

ures and low Sa. The structural dimension of the mold prepared 

y dry etching is 18 nm, indicating that the method can provide an 

xcellent precursor for the proposed strategy. Above all, the strat- 

gy in this work breaks through the conventional limitations asso- 

iated with the structural dimension of metallic materials, paving 

he way for the large-scale preparation of glass elements with di- 

erse structures. 

In addition, we conducted a detailed evaluation of the form- 

ng quality of CMG NLAs molds fabricated under different pres- 

ures. As shown in Fig. 10 (a) and (b), shallow circular nanostruc- 

ures are uniformly distributed on the mold surface under an ap- 

lied pressure of 5 kN. Fig. 10 (c) presents the AFM results of the

old fabricated under 5 kN, showing that the protrusion height 
240
f these structures is approximately 150 nm. Increasing the pres- 

ure to 10 kN resulted in a uniform distribution of shallow hexago- 

al nanostructures on the mold surface ( Fig. 10 (d) and (e)), with a 

imited number of protruding nanopillars. The corresponding AFM 

esults are shown in Fig. 10 (f), indicating that the protrusion height 

s approximately 220 nm. A further increase in pressure to 15 kN 

 Fig. 10 (g) and (h)) results in numerous protrusions uniformly dis- 

ributed on the mold surface, and shallow circular nanostructures 

emain in some regions. As shown in Fig. 10 (i), the AFM analysis 

as revealed a protrusion height of approximately 350 nm. The re- 

earch findings demonstrate a clear positive relationship between 

he applied pressure and the resulting protrusion height of the 

olded structures. Moreover, the findings reinforce that a pressure 

f 20 kN represents the optimal condition for CMG NLAs mold fab- 

ication, yielding a superior molding quality. 

. Conclusions 

This study presents an innovative strategy for the fabrica- 

ion of cross-scale lens array metallic molds with excellent high- 

emperature tolerance. Two typical lens array molds were success- 

ully prepared, featuring structural units of 75 μm and 400 nm, re- 

pectively, with a Sa of approximately 4.6 nm. The fabricated CMG 

etallic molds demonstrated superior high-temperature resistance 

nd anti-adhesion properties, with no evidence of coating delam- 

nation and glass residues after 30 molding cycles at 620 °C. Fur- 

hermore, the reliable optical performance of the prepared glass el- 

ments was validated in imaging and focusing tests. Our research 

ndings establish a simple and efficient methodology for the scal- 
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ble production of high-precision MLAs molds, paving the way for 

he large-scale manufacture of advanced glass optical components. 
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