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Abstract 
The efficiency of the conventional hot embossing or molding technique is restricted by the long bulk thermal process. In this paper, 
a highly efficient hot embossing technique was developed through the localized rapid heating approach, where a thin coating layer 
functioned as the resistant heating source to heat only the surface of glass sample. Herein carbide-boned graphene (CBG) coated on 
silicon wafer, served as the heating coating, by taking advantage of its high thermal and electrical conductance, superior mechanical 
properties and excellent anti-sticking performance. The previously reported CBG-based hot embossing applications are limited to 
low temperature below 250 ℃, due to oxidation and adhesion defects. To extend the application of this technique onto glass micro-
embossing where the operating temperature is much higher, the CBG-coated silicon mold did not contact the glass sample when the 
coating was electrically charged in our modified process. Based on the modification on process diagram and delicate design of 
embossing equipment, successful fabrication of a closely packed microlens array was realized by using the CBG-based hot embossing 
on N-BK7 glass where the embossing temperature was chosen as high as 800 ℃ in this study. The measured form error of embossed 
microlens array were small enough to meet the demands of precision optics, therefore the authenticity of precise and uniform 
replication was demonstrated. It was finally concluded that compared to the conventional method, a comparable optical 
performance was successfully achieved by using the newly developed technique, meanwhile the process duration and energy 
consumption were enormously reduced. 
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1. Introduction   

Cost-effective mass production of precision micro-optics, has 
been always one of the everlasting focused topics in advanced 
manufacturing field, because of the widespread applications of 
the miniature optical-mechanical-electrical products. Typically, 
optical microstructures can be produced through material 
removal processes, such as cutting, grinding, sand blasting, 
photolithography, wet/dry etching, focused ion beam, and other 
methods directly on glass [1]. However, it is not feasible to 
employ these processes for mass production. Micro hot 
embossing of thermoplastic polymers is an efficient replication 
technology to transfer microstructure patterns from a master 
mold onto a polymeric substrate at proper pressure and 
temperature [2].  However, polymers optics are inferior to glass 
optics in several aspects, such as scratch resistance, refractive 
index range, water absorption, and thermal endurance.  

The application of glass micro-optics embossing for mass 
production is limited by its expensive fabrication cost.  For 
example, glass micro-optics embossing can be achieved through 
precision glass molding (PGM) process [3], which is mainly 
designed for aspherical glass lenses molding. But the moulding 
cycle time is long due to the isothermal heating process, which 
is very slow compared to the polymer embossing. Besides, 
tungsten carbide and silicon carbide are the common materials 
used for mold fabrication, because of high hardness and 
chemical stability under high pressure and temperature. But the 
cost of mold fabrication using these materials is extremely high. 
Though glassy carbon has been used for the moulding material 

for glass embossing [4], however, the Young’s modulus of the 
glassy carbon which is about 40 GPa, is relatively low compared 
to that of typical glass. 

Recently, a localize rapid surface heating approach, which is 
realized by a superior carbide-bonded graphene (CBG) network 
coating, has been introduced to the hot embossing research. 
The thin CBG coating can well serve as the resistant heating 
source because of its high electrical and thermal conductivity [5]. 
Only part of the specimen and the core moulds are heated up, 
so the required energy is drastically decreased. For example, Xie 
et al. [6] have applied the CBG coating onto silicon wafer for 
localized surface heating during polymer embossing. However, 
the temperature was limited to below 200 ℃ , due to the 
oxidation of the thin carbon film at elevated temperature.  Li et 
al. [7] have successfully realized the application of CBG coating 
onto quartz substrate for localized heating of chalcogenide glass. 
Similarly, the maximum embossing temperature is still limited to 
250 ℃, because higher temperature would cause damage to the 
coating due to oxidation and adhesion. Though He et al. [8] have 
used the CBG-coated silicon for glass microstructure molding at 
640 ℃, the coating only fulfilled an reliable anti-sticking purpose.  

Therefore, the successful applications of the CBG-based hot 
embossing are still limited to low temperature scenarios below 
250  ℃. To the authors’ best knowledge, successful attempt on 
inorganic optical glass whose transition temperature is typically 
above 400  ℃, has not been reported by using the CBG-based 
hot embossing technique. This is probably because more 
research work on optimizing this technique, is further required 
to overcome the revealed adhesion, oxidation and bubble 
defects at considerably high temperature. 
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In this paper, to extend the application of this technique onto 

glass micro-embossing where the operating temperature is 
much higher, the CBG-coated silicon mold did not contact the 
glass sample when the coating was electrically charged in our 
modified process. The heat from mold to glass mainly transfers 
through radiation and gap conduction during heating stage, in 
turn, it requires a more careful temperature control. The paper 
is mainly organized as follows: the principle of Joule heat 
generated by carbide-bonded graphene (CBG) on silicon wafer is 
first explained. Then the schematic diagram of the newly CBG-
based hot embossing is presented. To demonstrate the process 
feasibility, embossing attempt on N-BK7 glass is conducted to 
replicate a closely packed microlens array. The details on the 
mold fabrication, coating deposition and experimental 
apparatus are provided. Finally, the heating performance of CBG 
coating and the replication fidelity of microlens array are 
presented. 

2. Principle and scheme of hot embossing based on localized 

2.1 Principle of Joule heat generated by CBG 

As shown in Figure 1, when an electrically conductive material 
is applied with a voltage V, the resultant current I generates a 
heat flow �̇�𝑄  mainly by the Joule effect dependent on the 
electrical resistance R as given by �̇�𝑄 = 𝐼𝐼2𝑅𝑅 . CBG coating exhibits 
superior electrical (as high as 1.98 × 104 𝑆𝑆/𝑚𝑚 [5]) and thermal 
conductivity, besides low glass-adhesion and low friction 
coefficient. Herein, the silicon wafer mould is used as the 
substrate mainly for two purposes. Firstly, microstructures can 
be easily fabricated onto silicon via various methods, such as 
etching, milling and even machining. Secondly, when the silicon 
is heated up to a certain degree, its resistance drops drastically 
to a low value. Afterwards, both CBG coating and intrinsic silicon 
substrate contribute to the total resistance, thus a considerable 
power can be obtained without too high electrical current.  

 
Figure 1. Illustration of Joule heating assembly using CBG-coated silicon 

2.2 Scheme of CBG-based hot embossing 

The CBG-embossed hot embossing includes typical heating, 
embossing, cooling and demolding steps (Figure 2). The distance 
between the CBG coated silicon mold and the glass sample 
should be small enough so that the glass sample can be heated 
effectively mainly through thermal gap conductance and 
radiation. The reason why the silicon mold doesn’t contact the 
glass at evaluated temperature, is that when electrical current 
flows through hot glass surface above the transition 
temperature, bubbles would arise and accumulate within glass, 
thus result in a non-acceptable quality defect. Vacuum is 
necessarily desired to improve the heating rate. Since the glass’s 
surface temperature is hard to measure, the temperature of 
silicon mold commonly should reach 50-80 ℃  above the 
softening point 𝑇𝑇𝑠𝑠 of the specific glass before embossing. Once 
the desired temperature is reached, the current turns off and 

then the silicon mold is moved down to compress the softened 
surface layer within seconds. Afterwards the embossing position 
is held still for dozens of seconds to avoid immediate springback 
of the embossed structures. When the temperature of silicon 
mold drops below glass transition temperature, the embossing 
force is released but a small force to maintain the contact 
between glass and silicon mold in order to reduce temperature 
gradient. Once the temperature is below 200 ℃ , nitrogen is 
purged to dismiss the vacuum condition. 

 
Figure 2. Schematic diagram of CBG-based hot embossing process, and 
time history plots of temperature on silicon mold and moving position 

3. Materials preparation and embossing experiment      

  3.1. Fabrication of microlens array on silicon mold insert  

  Single-point diamond broaching performed on Moore 
Nanotech 350FG, was employed to fabricate a closely packed 
rectangular plano-concave microlens array on a monocrystalline 
silicon wafer. The details on the dimensions of microlens array, 
broaching parameters and tool’s parameters, are listed in Table 
1. Herein a revised toolpath “S” toolpath is generated where the 
alternate lenslet is flipped up to avoid a sharp change at the apex 
running in opposite direction, so the resulting sine wave 
toolpath tends to run smoothly on Z-axis. By applying the new 
toolpath for the micro lens array machining, the fabricated 
microlens array has a form error less than 30 nm, and surface 
roughness of 2 nm in Ra. 

 
Figure 3. Illustration of the toolpath during machining; the image of 
fabricated microlens array on silicon mold, and microlens array’s 
contour image measured using white-light interferometer Wyko 
NT8000.  

rapid heating of CBG  



  
Table 1 List of dimensions of microlens array, broaching 
parameters and tool’s parameters 

Parameters of microlens array 
Substrate material Silicon (100) 
Substrate dimensions 20 mm x 30 mm x 1 mm 
Area of microlens array 3.0 mm x 3.0 mm 
Pitch (𝜇𝜇𝑚𝑚) 60 
Sag (𝜇𝜇𝑚𝑚) 0.7 
Broaching parameters 
Depth of each cut (𝜇𝜇𝑚𝑚) 0.1 
Cutting speed 60 mm/min for rough cut 

10 mm/min for fine cut 
Cutting tool parameters 
Material Single-crystal diamond 
Nose radius (mm) 0.5 
Rake angle (°) -25 
Relief angle (°) 10 

3.2. Deposition of CBG coating onto silicon mold   

A thin layer of carbide-bonded coating deposited onto the 
silicon mold not only functions as the heating source, but also 
fulfils the purpose of anti-sticking between softened glass and 
silicon mold at evaluated temperature to ensure the surface 
quality of embossed elements. The deposition of CBG coating 
was realized by mainly referring the chemical vapour deposition 
(CVD) procedure developed in ref [5]. Regarding the complexity 
of preparation of GP-SO3H nanopapers, methane was selected 
as the main carbon source instead. Solid polydimethylsiloxane 
(PDMS) with a purity of 99.8% was chosen as the silicon source.  
The deposition equipment and conditions are presented in 
Figure 4. In this study, a thin layer of CBG coating with thickness 
of about 300 nm was deposited onto the silicon mold. 

 
Figure 4. Illustration of the CVD conditions for CBG deposition. 

3.3 Experiment equipment 

As shown in Figure 5(a), a lab-built hot embossing apparatus 
was made, mainly composed of the core CBG-coated silicon 
mold and its fixture structure, working chamber, motion 
actuator, vacuum system and gauge, temperature control unit, 
force sensor, thermocouples and data logger. The main 
components inside of the working chamber is illustrated in 
Figure 5(b). The top and bottom mold assembly are aligned in 
vertical direction. A highly elastic silicone rubber is placed on the 
bottom, making the compression system flexible to avoid glass 
crack when an abrupt load is applied.  

Figure 5(c) shows the mounting structures of the core CBG-
coated mold assembly. Two copper ribbon leads are used to 
apply the voltage input. To be mentioned, a thick quartz plate 
together with two small quartz bars, is used to electrically and 
thermally isolate the silicon mold from the surrounding bodies. 

Since the resistance of silicon is strongly dependent on 
temperature, the total resistance and the corresponding heating 
power of the system are intensely changed. To precisely control 
the heating performance, a programmable direct current (DC) 
powder supply is adopted and controlled by a segmental 
polynomial-sum power supply algorithm. 

 
Figure 5. (a) The experiment apparatus and its main components, (b) 3D 
drawing of the working chamber, (c) the upper mold assembly equipped 
with the CBG-coated silicon mold. 

3.4 Embossing experiment setup 

The material of glass wafer is N-BK7 from Schott Inc., whose 
glass transition temperature 𝑇𝑇𝑔𝑔 and softening point 𝑇𝑇𝑠𝑠 are 557 
℃ and 719 ℃ respectively. The glass dimensions are 12.7 mm in 
diameter and 3.0 mm in thickness. According to the embossing 
temperature requirement, the maximum temperature on silicon 
is expected to be about 800 ℃ , which is considerably high 
enough to prove the superiority of the heating system. To 
effectively heat up the glass specimen through radiation and gap 
conduction, a small enough gap between glass and silicon mold 
is set as 0.1 mm before embossing. The preset heating powder 
linearly increases with time at a rate of 0.3 W/s during heating 
duration of 400 s, so the maximum heating power is 120 W. The 
required heating power to reach the expected embossing 
temperature, is determined by conducting trial experiments for 
now. The embossing process is finished within 20 seconds with 
a maximum compression force of about 150 N. The vacuum 
pressure of chamber can reach 5 Pa at steady state. 

4. Results      

4.1 Heating performance of CBG-coated silicon mold 

The temperature of silicon mold measured by a thermocouple 
beneath is plotted in Figure 6(a). Besides, the applied voltage 
and current are plotted in Figure 6(b), and the equivalent 
resistance is calculated by using voltage divided by current. It is 
clearly seen that the resistance is about 400 Ω  at low 
temperature, but continues decreasing sharply during the 
heating stage. At 800 ℃, the resistance drops down to almost 
0.3 Ω. The drastic drop in resistance is caused by the negative 
temperature coefficient (NTC) behaviour of intrinsic silicon. In 
this study, when the heating power increases linearly with time, 
the temperature increasing rate of silicon mold is also almost 
linearly below 600 ℃ , but after that it gradually becomes 
smooth because more energy is dissipated into the surroundings. 
Totally, the heating rate is approximately as fast as 2 ℃/s, so the 
heating process only takes 400 s. Most importantly, the 
consumed heating energy is only 24 KJ, which is almost less than 



  
1% of the total energy required in the conventional embossing 
process. 

 

Figure 6. (a) The time history plots of temperature on silicon mold and 
applied force, (b) time history plots of the applied voltage, current and 
calculated resistance during the whole embossing process 

4.2 Quality analysis of the embossed microlens array 

Figure 7(a) presents the image of the embossed microlens 
array on glass wafer. Measured by white-light interferometer 
Wyko NT8000, the embossed microlens array is uniformly 
distributed, and the heights of all peaks are almost the same 
(Figure 7(c)). In order to evaluate the embossing performance, 
comparison of the profile scan between the fabricated mold 
(Figure 7(b)) and the embossed product (Figure 7(c)) is made as 
shown in Figure 7(d). The profile of the embossed microlens 
array well agrees with that of the mold, with an error less than 
30 nm, which strongly demonstrates the microstructures filling 
feasibility. The surface roughness of embossed glass is measured 
as 5nm in Ra, which assures the surface quality. 

 
Figure 7. (a) image of the embossed microlens array on glass wafer, (b) 
sub-region of the fabricated microlens array on silicon mold, (c) sub-
region of the embossed microlens array, (d) profile scan comparisons 
between the fabricated mold and the embossed microlens array. 

5. Conclusions      

An efficient and reliable hot embossing process was realized, 
by using localized rapid Joule heat generated by carbide-bonded 
graphene coating. The heating performance and thermal 
resistance behaviour of the CBG-coated silicon mold were 
presented. An embossing cycle with maximum temperature of 

800 ℃, takes only 600 s and consumes energy of 24 KJ, which 
proves the energy and time saving superiorities of this technique. 
To demonstrate the feasibility of forming microstructures, a 
closely packed rectangular plano-concave microlens array was 
successfully embossed with form error less than 30 nm.  
Distinguished from the previous studies, the embossing 
substrate is N-BK7 glass which requires a considerably high 
embossing temperature, rather than the previous low-
temperature applications on polymer and chalcogenide glass. 
This breakthrough was achieved mainly via the modification on 
process diagram and delicate design of embossing equipment. 

This newly developed hot embossing based on CBG rapid 
surface heating, would provide a promising solution for mass 
production of precision glass micro-optics with significantly 
reduced energy and duration consumption. Nevertheless, in 
order to put forward this technique into practice, strategy to 
improve the temperature control accuracy, and investigation on 
the thermally-induced deformation and stress, would be 
included in the future work. 
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