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A B S T R A C T   

We report a simple and efficient two-step experimental procedure of glass metallization using laser micro-
structuring at ambient conditions. An adhesive pattern was created on the glass substrate using a laser, which 
imposes mechanical interlocking. An adhesive Cu layer was deposited on the glass substrate by magnetron 
sputtering and then electroplated with a functional Cu layer. Due to the unique surface structure created on the 
glass using laser, we achieved a thick layer of Cu metal film with high adhesion strength, well-defined grains and 
grain boundaries, and low surface roughness. The total thickness of the grown film was 11.4 µm, with an average 
surface roughness of 1.2 µm. The magnetron-sputtered coating did not show delamination from the glass sub-
strate at a critical load of 60 N. The proposed method of glass metallization will lead to the realization of glass- 
based circuit materials that can be used in high-frequency electronic devices. Also, this procedure will be an 
alternative to chemical-based copper plating, which involves multiple processing steps and high-cost chemicals.   

1 Introduction 

Due to the increased data transmission rate, we are approaching the 
physical limitations of traditional PCB dielectric materials for electrical 
circuits under which electromagnetic compatibility can be controlled. 
The scientific community and industry are moving in search of new 
materials with features suitable for high-density circuitry, such as low 
thermal expansion coefficient (CTE), high dimensional stability, high 
thermal conductivity, and suitable dielectric constant [1]. Glass wafer 
offers several advantages in this regard, including that it is very stable in 
terms of electrical properties, moisture absorption, and aging, and has a 
CTE similar to that of silicon [2]. Furthermore, the low dielectric con-
stant of glass coupled with a low loss tangent and low materials cost 
compared to high-performance materials make glass suitable for high- 
frequency applications [3,4]. Considering all these excellent proper-
ties, a perfect adhesion between metallic films and the glass substrate is 
the most important that needs to be satisfied for high-frequency device 
applications. The adhesion strength between the glass and metal is often 

inferior compared to metal-to-metal adhesion, and direct deposition of 
metallic film to glass substrate does not provide enough adhesion 
strength. Due to this, despite having excellent dielectric properties, the 
glass substrate is still not used in many high-frequency devices. 

Commercially available high-frequency circuit materials exhibit a 
peel strength of 10 N/cm between the substrate material and metallic 
film [5]. To replace these materials with glass, it is important that glass 
wafers also should exhibit a peel strength in the same order of magni-
tude or more. Different approaches have been taken to overcome the 
adhesion issue between metallic film and glass [6–10]. The main diffi-
culty in the realization of conductive plating of the glass substrate is the 
chemical and mechanical incompatibility between the glass and metallic 
films – that also holds for copper, the material most frequently used for 
circuit board manufacturing. The silicon oxide network of glass and the 
metallic network of Cu doesn’t create a bond, resulting in poor adhesion 
[9]. Due to this structural incompatibility, chemical-based adhesion 
techniques involve multiple processing steps and expensive experi-
mental procedures such as palladium activation [6], silanization [8], 
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and high-temperature annealing treatments [10]. It is worth noting that 
the adhesion strength shown by the glass wafers after chemical-based 
adhesion techniques is much lower than the (~1 N/cm) [8] commer-
cially available high-frequency circuit materials (10 N/cm) [5]. 

In the present study, we report a novel method of glass metallization 
involving laser microstructuring and imposing mechanical-based adhe-
sion. Smooth glass surfaces present no possibility of mechanical inter-
locking, so metal films can easily separate from the substrate. Laser- 
based microstructuring technique is categorized as a noncontact 
machining method and has been beneficial for glass materials, offering 
mask-less single-step processing capabilities [11–14]. Ultrashort (i.e., 
picosecond or femtosecond) pulsed lasers have shown great promise in 
high-precision glass machining with minimized heat-affected zone, 
thermal damage, and micro-cracks [15,16]. Using laser micro-
structuring, we create surface microstructures periodically distributed 
on the glass substrate [17], which serve as mechanical interlocking 
points and increase the adhesion between the glass substrate and film. 
Through the periodical structuring of glass, we can also control the glass 
wafer’s surface roughness, which is considered one of the main disad-
vantages of mechanical-based adhesion. Once the surface modification 
is done, the treated glass substrate is deposited with a Cu adhesion layer 
via magnetron sputtering and then subjected to electroplating. While the 
last step is not required as the industrial magnetron sputtering devices 
can deposit several microns thick layers, it has the advantage that its 
deposition rate can be an order of magnitude higher than that of 
magnetron sputtering. The surface morphology and roughness of the 
films are studied using field emission scanning electron microscopy 
(FESEM) and atomic force microscopy (AFM). The adhesion strength is 
evaluated using a scratch tester. This direct method of glass metalliza-
tion will be an alternative to chemical-based copper plating, which in-
volves high-temperature annealing treatment [10], multi-layer 
deposition of metal oxides as adhesion promoters [6,8], multiple film 
deposition techniques [6,8–10] and high-cost palladium activation [6]. 

2 Experimental Procedure: 

Fig. 1 shows the flow chart of the experimental procedure we fol-
lowed in the present study. The total experimental process is divided 
into three steps: laser microstructuring of the glass, adhesion layer 
deposition, and (optional) electroplating. The details of each procedure 
are as follows: 

2.1 Laser microstructuring of the glass substrate 

A Borofloat 33 glass substrate with a thickness of 500 µm was used in 
the present study. Except removing the obvious impurities by alcohol, 

no special cleaning procedure was carried out prior to laser treatment. 
To create periodically distributed adhesion-promoting structures on the 
glass substrate, samples were treated by Ytterbium-based diode-pumped 
solid-state laser system Perla 100 (HiLASE, Czech Republic) [18] emit-
ting 1.7 ps pulses with M2 of 1.15 and wavelength of 1030 nm. The laser 
system generates linearly polarized pulses with up to 1 mJ pulse energy 
with a repetition rate of 100 kHz. To deflect the beam over the sample, a 
scanning head IntelliScan 14 (Scanlab, Germany) with 100 mm F-theta 
lens has been used for the delivery of the focused laser beam with a spot 
size of 30 µm. The RTC 5 control board (Scanlab, Germany) was utilized 
for the synchronous control of the scan system and the laser. The beam 
could be displaced on a sample with a maximum scanning speed of 2 m/ 
s. Fig. 2 shows the schematic diagram of the experimental setup used for 
laser microstructuring. 

2.2 Deposition of the Cu adhesion layer 

The laser treated glass was subjected to standard glass cleaning 
procedure using acetone, alcohol and ultrasonic cleaner, mainly to 
remove fats and glass debris. The samples were prepared in a Flexilab 3 
laboratory coating system (HVM Plasma, Czechia). The system was 
equipped with three two-inch magnetrons and a rotary heated table. The 
first two magnetrons were powered by a PD500X3 DC power supply 
(Kurt J. Lesker Company, USA), and the third magnetron was not used. 
During all experiments, two magnetrons with Cu (99.999%) targets 
were used simultaneously. On each magnetron, the power 250 W was 
applied. The rotating table was not powered, and therefore the glass 

Fig. 1. Flow chart of the experimental procedures.  

Fig. 2. Schematic diagram of the experimental setup used for laser 
microstructuring. 
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samples were on the floating potential. Next deposition parameters that 
were used: temperature 300 ◦C, time 1 h, pressure 0.8 Pa and Ar flow 20 
sccm. 

2.3 Electrodeposition of Cu. 

The electroplating procedure proposed by Dini and Snyder is used in 
the present study [19]. The Cu bath solution is prepared using copper 
sulfate, sulphuric acid, and sodium chloride. The bath composition is 
100 g/L CuSO4⋅5H2O, 270 g/L H2SO4, and 0.1 g/L NaCl. A Cu foil is used 
as the anode. The distance between the anode and cathode is set at 10 
cm. We pass a current of 6 mA/cm2 for 5 min to achieve the obtained 
thickness of 3.4 µm of Cu film on top of the magnetron-sputtered layer. 

2.4 Surface morphological and adhesion studies. 

Adhesion tests were performed with the Revetest Scratch Xpress +
scratch tester (CSM Instruments, Switzerland). A Rockwell diamond tip 
(radius 200 μm) was used as indentor. The scratch test load was set to 
increase linearly from 1 N to 100 N along the 10 mm scratch path with a 
linear speed of 10 mm/min. The surface morphology of the films was 
analyzed using FESEM at 10 kV accelerating voltage, and the images 
were captured at different view fields. The average surface roughness of 
the films on both the patterned glass wafer and Cu-plated glass wafer is 
estimated and studied using an atomic force microscope in tapping 
mode configuration. 

3 Result and discussion 
3.1 Laser microstructuring of glass 

The interaction between a laser beam and the glass is determined by 
the wavelength emitted by the laser, its fluence, the pulse duration, 
repetition rate, pulse energy, and the material’s physical and chemical 
properties [20]. The laser microstructuring procedure can increase the 
surface roughness of the glass as we remove the material from the pol-
ished surface. For high-frequency device applications, it is essential that 
we need to keep the average surface roughness of the glass wafer with Cu 
metal film lower than the skin effect depth to avoid the loss of signals 
[21]. Using laser-assisted microstructuring, we can control the experi-
mental conditions for material ablation from the surface. Under the right 
ablation conditions, sites with a well-defined ablation depth arranged in 
predetermined geometric patterns are generated, shown in Fig. 3 (a) and 
2(b). The pattern defines the ablation site density (the surface density of 
anchoring points for the conductive layer), which we demand to be as 
high as possible to increase the overall adhesion strength while avoiding 
the occurrence of microcracks due to excessive thermomechanical stress 

(shown in Fig. 3 (c)). In the present study, the periodic and highly 
precise patterning of the glass surface offered by the laser micro-
structuring has the potential to keep the average surface roughness of 
the wafer on the order of ~ 1 µm. This is comparable to the skin effect 
depth of the copper conductor (at frequency ~ 2 GHz) and will be able to 
decrease the scattering loss of signals in high-frequency device appli-
cations. The roughness measurement is discussed in section 3.3. 

Another parameter to watch in future applications is the robustness 
of the circuit material, which greatly depends on the wafer thickness. 
With the 500 µm thick wafer, we could observe the loss of stiffness while 
performing scratch tests (Section 3.4) if both sides are laser-treated. 
Further characterizations were not in the scope of our current work. 

3.2 Optimization of laser microstructuring parameters 

To create periodically distributed adhesion-promoting structures on 
the glass substrate, the laser parameters, pulse energy, and the number 
of pulses must be carefully adjusted to avoid glass cracking and thermal 
damage in the modified region. The mircostructuring optimization pa-
rameters mainly involve the type of pattern, hatching distance, and 
ablation depth. Both laser beam and microstructuring parameters must 
be carefully selected to avoid thermal damage, localized melting, glass 
cracking, and, most importantly, to improve the adhesion force. 

Based on the initial test to find the optimal process window for glass 
patterning, we chose two patterns: a hexagonal lattice pattern and a 
cross-hatching pattern with different hatching distances. Both patterns 
were created at a hatching distance (HD) of ~ 30 µm and an ablation 
depth of ~ 5 µm. The hexagonal lattice pattern consisted of dots located 
at the corners and centers of a honeycomb lattice, with each dot created 
by a single shot of the laser. The cross-hatching pattern was generated by 
sputtering away lines with the laser beam shifted at a speed of 700 mm/ 
s. The spot size of the laser was 30 µm, the pulse repetition rate was 100 
kHz, and the spatial overlap between pulses was approximately 77%. 

Fig. 4(a) and 4(b) show the optical profilometer image of the pattern 
created. From the adhesion force test conducted between these two 
patterns, we found that hexagonal lattice patterns fail to hold the coating 
shown in Fig. 4(c), whereas cross-hatching patterns show excellent 
adhesion force. Further, to make the studies of pattern features com-
plete, we reduce the HD of cross-hatching patterns to 15 µm and 10 µm 
and reduce the ablation depth to 2 µm. From the optical profilometer 
image shown in Fig. 4(d), the reduction in the HD results in the devel-
opment of thermal damage and microcracks in the glass wafer. Hence, 
we settled on cross-hatching patterns with an HD of 30 µm and an 
ablation depth of ~ 5 µm. Fig. 4(e) shows the optical profilometer plot of 
the HD and ablation depth characteristics of the cross-hatching pattern 
made on the glass substrate. Fig. 4(f) and 4(g) show the image of the 

Fig. 3. (a) SEM image of the ablation pattern with dense microstructures (b) SEM image of the glass wafer with highly ordered ablation pattern (c) Optical pro-
filometer image of microcracks formed on the glass wafer due to thermomechanical stress at wrong laser micro structuring parameters. 
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glass wafers before and after laser microstructuring. 

3.3 Morphology and roughness evaluation by SEM and AFM 

The surface morphological features of the glass wafers after micro-
structuring is shown in Fig. 5(a). The SEM image reveals that patterns 
are made at a high order of precision, and the distance between each 
pattern is around ~ 30 µm which is in line with the laser profilometer 
measurement. Close inspection of the SEM image shows that the cross- 
hatching pattern results in the formation of well-defined pores and 
cavities, increasing the total contact area of the surface. From the cross- 
section view of the pattern shown in 5(b), the ablation depth is around 5 
µm which is also in line with laser profilometer measurements. Fig. 5(c) 
and 5(d) show the image of copper-plated glass wafers. As evident from 
the SEM analysis, the growth of the copper layer on the patterned glass 
was highly uniform, with well-defined grains and grain boundaries. The 
plating of the copper was observed to be highly consistent, covering all 
the pores and cavities formed by the machining process. The proper 
covering of the surface irregularities formed by the microstructuring will 
result in mechanical interlocking, which eventually increases adhesive 
bond strength between the copper atoms and the oxide network of the 
glass wafers. Using the cross-section SEM analysis shown in Fig. 5(e), we 
calculated the total thickness of the plated copper and found it to be 
11.4 µm. The exact figure shows that the vertical structure of the metal 
layer is the same everywhere regardless of the structure of the substrate. 

The average surface roughness of the glass wafers was investigated 
by atomic force microscopy in tapping mode configuration. In high- 
frequency electronic devices, surface roughness in the order of skin ef-
fect depth of the conductor will lead to loss of signals through scattering 
[21,22]. Hence, keeping the average surface roughness of the Cu-glass 
wafer below the skin effect depth is crucial. Fig. 5(f) and 5(g) show 
the AFM image of the micromachined glass wafer before and after 
copper electroplating. We calculated the surface roughness of the laser 
micromachined glass wafer using Image J analysis software and found it 
to be 1.47 µm which is well within our experimental limit. Upon copper 

electroplating, the roughness values decreased to 1.2 µm, which signifies 
the uniform plating of copper on the surface irregularities created. We 
speculate that this kind of “smoothing” happens due to the preferential 
deposition of copper particles in laser-treated areas. The microstructures 
increase the density of sites where copper particles can bind – in stark 
contrast to the untreated (smooth) surface. 

In conjunction with the vertical structure of the metal layer, as 
illustrated in Fig. 5(e), and its corresponding thickness, our measure-
ments of the surface roughness strongly suggest that the electrical con-
ductivity of the specimen remains uncompromised throughout. This 
conclusion is based on our observations of the surface roughness, which, 
while not direct evidence of conductivity, is nevertheless consistent with 
a uniform distribution of electrical conductivity on a scale of tens of 
microns. 

3.4 Adhesion force evaluation by scratch tester 

Initial tape adhesion tests showed that the hexagonal lattice pattern 
offers far weaker adhesion than the cross-hatching pattern, which can be 
associated with the lower density of laser-treated sites. Then, we per-
formed a load-based scratch test to study the adhesion strength of the 
deposited copper with the glass [23]. The thickness of the Cu layer 
subjected to the tests presented here was 8 µm and it was reached by 
magnetron sputtering only. We conducted the test by linearly increasing 
the load from 0 to 100 N along a path of 10 mm with a loading speed of 
10 mm/min (Fig. 6b). We found that the Cu-glass samples withstand a 
force of 60 N without delamination (Fig. 6a). Around the scratch there 
was only rolled up copper. The enhanced adhesion between the Cu film 
and glass substrate is mainly due to the mechanical interlocking mech-
anism. The cross-hatched surface patterns created via laser micro-
structuring resulted in surface irregularities on the smooth glass 
substrate. The Cu atoms deposited will penetrate the pores and cavities 
of the surface-modified glass substrate resulting in the mechanical 
interlocking between the glass surface and Cu atoms. This phenomenon 
contributes to improved adhesion. Apart from this, we assume that the 

Fig. 4. (a) Optical profilometer image of the cross-hatching pattern (b) Optical profilometer image of the hexagonal lattice patterns created by laser micro-
structuring. (c) Adhesion force test evaluation on hexagonal lattice pattern conducted by scratch test (d) Optical microscope image of the microcracks formed on the 
glass wafer at 15 µm hatching distance (e) optical profilometer plot of the hatching distance and ablation depth evaluation on cross-hatching pattern (f) glass wafer 
image before microstructuring (g) glass wafer image after microstructuring. 
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formation of a clean and highly reactive surface after laser patterning 
and an increase in a contact surface which increases the total contact 
area between the glass surface and Cu atoms will also contribute posi-
tively toward improved adhesion. 

4 Conclusion 

Laser-assisted glass microstructuring was performed to enhance the 
adhesion force between the glass and Cu metallic film. An adhesion 

Fig. 5. (a) Surface morphological features of the glass wafers after microstructuring (b) Cross-section SEM view of the cross-hatching pattern (c) & (d) Morphology of 
copper-plated glass wafers on the patterns shown at different scan areas (e) Cross-sectional image of the plated copper on the glass with thickness scale (f) 2D AFM 
image of the micromachined glass wafer (g) 2D AFM image of the micromachined glass wafer with copper electroplated. 
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pattern called cross-hatching was derived using the picosecond laser 
pulse based on multiple optimization studies. Using laser micro-
structuring, cross-hatching patterns were created on the glass substrate 
with high-order precision without thermal damage and microcracks. A 
8 µm thick Cu adhesion layer was deposited on the treated wafer by 
sputtering, and then the wafer was subjected to an electroplating pro-
cedure to obtain the desired level of thickness. Using the FESEM tech-
nique, the surface morphology of the laser micromachined glass wafer 
and Cu- glass wafers were analyzed. The FESEM analysis shows that the 
laser microstructuring results in the formation of well-defined pores and 
cavities. The growth of the copper layer on the patterned glass was 
highly uniform, with well-defined grains and grain boundaries. A total 
thickness of 11.4 µm of Cu layer was calculated using cross-sectional 
FESEM analysis. The average surface roughness of the glass wafers 
was evaluated using AFM analysis and found to be 1.4 µm reduced to 1.2 
µm upon copper electroplating. The adhesion strength of Cu with glass 
wafers was studied using a scratch test. The Cu-glass wafer exhibits 
excellent strength with an adhesion force of 60 N. The obtained features 
of the Cu-glass wafers, with their excellent adhesion strength and low 
roughness, make them an ideal candidate as a circuit material for next- 
generation high-frequency electronic devices. Further, the reported 
simple and efficient glass metallization procedure is an alternate method 
to the highly complex and costly chemical-based glass metallization 
procedure. 
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