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Abstract 

In this study, we show the possibilities of developing a method for manufacturing 
electrically conductive copper patterns of arbitrary topology on various dielectric 
substrates by laser-induced synthesis from deep eutectic solvents. The possibility 
of printing on the industrially demanded dielectrics is shown, e.g., on polyimide, 
fiberglass plastic, and polytetrafluoroethylene (PTFE) substrates. The geometric 
and electrical properties of the resulting structures, as well as their composition, 
have been studied. The influence of the substrate material is shown to be 
substantial for the effective rate of formation of structures and their final 
properties. 
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Introduction 
In recent years, the flexible electronics industry field has been under an active development, 
especially due to the potential to create and integrate in such areas as wearable electronics 
[1,2], health and medical sciences [3,4], sensorics [5,6,7], automotive [8], energy storage [9], 
etc.  Unfortunately, to this day most applications and devices have been manufactured by 
using decades-old processes for the fabrication of microelectronic components. Usage of 
mature technologies could be cost-effective to some extent, but at the same time potential 
refurbishment costs are limiting the development of new materials and innovative 
techniques. 

The polyimide and fiberglass are used widely as substrates for electronic components in 
various applications [10,11], while the fabrication of metal structures on the surface of 
polytetrafluoroethylene (PTFE) is a challenge to the scientific world, due to the high 
chemical resistance and poor adhesion of metals to this surface [12,13,14]. However, the 
advantages of PTFE application in the field of printed circuit board (PCB) fabrication for 
ultra-high frequency electronics are undisputable due to its high damage resistance. Thus, 
the development of unified approaches and technologies that can be applied both to rigid 
dielectrics and to the relatively fragile and flexible materials utilized in the production of 
flexible electronics is an extremely urgent task [15,16]. 

Therefore, in recent years, methods of direct laser writing (DLW) have been developed 
rapidly, and soon may provide a significant technological step in microelectronics 
manufacturing. In comparison with alternative microfabrication techniques (e.g., 
photolithography [17,18], inkjet printing [19], and screen printing [20]) DLW has a number 
of advantages, for example, high localization spatial resolution, environment friendliness, 



fast processing rate, and the possibility to plating a wide range of materials like glass 
[21,22], polymers [22,23], paper or other fragile carbon-based materials 24], etc. . Compared 
to traditional manufacturing methods, it is proven to be flexible and effective, exhibiting 
particularly good ability and processing quality when recording sophisticated and complex 
structures with high reproducibility. 

Hence, laser-assisted metallization techniques can be classified as a group of approaches 
where various types of precursor combinations are used and pre-treatment or chemical 
treatment steps are required [25,26]. For example, in [27] and [28], a comprehensive 
investigation of reductive laser sintering technique for fabricating micro-thermocouples, 
and also tactile and electrochemical sensors [29,30] has been performed. These works have 
demonstrated the fabrication of copper, nickel and metal oxide films on the surface of a wide 
range of polymer materials. 

Also, the approaches [31,32,33], where the first step is surface activation by laser radiation 
and then chemical metallization, demonstrated the potential of this technology to fabricate 
electrochemical sensors and other devices. 

 Laser-induced selective metallization (LISM) is a method of interest, the principal steps of 
which involve the fabrication of a patterns by mixing a polymer with laser sensitizers and 
then, after laser activation and electrolytic coating, metallic patterns are being successfully 
fabricated on the laser-activated surface [34,35,36]. However, limitations of such methods 
consist in high cost of equipment and precursors, the necessity of preliminary surface 
activation stages, and in the case of LISM, the preparation of a composite for irradiation. 

Among DLW techniques worth noting the direct laser metallization (DLM) technology, 
which focuses on the precise selection and synthesis of a precursor that is irradiated with 
laser light of a certain intensity and pulse duration, leading to a chemical reaction and the 
formation of a metallic micropattern on the surface [23,37,38]. For example, it has been 
shown that DLM can be successfully utilized to fabricate copper, nickel, gold, and other 
metal-based micro-patterns on glass and ceramic surfaces [39,40,41]. Since precursor 
preparation for many nanomaterials might be complicated and time consuming, further 
development of the DLM method led to finding the new types of precursors that are cheap, 
environmentally friendly, and can be easily synthesized.  It has been shown that deep 
eutectic solvents (DES), which have previously been demonstrated as effective extractants in 
analytical chemistry [42] as well as media for electrochemical metallization [43], can 
potentially take the place of the sought-for precursor. 

We have previously shown the metallization of glass surfaces using DES based on choline 
chloride, citric and tartaric acids, and copper chloride and acetate [44]. However, in that 
work, CW laser was applied and in the treatment of polymer materials, a significant 
temperature effect led to melting or graphitization of the surface. In [45] an effective 
solution for metallization of glass surfaces was achieved by using a commercially available 
MiniMarker-2, however, the applicability of the developed methods for wider substrate 
materials range remained unknown.  

In the present work, the proposed approach has been extended and significantly modified, 
in particular for metallization of a wide range of materials widely utilized in the 
microelectronics industry.  

 

Methods & Materials 
 



 

Fig. 1 Laser-induced deposition technique. 

To create the DES, choline chloride, tartaric acid, and copper acetate were placed into a 20 
mL glass vial and heated in the drying cabinet at 120 °C for approximately 10–15 min. Once 
the mixture started to liquefy visibly, the forming DES was placed in a heating magnetic 
stirrer at 130 °C and stirred for 40 min until complete homogeneity was achieved. 

 In our research various acceptor substrate materials were used for laser-induced Cu 
deposition from DES, namely 1.0 mm thick borosilicate glass (Micromed, Observation 
devices LLC., St. Petersburg, Russia), 0.1 mm thick polyimide (PL) (Izolit-SPb LLC., St. 
Petersburg, Russia), 1.0 mm thick fiberglass plastic (FG plastic) (Izolit-SPb LLC., St. 
Petersburg, Russia), and 1.0 mm thick polytetrafluoroethylene (PTFE) (Profizolit LLC., St. 
Petersburg, Russia). These substrate materials were chosen for their wide usage in the 
production of printed circuit boards and integrated circuits. All the substrates were rinsed in 
the isobutyl alcohol and distilled water to avoid contamination before DES application. Pre-
treatment procedure for borosilicate glass substrates before forming structures was 
presented in more detail in our previous article [45], and consisted of laser-assisted 
structuring (laser-induced plasma-assisted ablation method, LIPAA [46,47,48]) to create an 
additional roughness and a layer of ablation products on the acceptor surface. Substrates 
made of fiberglass plastic and PTFE were also structured before rinsing to create an 
additional roughness Ra of the order of 7 µm (mechanically with 320 P sandpaper) in order 
to increase the further adhesion of the Cu layers. The polyimide substrate was not pre-
treated, since it was determined during the studies that, despite the apparent chemical 
inertness [49,50,51], this material has sufficient adhesion and can be effectively metallized 
using the method under study. 

After the structuring stage for glass and after the cleaning stage for other materials, a 1 mm 
thick layer of DES was applied on the prepared substrate. Earlier [45] we have shown an 
effective usage of an auxiliary glass slab placed onto DES layer to create a “sandwich” 
sample, which was used for borosilicate glass, polyimide and fiberglass plastic processing in 
current research. Finally, the prepared sample was placed in the processing plane of a 
MiniMarker-2 (Laser Center LLC, St. Petersburg, Russia) Yb-fiber laser setup, and irradiated 
by laser beam with wavelength 1070 nm, pulse duration 200 ns, pulse repetition rate 20 
kHz, and average power up to 20 W. Average power P, pulse repetition frequency f, scanning 
speed V, and number of repetitive exposures N varied in this research. 

Optical microscopy (Carl Zeiss Axio Imager A1.m, Carl Zeiss Microscopy GmbH, Munich, 
Germany), scanning electron microscopy (SEM, Hitachi S-3400N), energy-dispersive X-ray 
spectroscopy (EDX-AzTec Energy 350, Oxford Instruments, Abingdon, UK), Raman 
spectroscopy (SENTERRA, Bruker Corporation, USA) were used to analyze the geometrical, 
physical, and chemical properties of the structures. Temperature analysis was conducted 
using a thermal imaging camera FLIR Titanium 520M. 

 



Results and discussion 
The recording conditions for fabrication of conductive structures on the abovementioned 
substrate were optimized (Fig.2).  Polyimide and fiberglass showed an expectedly higher 
affinity to the recorded structures than PTFE, allowing copper tracks formation with laser 
power P  3.9 W and 4.7 W, scanning speed V = 0.8 – 1.2 mm/s  and V = 2 – 14 mm/s 
respectively,  and number of consequent exposures N 1-4 (yielding the resulting effective 
speed Veff = V/N to 1 – 3.5  mm/s), contra to P = 3.1 W, V = 20 mm/s,  and N = 40 
consequent exposures (Veff  = 0.5 mm/s) necessary for recording on PTFE.  

 

Fig. 2 Recording regimes for the organic substrates under study. The effective speed Veff is 
defined as the scan speed V divided by the number of exposures N.   

For the formation of continuous conductive structures without defects (e.g., uneven 
deposition, chips, cracks, etc.), sufficient adhesion of the restored metal to the substrate is 
required, which is especially evident when depositing on the PTFE substrates. It has been 
shown that the formation of copper structures is unlikely unless the substrate was pre-
treated for additional roughening, which apparently served as convenient crystallization 
centers for the recovering copper. This notion was also confirmed by the copper deposition 
not on the PTFE substrate, but rather on the auxiliary glass, when one was used in the 
experiment. Roughening was achieved by grinding the substrate with sandpaper, which 
resulted in copper structures formation at Veff about 0.5 mm/s. Although the copper layers 
recorded under these conditions are thin and fragile, when trying to increase the layer 
thickness by longer exposure, it fragments and splits off the substrate during bending or 
carrying out the contact measurements. 



 

Fig. 3 Optical (first column), scanning electron (second and third columns) and energy 
dispersive X-ray (fourth column) microscopy for the structures on PI, FG plastic and PTFE 
substrates. 

The formation of tracks both on PTFE and fiberglass was possible only with several 
sequential exposures by the same trajectory. In our previous studies of copper deposition on 
glass repeated exposures allowed the formation of a thicker and more uniform layer [45], 
but for the polymer substrates in this study, single exposures lead to copper fixing to the 
substrate in sketchy areas. Although the effective speed for copper tracks formation on 
fiberglass (3.5 mm/s) is about the same order with the reference speed for recording on 
glass (2 mm/s).The copper layers adhesion is high, but those layers tend to oxidize faster 
than usual, probably due to thermally-induced structural and chemical changes in the epoxy 
resin consisting in the fiberglass.  

The surface resistance of the structures on each substrate was measured by the two-probe 
method, which is suitable for conductors with a thickness less than the distance between the 
measuring probes (1 mm). The thickness (height) of all measured structures did not exceed 
50 μm, and thus the measured values of the surface resistance were converted into the 
resistivity for comparison (Table 1). It was not possible to measure the resistivity of the 
structures formed on the PTFE as they tended to fragment at the contact measurements. The 
resistivity of the structure on the polyimide substrate is almost 100 times higher than the 
reference value for pure copper, apparently, due to significant oxidation occurring with 
long-term interaction of the already formed structure and oxygen in the heated air pockets 
formed due to the hydrodynamic redistribution of DES during laser processing. Resistance 
raise could be also possibly connected to the formation of an inhomogeneous, porous 
structure with the inclusion of a large amount of carbon and other impurities due to 
thermally-induced ablation of the substrate (Fig 3). The tracks formation on fiberglass is 
also linked with a partial disruption of the substrate, which is evident from the presence of 
Al2O3 and Si in the tracks according to the EDX results (Fig 3). 

Table 1 Recorded samples resistivity. 

 

  Pure copper 
(reference) [52] 

Structure 
on glass 

Structure on 
fiberglass 

Structure on 
polyimide 

Structure on 
PTFE 



Resistivity, Ω х 
mm²/m 

0.0172 0.0253 0.2267 1.6354 N/A 

 

Worth noting that the oxygen presence in the recorded structures, which may indicate the 
formation of copper oxides, also confirmed by the Raman shift (Fig 4). Copper oxides occur 
in air usually at temperatures higher than 200°C [53,54,55,56], but our previous results 
achieved on glass substrates in temperature range of 23-237 °C showed no signs of 
oxidation [45]. Measured average temperatures in the current study were significantly 
below 240 °C for all the organic substrates (Fig. 5), but the resulting structures still were 
oxidized, which was confirmed by the Raman measurements and visually based on a 
characteristic darkening. Thus, the oxidation could be considered to be a result of the 
organic substrate influence, decomposing under laser action into compounds more active 
than mostly chemically neutral constituents of glass. Important to note that the temperature 
was recorded using thermal imaging with a resolution of about 20 µm, due to which the 
temperature value averaged over a 20x20 µm area was obtained. Also, the time resolution of 
the equipment used allowed us to resolve frames with a time interval of at least 100 ms. 
Relaxation temperature changes in the case of using nanosecond pulses are much faster, 
which is why it can be only assumed that the peak values achieved are much higher and 
cross the thresholds of copper oxidation, which is just indicated by Raman shift. 

 

Fig. 4 Raman scattering spectra for the structures formed on PI, FG plastic and PTFE. 

 



 

Fig. 5 Dynamics of the average temperature measured at a point on the scan axis. 

As the most optimal material for the method used, a fiberglass substrate was chosen, on the 
surface of which conductive elements of printed circuit boards were formed (figure 6). 

 

Fig. 6 Conductive elements of printed circuit boards formed on the FG substrate with P = 3.1 
W, V = 10 mm/s, N = 20. 

 

Conclusions 
We found the parameters for creating micro-patterns on the surface of polyimide, PTFE, and 
fiberglass. For this purpose, a donor substrate was pre-structured, which allowed further 
formation of copper microcontacts with resistivity similar to pure copper. As a result, the 
laser regimes required to fabricate micro-patterns with desired properties on the surface of 
selected materials were determined, and it could be a promising technology for industrial 
application. 

The formation of structures on fiberglass is in many aspects similar to the processes of 
deposition on glass, however, the increased chemical activity of resins leads to more active 
oxidation. This material is characterized by high effective rates of formation of conductive 
structures with high adhesion (about 3.5 mm/s). Polyimide is characterized by relatively 
low rates of formation of conductive structures with high adhesion (of the order of 1 mm/s). 
PTFE does not allow the formation of conductive structures by laser-induced deposition 



from DES, since the resulting structures do not have adhesion to the substrate, as a result of 
which they are easily destroyed. 

In the case of deposition on polyimide and PTFE, the subsurface layer of the substrates is 
destroyed, the products of which are introduced into the formed structures, due to which 
their composition is disturbed and, consequently, the conductive characteristics deteriorate 
(higher resistance). Oxidation of the formed structures with the formation of Cu2O and CuO 
oxides was also noted, which indicates temperatures above 350 °C. However, the formation 
of structures on glass occurred in approximately similar temperature ranges and only 
metallic copper was present in the composition. From this observation, it was concluded 
that more active oxidation occurs due to the influence of the substrates: their ablation, 
melting, and also the release of gases in the process of interaction with laser radiation. 
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