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ABSTRACT

Techniques for local metallization of dielectric materials are widely applied for the design of various electronic
devices. One of the most flexible methods for local contact fabrication is laser-induced chemical liquid deposition
(LCLD) of metals from deep eutectic solvents (DES), which was performed using continuous-wave (CW) lasers. In
this work, we applied picosecond laser pulses and proposed a novel method for DES layer deposition to increase
the speed and quality typical for LCLD methodology that uses the CW lasers. As a result, the fabrication speed of
the conductive copper structures was increased up to 10 mm sec™. The electrical resistivity of these structures is
0.15 Q mm? m™ !, which is the best result among similar structures previously obtained by LCLD. Moreover, this
modified LCLD method does not need to use a vacuum chamber or photomask, while the DES preparation and
deposition by spin-coating is very simple. In addition, there is no complexity and instability associated with the
synthesis of the metallic nanostructured materials using the proposed methodology, which are typical for the
conventional laser direct writing technology. Finally, there is no need to carry out the post-treatments such as
sintering or additional cleaning steps. In order to show the high quality of the formed contacts, we demonstrate
the stable and reproducible operation of the commercial light-emitting diodes connected by the contacts made by

the proposed technique.

1. Introduction

In recent years, the demand for various optoelectronic devices such
as liquid crystal displays, touch screens, solar cells, organic light-
emitting diodes, and electrochromic devices [1] has significantly
increased. The basis of their design is conductive coatings or conductive
thin films, which are formed on different substrate surfaces. In turn, in
comparison with traditional methods used for electrical contact fabri-
cation such as photolithography and high-vacuum deposition tech-
niques, the additive technologies are promising and rather cheap for
manufacturing the conductive materials on different surfaces including
flexible substrates [2].

Noble metals (Au, Ag) and ITO-based coatings are widely used for
fabrication of the conductive contacts. However, due to the high cost of
these materials, it is still an urgent task to reduce the expenses of the
technological processes utilized for their production. On the other hand,
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copper attracts the attention of scientists and technologists as a worthy
alternative to the aforementioned materials due to its low cost and
excellent electrical conductivity. The electrical resistivity of copper
(1.68 pQ cm) is slightly lower than those of gold (2.21 uQ cm), but the
cost is 1000 times cheaper and accessibility is higher [3]. It is possible to
distinguish three main groups among methods used for fabrication of the
conductive copper patterns of the complicated geometry. The first group
includes methods, in which the formation of a conductive layer on the
substrate is followed by the removal of an excess of material. Such
methods as direct current magnetron sputtering and high-power pulsed
sputtering [4], chemical deposition from the gas phase [5] were devel-
oped and applied in industry, but it is necessary to use a multi-stage
photolithography procedure to create a pattern. The second group in-
cludes methods that use templates or masks to create metal coatings.
This group also includes screen printing, electrochemical deposition [6],
chemical vapor deposition, and other sputtering methods. The main
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disadvantage of the second group is that one needs to create a new mask
every time when you want to change the pattern, another disadvantage
is the limitation of the width of the tracks due to edge effects. Finally, the
third group includes technologies of frameless deposition: inkjet print-
ing [7,8] and laser methods [9-11]. Examples of such laser methods are
direct laser writing, laser direct patterning, laser selective patterning,
and laser sintering [3,12], which showed relatively low cost, high pro-
ductivity, relatively high environmental friendliness of the process, as
well as do not require the use of traditional multi-stage photolithog-
raphy processes, vacuum equipment, or high temperatures. Neverthe-
less, each of the laser methods has its advantages and disadvantages,
which are discussed below.

Two-stage laser metallization technologies were proposed and
developed in Refs [13-18]. Here, laser radiation plays the role of an
“activator” to create a rough surface for chemical activation of the
irradiated zones with subsequent chemical copper plating [14]. There is
another technique, in which etching (activation) occurs with the help of
absorbing material and subsequent chemical metallization (LIBWE)
[19,20]. There are some limitations of such technology such as speed of
scanning, type of surface, the thickness of the deposited structures, and
possibility to deposit materials on each other. Also, it is still two-stage
technology where one has to immerse samples into the solution for
metallization [21].

Among the single-stage laser methods, it is necessary to note the
advanced technologies of selective laser sintering that use precursors
based on salts or nanoparticles of metal oxides. Examples of these
methods are precision fabrication of copper micropatterns under the
action of femtosecond near-IR radiation [22], and laser synthesis in the
isolated system leading to fabrication of structures based on copper and
nickel using CW laser [23]. However, this approach requires to apply the
synthesized inks containing nanoparticles, which significantly increases
the expanses.

The current work is focused on modification of the laser-induced
chemical liquid deposition (LCLD) method [24-27], in which deposi-
tion of metallic layers and structures from solutions containing cheap
and simple components occurs upon CW or pulsed radiation [28]. The
advantages of this method are simplicity, low reagent consumption, the
ability to control the shape and size of structures with an optical circuit,
and the low cost of reagents. The main limitation of this method was the
speed of fabrication, which did not allow scaling this technology.
However, recently, it was shown that it is possible to increase the
deposition rate of copper by an order of magnitude using deep eutectic
solvents (DESs) as a medium for laser synthesis under visible CW laser
irradiation [29,30]. Moreover, deep eutectic solvents have been gaining
popularity for the last 10 years as “green” and safe to use solvents
[31-33]. Such systems allow to create highly viscous solutions from two
solids compounds and have the property of dissolving high concentra-
tions of metal salts, which play an important role in the LCLD method.
Nevertheless, so far, the relatively low speed (0.2 mm s~ 1), relatively
high resistivity, and a large number of structural defects of the deposited
metal layers still prevent the practical application of the LCLD method in
this regard.

In order to overcome the discussed problems concerning LCLD
method, we performed copper deposition in a DES environment under
the action of picosecond laser pulses, which reduce harmful overheating
of the irradiated area during the process of laser-matter interaction. It is
shown that the scanning speed, electrical conductivity, and geometric
parameters of the resulting copper patterns are greatly influenced by
both the parameters of laser radiation and the covering method (i.e. the
thickness of a film containing DES components). We increased the
scanning speed of individual lines of copper with the electrical resistivity
of 0.13 @ mm? m~! by 50 times. Moreover, we developed a new method
to control the thickness of the copper lines by using different thickness of
the DES film. Previously, the preparation of a uniform DES film was a
complex multi-stage process, including heating, covering of a film using
spin coating, and final annealing [34,35]. The optimized LCLD method

Optics and Laser Technology 167 (2023) 109777

allows to demonstrate stable, and reproducible operation of commercial
light-emitting diodes.

2. Experimental section
2.1. Materials and methods

Choline chloride, dihydrous copper(Il) acetate (Cu(Ac)2-2H50, and
citric acid were purchased from Sigma Aldrich (St. Louis, MO, USA) and
used as received. Ultrapure Milli-Q water was used for the preparation of
all water-containing solutions.

The choline chloride, citric acid, and copper(II) acetate were mixed
in 10 mL glass vial. The molar composition of the mixture was 1:1:1
(choline chloride: citric acid: copper salt). Then, the vial was placed in a
drying cabinet at 100 °C for 20 min. After the mixture began to melt, it
was placed in a magnetic heating stirrer and mixed at 120° C until a
viscous homogeneous liquid was formed. After this, the vial was air
cooled and closed. The final solution was safely stored in a refrigerator
for a few weeks. Before use in the deposition process, DES was heated in
a drying cabinet at 100 °C for 15 min.

Sodium silicate glass was chosen as a substrate for deposition. The
size of the substrates was 25 x 25 mm. The first and most important
stage is the mechanical cleaning of glass in an aqueous solution of so-
dium hydroxide. After this, the substrate was sequentially washed in the
running deionized water and in isopropyl alcohol. All samples were
dried by blowing with atmospheric air at room temperature. All sub-
strates were ozonated for 15 min for better adhesion of DES.

2.2. Des coating and laser-induced copper deposition

DES was dissolved in deionized water in a mass ratio of 3:1 (DES:
Water). The ultrasonic bath was used to speed up the process. After
dissolving, 100 pL of the resulting solution was spin coated on the pre-
viously cleaned glass. The speed of spin coating was changed for tuning
of DES layer thickness. After spin coating, the substrates were immedi-
ately dried at 90 °C for 10 min on a hot plate.

The IR ATR spectra of the initial eutectic solvent, its mixture with
water, and a thin film of DES after drying were recorded to confirm that
the process of film preparation did not affect the structure of the original
DES (Fig. 1a). As can be seen from the presented data, the IR spectra of
the initial solvent and after drying practically coincide, while there is a
slight shift in the region of 3200 cm™ . This shift indicates a small
change in hydrogen bonds, which may be associated with partial sorp-
tion of water in this solvent. However, the remaining positions of the
bonds remained unchanged indicating only a minor change in the entire
structure.

A picosecond laser (SOLAR LS) was used as a source of laser irradi-
ation with the following parameters: wavelength of 1064 nm, pulse
duration of 7 ps, repetition rate of 80 MHz, and average power was
varied from 0.1 to 5 W. Laser irradiation was focused and controlled
using galvo-scanner system. The diameter of the focal spot was
approximately 20 pm. The scanning speed was changed from 0.1 to 10
mm s~ . A software of the galvo-scanner allows to create patterns of any
geometry on the surface of substrates. All steps of the fabrication are
presented in Fig. 1b. A schematic of the laser writing setup is available in
Fig S1. The protocol starts with covering the substrate with DES. Then,
laser-induced synthesis is followed by rinsing of the substrate with
deionized water several times, 0.1 M sodium carbonate solution and
once more with deionized water.

2.3. Method of analysis

Sem/Afm/Optical microscope

Morphology of the obtained materials were studied using scanning
electron microscopy (Merlin,Carl Zeiss) and Scanning Probe Microscopy
(SmartSPM, HORIBA France SAS). An AXIO IMAGER VARIO A2M
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Fig. 1. Principle of direct laser writing of electrodes. (a) IR ATR spectra of DES (1-DES, 2-DES with water, 4-dried film of DES solution). (b). Steps of laser-
induced deposition of copper patterns (1-DES, 2-DES with adds of water, 3-wet film of DES solution applied by spin-coating, 4-dried film of DES solution, 5-laser

patterning, 6-washed sample).

microscope was used to evaluate the samples in the visible range.

Profilometer

Cross-section measurements for electrical resistivity calculations
were conducted using the KLA Tencor P-7 profilometer (sampling step is
4 A, the minimum impact of the stylus equals 0.05 mg).

Uv/Ir spectroscopy

Absorption and infrared spectra of DES solutions were collected by
Shimadzu spectrophotometers UV-3600 Plus and IRPrestige-21.

Xrd analysis

The phase composition of the fabricated patterns was evaluated by X-
ray diffraction on a Shimadzu XRD-7000 Maxima diffractometer with a
source of monochromatic Cu-ka radiation with a wavelength of 0.15406
nm. The diffraction patterns were taken in the Bragg-Brentano geometry
with a step 6 = 0.01°.

Xps analysis

The surface composition of the fabricated materials was determined
by X-ray photoelectron spectroscopy (XPS) on a Thermo Scientific “K-
Alpha” spectrometer with an Al-ka monochromatic radiation source (E
= 1.486 keV).

3. Results and discussion

In our experiments, we used a three-component deep eutectic solvent
based on choline chloride/citric acid/copper(Il) acetate with a molar
ratio of 1:1:1. Quantitative composition was chosen according to our
previous studies [30]. As for metal precursor, a lower copper salt content
in the final solution was insufficient for the fabrication of continuous
conductive structures. On the other hand, a higher copper acetate con-
centration led to formation of heterogeneous systems with inclusions of
the undissolved salt crystals in the saturated DES. Deposition from such
solutions resulted in manufacturing the defective structures with high
electrical resistance. As for the proton acceptor of the DES, choline
chloride is the most commonly used component due to its low cost and
sustainability. Citric acid was found to be an optimal choice for proton
donor since it reveals a high reduction ability of copper ions under the
condition of laser-induced synthesis and forms suitable DES in terms of
viscosity and adhesion to dielectric substrates [29]. In this study, copper
(ID) chloride was replaced by copper(Il) acetate, since this chemical is
commercially available at a low cost in the form of two molecules of
water of crystallization (compared to chloride with six molecules of
water of crystallization). Lower water content in salt crystals allows to
produce DES with a reduced amount of water in the final solution
without additional laborious stages of synthesis. Such systems exhibit
more preferable physical parameters for laser fabrication including

viscosity and adhesion. In addition, copper(Il) acetate is more photo-
active than chloride. This fact opens up the possibility of using pico-
second radiation with a lower average power density compared to CW
laser light previously used for thermally-induced synthesis from DES
[36]. This allowed to significantly accelerate the deposition procedure
compared to our previous experiments.

The laser-induced deposition technique is based on the interaction of
a laser beam with the surface of the substrate under a layer of precursor
(DES in the present case). As a result of photo- and thermal processes
localized within the laser focal point, chemical reaction of metal
reduction occurs. Scanning the surface with the focused laser beam leads
to fabrication of metal patterns. The width of the fabricated structures is
2-3 times wider than the focal spot, which argues in favor of the thermal
mechanism predominance. More detailed discussion and some mecha-
nistic ideas of copper reduction in DES and water-based systems were
reported elsewhere for continuous wave (cw) laser irradiation
[25,36-38]. The direct measurements of temperature within the focus of
the laser beam are quite difficult to perform due to the micro-
dimensional size of the area and non-equilibrium processes occurring
during the laser exposure. Due to high temperature, the majority of side
products evaporate and the deposited metal stays on the substrate in the
form of a line. The profile of the fabricated copper patterns is most likely
caused by local overheating in the center of the line (Fig. 2b). The
morphology of the patterns fabricated with different energies was
studied by SEM (Fig. 2d and e; Fig. S2 and Fig. S4). Two characteristic
areas are noticeable: a relatively flat middle part and high lateral re-
gions, which is in agreement with the data acquired by AFM and pro-
filometry (Fig. 2). EDX element mapping is shown in SI (Fig. S4.). The
film has a highly porous structure with a wide size distribution from
tenths to a few microns (Fig. 2e). The copper based materials with such
architecture are promising for manufacturing the microelectrodes for
electrochemical sensors [39-41]. Moreover, the laser-assisted fabrica-
tion technique allows to deposit microelectrodes on any arbitrary sur-
faces without a mask or any other additional technological
requirements.

One of the functional properties of copper patterns crucial for prac-
tical application is high electrical conductivity. As a result, such physical
parameters as power density, scan speed, and DES film thickness were
optimized for fabrication of copper structures with low electrical resis-
tance. The thickness of the DES film on the glass was controlled by the
spin-coating speed. For 1000, 2000, 3000, and 4000 rpm films thickness
were of 15, 11, 8, and 7 pm, respectively (Fig. S5). A further increasing
speed of spin coating did not lead to thinning the film of DES, which is
associated with drying of water from the solution and a strong increase
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Fig. 2. Copper electrodes morphology characterization. (a) Optical image of copper patterns on the glass. (b) The cross-section of the fabricated copper pattern.

(c-e) SEM images of copper patterns (scale bar on image).

in the viscosity of the solution during the spin-coating process. The
proposed procedure of DES film manufacturing can find application not
only in the laser-assisted fabrication of functional materials but can be
useful for electrodeposition [42], membrane coating [35], etc.

The cross-section of copper patterns was studied by the AFM and
stylus profilometer method for resistivity calculations (Fig. 2). The
profile has characteristic areas: a relatively flat middle part and side
peaks, which are explained by high temperatures in the center of the
focal spot. Patterns at fixed laser deposition parameters were fabricated
for DES film thickness optimization. Films with lower thickness tend to
decrease side peaks while maintaining the height of the middle area
(Fig. 3). The dependence of the copper pattern width on the laser radi-
ation power density for different DES thicknesses is shown in Fig. 3a.
The laser scanning speed was selected experimentally and for all studies
was 2.5 mm s~ . It is worth noting that this is 10 times faster than those
for our previous works [25,27,37,38].

Change in the power density of laser radiation shows similar changes
in the width of copper patterns for different thicknesses of DES on the
glass substrate (Fig. 3a). There are three characteristic zones of width
dependence:

1. The first zone of low power (less than 14 kW cm—2) demonstrates a
linear increasing the width of the copper pattern, regardless of the
thickness of the DES film. The quality of the deposited patterns is
extremely low, gaps and defects are observed. The speed of increase
of width for 15 pm DES is 882 nm/(kW cm™2), for others — 705 nm/
(kW cm™2).

2. The second zone lies between 14 and 40 kW cm™~2. Dependencies for

all thicknesses differ significantly:

For the 15 pm DES film dependence changes from linear to parabolic.

The width of copper patterns grows faster for the 11 pm DES film

than those for the 8 pm DES due to difference in the film thicknesses,

but the dependence does not fundamentally change.

e The width of copper patterns reaching 100 pm for 7 pm DES film does
not change with an increase in the radiation power density, since the
film thickness is not enough to increase the width.

3. The third zone starts from 40 kW cm_z, and for all film thicknesses is
characterized by a sharp increase in width. At the same time, the
number of defects increases dramatically (geometry deformation -
local narrowing and broadening), in addition, ablation occurs in the
center of the pattern.

Optical and SEM images of the structures obtained at different power
densities are given in the SI (Fig. S2).

Actually, the adhesion of metal to substrate is one of the major
characteristics when the deposition or sputtering techniques are applied.
As has been suggested previously[43], solution components can react
with multi-component glass under extreme laser irradiation conditions
to form a chemically bonded layer, which is also favorable for strong
metal-to-glass adhesion. On the other hand for ps laser pulses the
multiphoton and tunnel ionization mechanisms (dominating for fs laser
pulses) are extended by impact ionization due to the electrons acceler-
ated in the electric field [44,45]. Thus, we speculate that the copper
particles are heated by the laser beam and partly melt into the glass
substrate. This provides certain bonding between the laser-written
copper pattern and glass substrate. However, further research is still
ongoing to better understand the nature of the adhesion of laser-
deposited copper micropatterns.

The electrical resistance was measured by a two-probe method. The
cross-section of the conductor was calculated using data, which was
obtained by stylus profilometry. Finally, the obtained values were con-
verted into the electrical resistivity ones (Fig. 3c and d). The applied
copper pattern for the resistance measurements had a rectangle shape
with sides of 8 x 2 mm. The silver paste was placed on the short sides to
minimize contact losses. Ten measurements of each regime were carried
out for the error determination.

The dependence of the electrical resistivity of copper patterns on
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Fig. 3. Electrodes deposition optimization. (a) Dependence of the copper pattern width on laser power density (points); (b) Dependence of the height of the
middle and side peaks of copper patterns on the DES thickness at the fixed radiation power; (c) Dependence of the electrical resistivity on laser power density; (d)

Dependence of the electrical resistivity on laser power density in zone II.

laser power density can be also distinguished in the following charac-
teristic zones:

In the first zone, the electrical resistivity decreases from 80 to 100 to
1-3 @ mm? m™! due to increasing the cross-section of copper
patterns.

In the second zone, we obtained minimal values of the electrical
resistivity for all thicknesses of the DES films: 0.15 (for the 15 um
DES), 0.18 (for the 11 ym DES), 0.3 (for the 8 um DES), and 0.5 (for
the 7 um DES) Q mm? m~L. The optimal thickness of the DES film
varied from 15 to 11 um. It was possible to obtain a minimum
number of defects on copper patterns using such films.

In the third zone, the electrical resistance grew rapidly up to hun-
dreds of @ mm? m™, which is associated with the ablation of a part
of the material in the center of the copper pattern and formation of a
large number of defects on its edge parts (Fig. S2).

To exclude the fact that the changes in the electrical resistances were
referred to a change in the composition of copper structures, the phase
composition was studied by XRD analysis. Fig. S6 shows a series of XRD
patterns for five samples fabricated at different metallization regimes. It
is clear that in all cases, there is the same number of reflections corre-
sponding to the reflection angles (111), (200) and (220) of metallic
copper [46]. Minor deviations in the ratios of reflection intensities
exclude the formation of texture and micro stresses in the patterns,
which implies high reproducibility of the proposed fabrication
technique.

The most optimal parameters used for the synthesis of copper pat-
terns with the least number of defects are the thickness of the DES film of
11 pm, power density of 37 kW cm ™2 and scanning speed of 2.5 mm s~ 1.
Using such conditions, it was possible to obtain copper deposits with an
electrical resistivity of about 0.18 @ mm? m™'. Thus, the proposed
experimental approach allowed to draw complicated patterns at high
speed using any vector image. The examples of different copper draw-
ings on the glass surface and an electrical circuit assembled with the
connection of FM-3528HYK-5890 and BL-LS3014A0S1UW2C diodes are
presented in Fig. 4.

We carried out an XPS analysis of the fabricated copper patterns. The
central part and the edge peak of the pattern were separately identified
as areas of interest. The spectra were recorded under conditions of ul-
trahigh vacuum 210" mBar. The high-resolution spectra of Cls, Ols,
N1s, and Cu2p photoelectron lines were obtained in the constant
transmission energy mode (pass energy = 20 eV, with a step of 0.1 eV).

The XPS analysis showed that copper patterns contain carbon, oxy-
gen, nitrogen, and copper. According to the sample composition analysis
(Fig. S7), it can be concluded that the basis of the pattern surface is
carbon and oxygen. To elucidate the reason for such an amount of car-
bon and oxygen, component analysis of the high-resolution spectra of
Cls, Ols, N1s, and Cu2p photoelectron lines was carried out. The shape
of the C1s photoelectron line (Fig. 5a) confirms not only the presence of
carbon adsorbed from the atmosphere on the surface of the sample but
also the formation of carbonyl groups as shown by the characteristic
component for metal carbonates with the binding energy (BE) of 288.7
eV [47]. In addition, line broadening in the region of 286-288 eV also
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Fig. 5. X-ray photoemission spectroscopy for composition analysis of the electrodes. The element percentages along the fabricated copper pattern are shown in
the insert. (a-d) High resolution spectra of Cls, Ols, N1s, and Cu2p3 photoemission core lines.

indicates the presence of carbon-nitrogen bonds, which correspond to
C-N (285.6 eV) and C = N (286.9 eV) bonds, respectively [48].
Deconvolution of the high-resolution spectrum of the N1s photoelectron
line (Fig. 5b) confirms the presence of C-N and C = N bonds on the

surface of the sample. The shape, position of the Ols photoelectronic
line (Fig. 5¢) indicates the presence of both carboxylic oxides and metal
oxide, in particular copper(II) oxide [49,50]. An analysis of the Cu2p3
photoelectronic line (Fig. 5d) qualitatively proves not only the presence



D. Shestakov et al.

of copper(Il) oxide but also copper(Il) carbonate on the surface of the
sample [51]. It is clear that the number of metal bonds and carboxyl
bonds is quite close for the photoelectron line of copper, while the oxide
component is almost half as much (Fig. S7). The formation of these
compounds on the surface is quite due to the peculiarities of the syn-
thesis. In the first stage, as a result of laser exposure, high temperatures
are reached, metallic copper is formed from the organic complex, and
part of the reaction products further interacts with heated copper. As the
beam moves, under atmospheric conditions, the metal is locally cooled
to temperatures, when oxidative reactions begin with formation of
copper oxide on its surface. It should be noted that these species are
formed only on the surface of the metallic deposit as evidenced by the
intense signal of metallic copper in the XPS (Fig. 5d).

4. Conclusion

In this work, we have demonstrated the possibility to perform
deposition of high-quality conductive copper coatings from deep
eutectic solvents using picosecond laser irradiation. We found the pa-
rameters of the deposition regime, at which the final electrical resistance
reached value at 7 times higher of a bulk copper. The minimum geo-
metric dimensions of a single line are about 90 pm in width and a few of
microns in height. The quality and morphology of the coating indicate
the possibility of increasing the deposition rate. As a result, the devel-
oped approach overcomes the previous limitations of the one-stage
laser-assisted deposition technology, and opens the opportunities for
new applications of this method, e.g. in micro-LEDs and displays tech-
nologies. We anticipate further development of this approach for
fabrication of a wide range of conductive materials on various substrates
with higher deposition rate. In further research the resolution of the
pattern can be improved by better focusing of the laser light. The
reduction of the wavelength of the laser will on the one hand reduce the
laser spot size, but on the other hand, change the absorption coefficients
and can therefore completely change the physical picture of the laser
writing process. Application of optics with a higher numerical aperture
will enable a tighter focusing and hence improve the resolution without
changing the laser wavelength.
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