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Laser-induced copper deposition from aqueous and aqueous —organic
solutions: state of the art and prospects of research
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Information about the factors influencing laser-induced deposition of metals, primarily copper, from aqueous and
aqueous—organic solutions are generalized and described systematically. Laser-induced deposition techniques and
mechanisms of chemical and laser-induced deposition of local copper and other metal structures onto the dielectric surface
are considered. The effects of the solution composition, the nature of the reducing agent and the properties of the dielectric
surface on the deposition process are discussed. Possible photochemical reactions induced by laser radiation and the role of
these reactions in the photoreduction of metals are considered. The key trends and prospects in the development of laser-

induced chemical liquid phase deposition are mentioned.

The bibliography includes 132 references.
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1. Introduction

Laser metal deposition is one of promising methods of
metallization of dielectric surfaces. The state of the art of
research in this field can be characterized as primary
accumulation of basic knowledge. An advantage of laser
deposition is that even the surface of wide band-gap
(>3 eV) dielectric materials can be metallized without any
pretreatment, which is difficult to achieve by other methods.
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One of the laser deposition techniques is laser-induced
chemical liquid-phase deposition (LCLD). It is based on
localized deposition of metal from a solution via chemical
reduction of the metal or decomposition of its salt (com-
plex) induced by laser radiation. Laser metal deposition
from electrolyte solutions can be used to fabricate micro-
and nanosized metal structures on the surface of dielectrics
and semiconductors of different types.!
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At first glance, laser chemical vapour deposition
(LCVD),? pulsed laser deposition (PLD),? laser-induced
film transfer technique (LIFT)“ and laser pyrolytic destruc-
tion of solids (LPDS)? are alternatives to LCLD. Never-
theless, the LCLD technique has obvious advantages over
the above-listed methods, such as

— it is cost-effective because expensive equipment is not
required;

— small amounts of toxic wastes are produced;

— LCLD provides higher deposition rates compared
with LCVD and LIFT.

Besides, LCLD can be accomplished in one step, if the
surface to be metallized has a composite (two- or multi-
phase) structure or includes areas of substantially different
compositions,® or in two steps, if the surface preactivation is
required. A considerable advantage compared to other
methods using laser radiation is that it can be used to
fabricate highly conducting metal structures.”-$

The LCLD technique can be employed to deposit the
following metals onto the surface of various dielectrics:
copper, silver,” palladium,!® platinum,!! nickel,'> gold,'3
chromium and tungsten.'* The copper deposition is of
most practical interest because copper is widely used as a
conducting material in microelectronics, as well as due to
the catalytic activity of copper-based nanoparticles.!>- 1°

In some cases, the specificity of laser-induced deposition
provides new pathways of chemical reactions.!”!'® Due to
such features of laser-induced copper deposition as a high
energy density and a considerable temperature gradient
around the laser beam focus, side reactions and the decom-
position of organic components of the solution can
occur.!3 18 This is why the results of laser-induced deposi-
tion from most of known solutions, in which autocatalytic
reactions take place, substantially differ from the results of
standard chemical copper plating. The causes and mecha-
nisms of these differences have been little studied. It is
generally assumed that the mechanism of the laser-induced
reaction is analogous to the autocatalytic mechanism.!® In
some investigations, the influence of the components of the
solution was not considered at all. In these works, the
authors examined only the effects of the laser power and
wavelength,?® the rate of laser beam scanning of the
dielectric surface and the number of scans of the same area
of the dielectric surface?! and obtained quite predictable
results, such as an increase or decrease in the geometric sizes
of deposited copper structures.

The methods of laser-induced chemical liquid-phase
deposition can be arbitrarily divided into three groups.

1. One-step processes. The metal deposition is per-
formed in one step. The metal is deposited directly from a
solution onto the substrate using a thermally or photo-
induced redox reaction in solution at the interface with a
dielectric.

2. Two-step processes involving the laser-induced pre-
deposition of a precious metal. In the first step, the laser-
induced deposition of a precious metal (silver?? or palla-
dium 23) template is performed followed by chemical depo-
sition of copper. The precious metal acts as a catalyst for
the redox reaction between copper(Il) and a reducing agent
in solution. In this case, copper is deposited only onto the
surface of the template thus forming a current-carrying
strip.

3. Two-step processes involving the laser treatment of
the material in air. Initially, the surface of the material

subjected to metallization is treated by laser radiation in air.
Then the material is placed in a hot copper- or nickel-
plating solution. Due to changes in the surface properties of
the laser-irradiated areas, the metal is deposited only onto
these areas.!!

The laser-induced deposition of copper has been studied
most extensively because this metal is of most interest to
researchers as the cheapest highly conducting material for
microelectronics, which, in addition, has catalytic proper-
ties and can be reduced from the ion in solution through
thermochemical and photochemical routes. Almost all stud-
ies on the one-step laser-induced deposition of metal were
performed with copper.

An analysis of the state of the art of investigations in the
field of laser-induced deposition of metals shows that the
following three groups of factors have an effect on the
results of this process:!

— physical factors (laser power and wavelength, scan
rate, temperature of the environment and solution);

— chemical factors (the composition of the solution,
concentrations of the components, pH, chemical reactions
in solution, photochemical processes in solution, the char-
acteristic features of complexation in aqueous-—organic
systems);

— surface properties of the dielectric substrate (struc-
ture, the presence of activated and catalytic centres, defect
structure, phase composition, chemical properties of the
components of the dielectric material).

Depending on the type of the dominant reaction mech-
anism, laser-induced deposition techniques are divided into
photoinduced (photodecomposition of metal salts or com-
plexes in solution is a dominant reaction) and thermally
induced (photoprocesses play a minor role, and the metal-
lization results from the high-temperature initiation of
redox reactions involving a metal ion).

The above-listed factors and their influence on the
copper plating process are briefly considered in the follow-
ing sections.

I1. Chemical factors influencing chemical liquid
phase deposition of copper

I1.1. Composition of the solution and reaction mechanisms
For a long time, the following reaction was the only one
that was used for the laser-induced reduction of copper

CuL”—2— + 2HCHO + 4HO~ —> (1)
—>Cu® + L"~ + H, + 2HCOO~ + 2H-0

where L is an organic ligand [usually the tartrate or ethyl-
enediaminetetraacetate anion (EDTA)]; HCHO (formalde-
hyde) was added as the reducing agent in a 6—7.5-fold
excess.!® Sulfate or chloride were most often employed as
copper salts.

Reaction (1) was used long enough for chemical copper
plating of pre-activated surfaces and is known as the
‘copper mirror chemical reaction’.?* As applied to the
laser-induced reduction of copper, this process was not
efficient in preparing highly conducting finely dispersed
copper structures with stable properties. The reaction with
formaldehyde gave a deposit as a layer of copper cubic
crystals fused via vertices and edges (Fig. 1), i.e., the deposit
had a porous structure and low conductivity.!®
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Figure 1. Deposit produced by laser-induced deposition of copper
from the solution 0.01 M CuCl, + 0.011 M KNaC4H4O04-4 H>O +
0.05M NaOH +0.075M HCHO.!8

Later on, it was found that much better performance can
be achieved with polyols as reducing agents, the lower the
reducing ability of polyol, i.e., the higher its reduction
potential, the more monolithic and dispersed the copper
deposits, and the electrical conductivity of the deposited
copper (very stable on the time scale) is close to that of pure
copper (Fig. 2).7-8.25

Similar results can be obtained by the addition of some
types of hydrophilic nonionogenic surfactants,?®27 which
have a hydrophilic-lipophilic balance (HLB) characterized
by Griffin’s HLB values of 11 —12.2% Any types of ionogenic
surfactants interfere with the deposition.?®

It should be noted that the general approach to the
determination of the composition of solutions was the same
as that used for traditional formaldehyde solutions. It was
believed that the solution for laser-induced deposition of
copper should contain, in addition to a copper salt, compo-
nents acting as a ligand, a reducing agent and a pH
regulator. The functions of these components in metalliza-
tion solutions are considered below.

Numerous compositions of nickel-plating solutions were
proposed.3? The deposition of nickel employing traditional
solutions also involves a number of problems. The use of
sodium hypophosphite as the reducing agent results in the
co-deposition of a mixture of nickel and phosphorus, as well

Figure 2. Deposit produced by laser-induced deposition of
copper from the solution 0.01M CuCl,+0.05M NaOH +
0.03M KNaC4H406-4 H>0 +0.075 M xylitol (reducing agent).”-8-25

as, probably, phosphides; the use of boron-containing
reducing agents leads to the co-deposition of boron.

I1.2. Metal salts

In the conventional copper plating technique for the fab-
rication of printed circuit boards, CuSQy is used to build-up
a copper layer.?! The empirical dependence of the deposi-
tion rate (r) of metallic copper (measured in micrometres of
the film thickness per hour) on the copper ion concentration
in solution for the chemical metallization 32 takes the form

7~ [Cul®#

where [Cu] is the concentration of the divalent copper
complex with EDTA in solution.

However, an increase in the copper salt concentration in
solution during the laser deposition not necessarily leads to
an increase in the amount of deposited metal. As a rule, at
high concentrations (0.1 M and higher) the topology of the
deposited structures is deteriorated and the amount of
deposited copper decreases with a further increase in the
copper concentration.?3

The investigation of the influence of the anionic compo-
sition of solutions on the results of laser deposition3*
demonstrated that the anion has some effect on this process,
in particular, when using solutions containing an alkali, a
copper salt, a ligand (tartrate) and a reducing agent (form-
aldehyde). A comparison of the results of the liquid phase
deposition of CuSO4 and CuCl, showed that the electrical
resistance of the deposits obtained from a CuCl, solution is
3—4 times lower compared with the deposits produced from
a CuSOy solution in the power range of 250—350 mW. This
may be due to the two-electron character of the reduction of
copper(Il) to copper(0), which apparently proceeds through
the formation of Cu(I) in solution (Cujq). It is known that
copper(I) in aqua complexes is unstable, but it is substan-
tially stabilized upon complexation. The Cu;q ion immedi-
ately disproportionates to Cu® and Cu?* (Ref. 35). In a
CuSOQy4 solution, a colloidal metal solution is formed fol-
lowed by the deposition of the metal onto the surface, the
deposit being inhomogeneous. In a CuCl, solution, the
reduction of CuCl; anionic complexes will apparently give
rise to polynuclear heterovalent intermediates
Cut/0—Cu——Cu*'0 which will be adsorbed on the
surface, thus improving the topology of the deposited
copper structure.

The effect of the temperature on the deposition process
was noted.?* Thus, an increase in the temperature of the
solution in a cell from 25 to 45 °C led to an increase in the
amount of deposited metal. This is indirect evidence of the
occurrence of thermochemical processes in solution.

I1.3. Reducing agent

The proposed mechanisms of metal reduction based on the
results of investigations of chemical and electrochemical
metallization are described in detail in the literature (see, for
example, Refs 24, 25, 31 and 36).

An electrochemical theory was proposed 3’ to explain
the catalytic effect of the metal surface on the chemical
metallization process. According to this theory, the catho-
dic reduction of metal and the anodic oxidation of the
reducing agent take place in certain areas of the catalyst
surface. The catalyst promotes the electron transfer from
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Figure 3. Chart of von Gutfeld’s experiment on laser-induced
electrochemical deposition of copper.38—40

the reducing agent directly to the metal ion, which otherwise
proceeds with difficulty.

In the chemical copper plating, hypophosphite, hypo-
sulfite and hydrazine can be used, along with formaldehyde,
to reduce copper (as well as nickel and some other metals).3¢
However, these compounds exhibit reducing properties only
at elevated temperature. Besides, these reducing agents are
usually not involved in autocatalytic processes, which could
lead to the uncontrolled deposition of metal in the bulk of
the solution as soon as the required temperature is reached.
Hypophosphite and hydrosulfite exhibit reducing properties
in an acidic medium; formaldehyde and hydrazine, in an
alkaline medium.

The reduction of copper using formaldehyde as the
reducing agent occurs mainly on grains and surfaces of the
already deposited copper, rather than throughout the bulk
of the solution (autocatalytic reaction). However, the
requirement of autocatalysis is not universal. It might be
supposed that the number of reducing agents that can be
involved in the metallization is much larger than those used
in conventional chemical and electrochemical reactions.
This is associated with the influence of laser radiation on
the potentials of redox reactions in solution.

In experiments performed by von Gutfeld and co-work-
ers, 340 the laser beam was focused onto the copper

electrode/copper sulfate solution interface (Fig. 3). The
second electrode was placed in a solution. An external
voltage (U) was applied to a closed circuit. At an insignif-
icant external voltage, laser irradiation can induce a poten-
tial jump (E) of about 0.4 V at the copper/electrolyte
solution interface and the rate of copper deposition in the
irradiated area increases by a factor of 1000. The authors
attributed this effect to the thermal factor (kinetics of
deposition) and to the stirring of the solution. However,
the simplest calculations by the Nernst equation showed
that the potential change in the solution due to its heating
can reach only 0.1-0.15 V. Besides, a high thermal con-
ductivity of copper should facilitate the deposition of wide
copper structures, which is inconsistent with the experimen-
tal data on the localized laser-induced electrodeposition.

The kinetics of the photochemical component of the
process is weakly related to the temperature factor and
depends to a greater extent on the parameters of laser
radiation (power and wavelength).4!

The improvement of the topology of copper structures
at lower reduction potentials of the polyol used was
explained 2° based on the calculated potential shift of the
electrical circuit and the fact that the calculated value is
consistent with the experimental data obtained by von
Gutfeld and co-workers 3® 40 in the study of electrodeposi-
tion. The redox reactions with the participation of reducing
agents with rather low standard reduction potentials (form-
aldehyde, ethanol and so on; Table 1) can already occur in
solution, and the treatment of this solution by laser radia-
tion can give rise to non-localized deposition of copper.

In the reactions using reducing agents with a low
reduction potential (xylitol, sorbitol), the potential differ-
ence sufficient for the redox reaction between copper and an
organic reducing agent to proceed can be achieved only on
the metallized dielectric surface, resulting in the localized
deposition of copper (Fig. 4). The formation of copper
nuclei will be determined by the defect formation in dielec-
trics under laser irradiation by the mechanism which has
been described in detail by Shafeev and co-workers.4%43
This provides additional support to the hypothesis that von
Gutfeld’s potential shift is attributed not only to the
thermal effect of laser radiation but also to the contribution
of electron photoemission from the deposited metal surface
induced by laser radiation.44

This interpretation can be extended to the influence of
the stability of a copper complex in solution and the copper
concentration on the laser deposition process,** the more so
since polyols can also be coordinated to copper ions in
solution like classical ligands.

Table 1. Standard reduction potentials of reducing agents used for LCLD (Ep) and the reduction potential difference between the Cu?* /Cu couple
and the reducing agent in solution under standard conditions (AEp) and at 80 °C (AE), as well as at the metal/solution interface.!-2>

Reducing agent —E, " Ey E (calculated in solution E (calculated according
duci RCH0H/RCOO= AEy |V AE (calculated in soluti AE (calculated di
/V(+0.1V) to von Gutfeld at the copper/
solution interface) /V (+0.4 V)

Formaldehyde 0.98 0.78 0.88 1.28

Ethanol 0.56 0.36 0.46 0.86

Ethylene glycol 0.54 0.34 0.44 0.84

Glycerol 0.45 0.24 0.34 0.74

Xylitol 0.10 0.10 0.20 0.60

Sorbitol 0.10 0.10 0.20 0.60
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Figure 4. Cross-section profile of a copper strip produced by laser-induced deposition of copper from
a0.01M CuCl, + 0.011M EDTA +0.04 M C3HgO3+0.5M NaOH solution onto glass ceramics.”

The absorption of radiation by solution components
and the rapid solution heating can give rise to side reac-
tions, in particular, reactions accompanied by extensive gas
formation. The presence of gases is a serious obstacle for
laser deposition of metals because they lead to defocusing of
the laser beam and interfere with the diffusion of reactants
to the reaction zone.*¢

I1.4. Ligands

The effect of the ligands on the laser-induced metal reduc-
tion is a big topic for research and experimental studies
because the variation of the ligands is most suitable for
controlling the process in order to localize it either in the
bulk of the solution or on the dielectric surface, as well as
with the aim of changing the balance between photo- and
thermal components. Moreover, in the general case, the
reducing agent is not a necessary component of the solution
for a laser-induced process, and the ligand can act as the
reducing agent and simultaneously participate in complex-
ation and, vice versa, components with strong coordinating
ability are the best reducing agents.*7-48

The copper reduction in solutions which do not contain
a component acting as a reducing agent was described by
Ahrland and Tagesson.?> It should be noted that the
application of alternative methods (chemical or electro-
chemical) for performing this reaction was not described in
the literature. This fact was partially explained in the studies
published earlier.?8-4%:50 The kinetics of thermochemical
processes induced by laser heating of chemically reactive
media is associated mainly with the following two factors:
the occurrence of specific reactions and the mutual influ-
ence of the chemical state of the medium and the energy and
mass transfer in the laser radiation field.

It was shown #° that the stability of the metal complex is
of great importance for the localization of laser deposition
at the laser focus. The ligands that form rather stable
donor-acceptor bonds with metal ions perform two func-
tions:

— prevent the deposition of metal hydroxide if the
reduction occurs in an alkaline medium;

— decrease the standard reduction potential M”* /M? to
inhibit uncontrolled reduction throughout the bulk of the
solution.

An alkaline medium is most often used to decrease the
standard reduction potential of the reducing agent in
solution. Therefore, an increase in the pH value results in
that the potential difference between the oxidizing and
reducing agents becomes positive and the reduction of
metal is thermodynamically allowed. Since the functions of
a pH regulator are very limited, its influence on the process
has not been studied in detail. It was found3¢ that the
chemical copper plating should be performed at pH
12.2—-12.7. These values were used in many experiments
on laser deposition and were believed to be optimal.

In recent studies, yet another important function of the
ligand was revealed. Thus, the ligand can control the local-
ization of metal deposition.*> The narrowest copper con-
ductors with sharp edges and high-quality topology can be
produced by the addition of complexes with high stability
constants to the solution.

The metal in a stable complex can be reduced only at
high temperature or by decreasing the activation barrier by
means of a catalyst. An oxalate ion, ammonia and glycerol
can be used as ligands.?” However, salts of tartaric acid
(potassium and sodium tartrates) or ethylenediaminetetra-
acetic acid are most commonly employed for this purpose.’!
After the addition of a ligand, metal is not always deposited
from the solution in the bulk because of a small potential
difference, but this difference may be increased in a local
area by the thermal action of laser radiation. It was
hypothesized that the electromotive force of a galvanic
concentration cell also makes a considerable contribution
to the change in the potential due to local changes in the
activity of potential-forming ions in solution.?® The change
in the activity, in turn, is associated with a change in the ion
concentration in solution due to thermal diffusion induced
by inhomogeneous laser heating.*® The sign of the thermal
diffusion constant in solutions is such that positively
charged metal ions usually migrate from less heated to
more heated areas.’® According to experiments performed
by von Gutfeld,?® the potential shift leads to a local change
in the potential difference in the irradiated area and local
deposition of metal.

In unstable metal complexes, the reduction is thermody-
namically allowed without laser radiation. The heating of
the solution will cause the reduction in the bulk of the
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solution, while the deposition of local structures on the
surface will not take place.

I11. Effect of dielectric surface properties

The LCLD process can be driven be a classical nucleation
mechanism in the bulk of the solution or occur through the
formation of atomic crystallization centres on either defects
or activated fragments of the dielectric surface followed by
the accretion (coalescence) through an autocatalytic mech-
anism.

The average distance between the nearest copper com-
plexes was shown to be ~3 nm even in a 0.01 M solution of
a copper complex.>? Evidently, under these conditions the
nucleation process is statistically unlikely due to fluctua-
tions in the bulk. Nevertheless, a significant contribution of
the nucleation in the bulk is clearly seen in the case of
deposition of metal from solutions containing formaldehyde
as the reducing agent. This type of nucleation is observed in
photolytic deposition processes. This fact was confirmed in
the studies,”®>* in which the formation of a crystalline
phase of the metal in an autocatalytic solution by a
nucleation mechanism under non-localized UV radiation
was confirmed by several independent methods, including
powder X-ray diffraction.

In this case, it can be supposed that the problem of the
local formation of a crystalline metal precipitate on the
dielectric surface is in creating crystallization centres on the
dielectric surface in such amount per unit surface area as to
make the reduction through these centres thermodynami-
cally favourable. Surface defects of the crystal after laser
irradiation can serve as activation centres. Taking into
account that, according to different estimates, this amount
for semiconductors is usually in the range of
1011 —10'5 cm—2 (see Refs 55 and 56), the laser action on
the dielectric surface should lead to a considerable (by 1-3
orders of magnitude) increase in the number of surface
defects in order to form local deposited structures on the
surface.

The microscopic mechanism of the formation of active
centres may be of different nature depending on the surface
activation strategy. The formation of an active centre is
determined by the following two main factors.

1. Local changes in the energy spectrum of the electronic
subsystem of the dielectric substrate surface. This mecha-
nism is as follows: an external physical action gives rise to a
non-equilibrium configuration of the electronic subsystem,
which is accompanied by a change in the potential relief in a
local area of the dielectric surface. This results in the
formation of new higher-energy local nanostructures,
which have rather labile electronic subsystems inducing the
electron transfer from the reducing agent to the oxidizing
one.>? Laser radiation is one of such actions.!:10-11 This
type of activation is arbitrarily referred to as physical.

2. The insertion of an atom, a molecule or a group of
atoms, which facilitates the charge transfer from the oxidiz-
ing agent to the reducing one, into the structure of the
surface layer. The insertion can occur through the adsorp-
tion, chemosorption, a chemical reaction, by means of
catalyst pre-deposition and so on. This activation mode
can be arbitrarily considered as chemical.>-3¢ These meth-
ods are described in detail in numerous publications (see,
for example, Refs 24, 31 and 36) and there is no need to go
to the heart of the matter because the results of chemical

activation are, for the most part, eliminated by laser
radiation.

All known methods of activation of dielectric surfaces
can be assigned to one of the above-mentioned types of
interaction. Different surfaces can be activated to a differ-
ent degree by both physical and chemical methods.

The laser activation of the dielectric surface can be
performed in two ways, using a two- or one-step procedure.
The two-step laser activation has long been employed by
Shafeev.!'!-20 In recent years, the one-step approach was
used in many works.”-817.18.34 The two-step method
involves the laser pre-treatment of the dielectric surface in
air followed by its immersion in a solution and the deposi-
tion of metal on the defects that formed. The one-step
approach is based on the scanning of the dielectric surface
by a focused laser beam directly in a solution containing a
metal salt and a reducing agent.

The two-step method is a typical example of the physical
activation of the dielectric surface, whereas the localized
lasing mode implemented in the one-step approach makes it
possible to combine the physical and chemical activation in
one universal laser deposition technique.

The model of activation developed in accordance with
Shafeev’s concepts 2 assumes that the ablation of dielectrics
is accompanied by local changes in the electronic and
chemical structure of such its areas that have been subjected
to laser radiation. This is attributed to the following factors:

— the formation of oxygen vacancies in oxide materials.
When treated with a laser, the oxide material loses some
oxygen due to rapid heating. Since the time of laser
irradiation is short, the rapid heating is followed by rapid
cooling and the diffusion limitations, which hinder rapid
recombination of metal atoms and atmospheric oxygen,
give rise to metastable oxygen vacancies. Metal atoms in
the oxide material serve as crystallization centres;

— bending of the energy bands of the dielectric under
thermal and light irradiation treatment. The quenching of
the material by laser radiation leads to the bending of the
configuration of the valence band and the conduction band
of the dielectric, resulting in its activation;2°

— laser action by a one-step mechanism gives rise to
activation centres as pre-deposited metal atoms or other
groups ® with high electrical conductivity.

Strictly speaking, the latter phenomenon should be
assigned to the mechanism of chemical activation. However,
as mentioned above, the one-step laser activation process
combines both processes and integrates the features of
physical and chemical methods.

There are different types of surfaces. Some surfaces are
naturally ready for laser metallization, i.e., initially contain
a sufficient amount of active centres, whereas other surfaces
should necessarily be pre-activated. The surfaces of dielec-
trics, which are always inert to metallization in the inacti-
vated state, belong to the latter type.

A metal ion or a small metal cluster reduced on the
dielectric surface can serve as the catalyst for the further
reduction in solution in the absence of laser radiation. The
character of the catalysis remains the same. Thus, the
catalyst facilitates the charge transfer from the reducing to
oxidizing agent but this process occurs through the pre-
deposited metal rather than across the dielectric surface
(Fig. 5).37 This process is usually referred to as the autoca-
talytic deposition.
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Figure 5. Electron transfer from the reducing agent to the oxidiz-
ing agent in the bulk of the solution (/) and through the activated
metallized surface (17).%7

(1) Reducing agent; (2) oxidizing agent.

The majority of the studies have focused on the effect of
the surface properties on the two-step laser deposition. For
instance, the laser-induced method was developed for the
two-step nickel plating of dielectric and semiconductor
surfaces.’” The surface area of diamond, which was acti-
vated by a copper vapour laser in air (510 nm) or by a KrF
laser (248 nm), was then subjected to selective metallization
by placing in a solution of nickel hypophosphite for the
chemical reduction. The effect of the laser surface activation
is stable over time and disappears only upon heating of the
sample to 350400 °C for 3 h. It was also shown >® that the
laser etching of the SiC surface both in air and when
exposed to a liquid phase [dimethyl sulfoxide (DMSO),
H,O, N;H4] makes the surface catalytically active and
facilitates the selective deposition of nickel and copper
from the appropriate solutions. It was found that the
irradiated area acquires a layered structure: the upper
layer consists of SiO,, the intermediate layer is composed
of Si clusters, and amorphous SiC constitutes the lower
layer. It is the Si clusters that serve as catalytic centres
initiating the deposition of metals. A similar two-step
process can be applied to metallize SiTiOs, PbTi; —Zr.O3,
AlL,O3, ZrO,, AIN and LiNbOj3 surfaces.??

However, not all dielectric surfaces can be subjected to
two-step activation. Thus, Shafeev?? noted that SiO, and
MgO cannot be activated in air followed by the immersion
of the substrate in a metallization solution. Meanwhile,
experiments on the laser metallization of oxide and quartz
glasses demonstrated that the one-step copper plating and
activation of glassy SiO, can be performed.!- 13-34

Apparently, it is the difference in the activation mecha-
nisms in air and in solution>!-5% 60 that is responsible for
the observed difference in the results of activation of silicon
oxygen surfaces. The impossibility of activation of MgO is
most likely attributed to chemical instability of MgO in an
alkaline copper plating solution due to the formation of
Mg(OH)>.

It should also be taken into account that Shafeev
performed many studies using single-crystal materials,
whereas polycrystalline, glassy and polymeric substrates
were employed in other studies in the field of LCLD.
Therefore, the results of activation of the substrate and the
subsequent deposition onto the substrate cannot be pre-

dicted in advance for the laser metallization of dielectrics,
which have the same chemical composition and chemical
properties, but differ in the crystal or phase structure.

It is important to mention features of laser activation
common to all dielectrics. Once activated, the surface of the
sample retains the ability to reduce metals from a solution
for the chemical decomposition over a long period of time;
at room temperature this ability is retained for several
years.?0-37-58 The catalytic activity of ablated areas disap-
pears upon the annealing of the sample in air or under an
oxygen atmosphere for several hours. The metal deposited
onto the activated areas of the surface can be removed by
chemical etching (for example, dissolved in HCI or HNO3)
and then again deposited onto the same activated area of
the surface.?9-37-58

Activated metal atoms or clusters on the dielectric sur-
face can appear not only as a result of the loss of oxygen
atoms from oxides. This was observed, in particular, on
AIN ceramics, which is decomposed under UV excimer laser
radiation to form metallic aluminium even when a low
energy flux of about several Joules per square centimetre is
used.o!-62

At an energy density of 2—4 J cm—2 (XeCl, ArF and
KrF lasers), irradiated areas of the ceramics become able to
reduce Cu, Ni and other metals from the appropriate
solutions for chemical metallization. The metal deposition
starts in some areas of the ablated surface, whereas a
continuous metallic film is formed through coalescence of
individual metal islands during lateral growth. It was shown
that the XeCl-laser-induced ablation in air gives rise to
metal islands on the Al,Oj3 surface, resulting in its activa-
tion.®3

On the whole, the influence of the nature of the substrate
on the results of laser-induced deposition has not been
studied systematically as yet. Nevertheless, there is no
doubt that the structure and the physical and chemical
properties of the substrate are among the key factors
responsible for the rate and outcome of the localized
reduction of metal on the dielectric surface.

IV. Prospects and key trends of development of
laser-induced liquid phase deposition technique

The outcome of LCLD arises from to two groups of
processes induced by laser radiation:

— processes in solutions, in which the redox reaction
proceeds; such processes are determined by the ionic forms
and superfast reactions involving metal ions;

— processes on the dielectric surface at temperatures
much higher than the boiling points of aqueous and non-
aqueous solutions. Presumably, these processes are respon-
sible for the ‘preparation’ of the surface to deposition and
the formation of activation and catalytic centres for the
reduction of metal; such processes depend on the physical
and chemical properties of the dielectrics.

IV.1. Processes in solution

Processes in solution take a much longer time than the
residence time of a certain microvolume of the solution and
the adjoining dielectric surface in the laser radiation field. A
laser exerts mainly the initiating action on the deposition by
forming surface or bulk catalytically active clusters.'! Only
in this case, one can observe non-equilibrium processes that
give results interesting from a scientific point of view.!3-17-18
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Once the microvolume comes out from the radiation field,
the reaction develops in accordance with canonical thermo-
dynamics of equilibrium processes. For this reason, the
prospects of further investigations in the field of LCLD
should primarily be based on these concepts. This is
illustrated below in detail in relation to copper-containing
solutions, but such considerations are true for any metal.

To optimize the laser-induced chemical liquid phase
deposition of copper, it is necessary to understand the
state in which the metal ions exist in solution depending
on the composition of the solvent, the type of the counter-
ion, the nature of the ligand and the presence of various
modifying agents, which have an effect on the structure of
the solution. Solutions of copper salts are widely studied in
the solution chemistry and coordination chemistry. Let us
refer to the classical work of Bjerrum,®* who developed an
approach to the description of the stepwise complexation in
solution in relation to amino complexes of copper. Later on,
these objects have continued to attract great interest. Three
main areas of fundamental research on copper salt solutions
can be arbitrarily distinguished:

— structural studies (determination of the composition
and structure of the solvation sphere);

— determination of the thermodynamic characteristics
of solvation processes;

— studies of the complexation of copper ions with
various ligands.

These three fields of research are briefly considered
below. Taking into account the specificity of experiments
on the laser-induced deposition, we confine ourselves
mainly to the analysis of oxygen-donor solvents.

Numerous studies dealing with this issue hold to the idea
that a decrease in the coordination number to 4 and the
change to a square-planar configuration of the complexes
facilitate the reduction of copper ions due to elimination of
the endothermic contribution of desolvation of the Cu?™
ion, and as a result of lower steric hindrance to interaction
of the reducing agent with the metal centre and the
possibility of decreasing the potential barrier of the reac-
tion. Therefore, the problem of the optimization of laser
copper plating can be reduced to the search for ligands
providing the above-mentioned steric parameters of the
copper ion coordination.

Most of studies in this area were carried out in aqueous
solutions. A high charge density on the doubly charged
metal cation is responsible not only for the high energy of
its hydration (the recommended value
AG ﬁyd = —1020 kJ mol—") % but also for a strong polariz-
ing action, which results in a substantial polarization of
coordinated water molecules and allows hydrolytic proc-
esses to occur. The following equilibria between aqua and
hydroxo complexes of copper(II) are observed in solu-
tions:32

[Cu(H:0)sl2f === [Cu(H-0)sOH];, + Hi,

2[Cu(H:0)elsq === [Cux(H:0)s(OH):Lf + 2Hy, + 2H:0
the hydrolysis constant (Kp,) is 3.2 x 102

The formation of hydroxo complexes competes with
other complexation processes in solution, including the
formation of complexes with reducing agents. However,

the small value of K} indicates that hydrolysis processes in
copper salt solutions are quite insignificant, and their

contribution can easily be eliminated by a slight acidifica-
tion of the solution. The deprotonation of deposits requires
that the reduction be performed in an alkaline medium. This
can be compensated using chelating ligands such as polyols,
a tartrate ion, EDTA and so on. Meanwhile, an increase in
the temperature leads to a substantial acceleration of the
hydrolysis and hydrolytic polymerization of copper. These
processes, along with thermal instability of hydroxo com-
plexes, which finally leads to the deposition of copper oxide
from the solution, can substantially interfere with the laser-
induced deposition at high temperatures.3% 6

Although the coordination number 6 is traditionally
assigned to the Cu?" ion in water and the elongated
tetragonal bipyramid (coordination 4+ 2) is assumed to be
a characteristic shape of the coordination polyhedron, the
coordination number 5 (square pyramidal configuration)
was assigned to a copper ion in some recent studies.®’
Persson er al.®® studied an aqueous solution of copper
perchlorate acidified with perchloric acid and showed that
the (4 +2) coordination of the copper ion is highly probable.
They also determined the main structural parameters of the
hydrated cation [the Cu—O distances in the equatorial
plane are 1.955(5) A; in the axial positions, 2.30(3) A]. The
relationships between these parameters and the rate of
metal reduction on clusters that are produced by the laser
scanning of the dielectric surface are of great scientific
interest.

In most cases, the laser-induced deposition is performed
from aqueous solutions. However, Inada et al.®® showed
that the use of such solvents as, for example, 1,3-dimethyl-
propyleneurea and 1,3-dimethyl-2-oxohexahydropyrimi-
dine, induce strong steric hindrance to (4+2)-
coordination, resulting in a decrease in the solvation num-
ber of the copper ion to 4. Such steric hindrance is likely to
facilitate the reduction of copper (II) to copper (I), which
will lead to a decrease in the endothermic contribution of
the desolvation of the cation. It cannot be ruled out that it is
this reduction of copper that is the rate-limiting step of the
overall reduction of copper both in the bulk of the solution
and on the dielectric surface.

A change in the nature of the solvent leads to an
insignificant change in the thermodynamics of the solvation
of the doubly charged copper cation, whereas this effect is
more pronounced for the singly charged copper cation. In
terms of Pearson’s hard and soft acid and base principle, the
Cu™ ion belongs to soft acids 7 and, consequently, it will be
better solvated by soft bases. A X=0 double bond (X = C,
S) is responsible for the softness of such solvents as N,N-
dimethylformamide (DMF), DMSO, dimethylacetamide
(DMA) and acetone. The addition of these Cu ™ -stabilizing
solvents to the solution should lead also to the deceleration
of the disproportionation

2Cut =— Cu?* + Cu®

and to a certain extent prevent the photo- or chemical
reduction of a Cu* ion to metal and, consequently, sup-
press the bulk crystallization of copper. Therefore, in the
nearest future investigations of the LCLD reaction in non-
aqueous solutions should attract much attention with the
aim of changing the ratio of the bulk to surface components
of the reaction towards the latter component.

The complexation of Cu?>* ions with various ligands,
primarily in aqueous solutions, has been extensively inves-



V A Kochemirovsky, M Yu Skripkin, Yu S Tveryanovich, A S Mereshchenko, A O Gorbunov,

M S Panov, I I Tumkin, S V Safonov

Russ. Chem. Rev. 84 (10) 1059—-1075 (2015)

1067

tigated. The most well-studied halide complexes of copper
are characterized by low stability constants in aqueous
solutions (K), which, as mentioned above, can interfere
with the deposition of local copper structures in laser-
induced reduction processes. Based on the analysis of the
published data, the values K;=4.37, K,=0.36,
K;=398x10"2 and K4=3.98x10-3 can be recom-
mended for chloro complexes (due to low stability con-
stants, these values differ by an order of magnitude even for
the first complexation step);”! for bromo complexes in
aqueous solutions, the stability is approximately an order
of magnitude lower and, as a consequence, the variation in
the values is much larger. This problem can be solved using
organic or mixed aqueous organic solvents instead of water.
For example, the stability constants of chloro complexes in
DMF are 3—13 orders of magnitude larger compared with
those in water. Besides, as can be seen in Table 2, the use of
non-aqueous solvents results in a change from the octahe-
dral (4+2) coordination to the tetrahedral environment of
the copper ion, which, as mentioned above, reduces endo-
thermic effects associated with the desolvation and facili-
tates the reduction of the metal.47-48.72.73

The shape of the coordination polyhedron (the geometry
of the environment) of the copper ion in halide complexes in
water and in some non-aqueous solvents (see Table 2) was
determined from the results of molecular absorption
spectroscopy (electronic absorption spectrosco-
py).23:25.29.31.33.74 -84

In some cases, there is no consensus on the shape of the
coordination polyhedron of the copper ion in solution
probably due to the difference in the experimental condi-
tions used (different supporting ions, concentrations).

The introduction of halides of singly charged cations as
additives into a solution has a considerable effect on the
distribution of acido complexes and even on the shape of
the coordination polyhedron of a copper ion. Ahrland and
Tagesson 35 studied the effect of the outer-sphere cation on
the shape and composition of halide complexes of copper
and demonstrated that the change in the structure-breaking
effect of an alkali metal ion on water in the series

Cst™ >Rb" >K*" >Nat >Li"

is accompanied by an increase in the percentage of higher
chloro complexes in solution, whereas the addition of
caesium chloride causes the equilibrium between the octa-
and tetrahedral configurations observed for the tetrachloro-
cuprate anion to be almost completely shifted toward the
latter one.?’

A similar situation is observed for tetrabromo com-
plexes. Thus, the square-planar configuration is typical of
complexes containing lithium as the outer-sphere cation,
whereas the tetrahedral configuration is observed for com-
plexes with the bulkier tetra-n-butylammonium cation.®3 It
should be noted that an increase in the concentration
stability constants for acido complexes, as well as a decrease
in the coordination number to four, particularly in the case
of the tetrahedral configuration of the coordination poly-
hedron, should promote the reduction of Cu?* to Cu™
(halide complexes of singly charged copper are known to be
highly stable, the tetrahedral configuration of the starting
complexes makes the desolvation and structural rearrange-
ment energetically more favourable), i.e., should have the
same effect on the laser-induced reduction as non-aqueous
solvents.

The study of saturated solutions of copper halide com-
plexes by the extended X-ray absorption fine structure
(EXAFS) techniques 83 demonstrated that the outer-sphere
cation can substantially influence also the distribution of
halide ligands and water molecules between equatorial and
axial positions of the coordination polyhedron.

It was found that in the presence of strongly hydrated
lithium ions, the axial positions are predominantly occupied
by water molecules; in other cases, by halide ligands. A
similar structure is observed in the solid phase. Thus, in the
compound LiCuCl;-2H>O water molecules in the axial
positions of the copper coordination polyhedron are shared
by copper and lithium ions.?3 Correspondingly, lithium ions
substantially facilitate dehydration processes that make a
significant endothermic contribution to the thermodynam-
ics of laser-induced deposition of copper.

The complexation of copper ions in an aqueous solution
with polydentate ligands — EDTA, a tartrate ion, polyols
and so on — was considered in numerous works. The
equilibrium constants for complexation reactions in these

Table 2. Coordination polyhedron types (geometry of the coordination environment) for the copper ion in copper halide complexes in water
4

and some non-aqueous solvents,?3. 28,30, 31, 33,748

Complex @ Solvent
water DMSO DMF tetrahydrofuran methanol
[Cu(Solv),]** Octahedron ® Octahedron or square Octahedron Octahedron Octahedron
CuCl(Solv),] ™ Octahedron The same Octahedron or square " "
q
CuBr(Solv),]* " Octahedron Octahedron — —
[CuClx(Solv),] " " " Octahedron Octahedron
[CuBrx(Solv),] " " Octahedron or tetrahedron — —
[CuCls(Solv),]— " Tetrahedron Tetrahedron Tetrahedron/octa- Octahedron
hedron equilibrium
[CuBr3(Solv)y]~ Tetrahedron " " — —
[CuCly(Solv). >~ Tetrahedron/octa- " " Tetrahedron Octahedron
hedron equilibrium
[CuBr4(Solv),J*~ Square/tetrahedron " " — —
equilibrium

aSolv is a solvent. ® The distorted octahedral environment of the copper ion, the coordination number is 6.
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systems largely depend on the pH of the medium. It is
necessary to take into account both the protonation (depro-
tonation) of these ligands and the possible forced hydrolysis
of copper ions. However, it can be stated that the complex-
ation with these ligands occurs more easily in an alkaline
medium. The protonation of the ligand leads to a decrease
in the apparent stability constants and a change in the
structural parameters of the complex. In this aspect, it is
interesting to compare the Cu—O distances in square-
planar copper complexes with ethylene glycol and the
ethylene glycolate anion: in the solid phase these distance
are 2.10 A for the neutral complex, 1.978 —1.986 A for the
monoanion and 1.921-1.931 A for the dianion.® In alka-
line solutions of polyhydric alcohols, for example glycerol,
two basic forms of the complexes corresponding to the bi-
and tridentate coordination of the glycerate (GI) anion to
the copper ion are formed [for glycerol, CuGl,(OH)3",
logK = 21.1+0.1; CuGly,(OH)3™, logK = 20.2 +0.4].87 The
decrease in the metal —ligand distance is favourable for the
electron transfer from the reducing species (ligand) to the
copper ion and leads to an increase in the fraction of the
bulk nucleation in laser-induced reduction of copper.

An increase in the number of donor groups in the ligand
molecule, for example, in hexahydric alcohol — sorbitol
(Sorb) — compared with ethylene glycol or glycerol, results
in the formation of polynuclear complexes due to different
causes, including the conformational flexibility of the
ligand. The maximum nuclearity of the complexes with
glycerol is three,®® whereas the degree of polymerization
for sorbitol is substantially higher: the 16-nuclear complex
Lig[Cuy¢(D-SorbHy )4(Sorb-1,2,3,4-Hy )4-46 H>O crystalli-
zes from the solution.®® Undoubtedly, the reduction of this
complex should give rise to polymeric fragments, while
polyol chains can serve as anchors for the reduced complex
to attach it to the dielectric surface. This is in complete
agreement with the experimental data on the topology and
electrical conductivity of copper deposits obtained by laser-
induced reduction.*7-48.90

As mentioned above, the use of organic solvents should
be favourable for the reduction of copper. However, aque-
ous solutions undoubtedly have considerable advantages,
such as low cost, the ease of regeneration and environ-
mental safety. Therefore, it may be appropriate to look into
the possibility of using aqueous—organic mixtures as sol-
vents for LCLD in order to find conditions, under which
copper ions in solution are solvated predominantly by
organic compounds. Studies of the solvation and complex-
ation of copper ions in mixed aqueous organic solvents are
focused mainly on the determination of thermodynamic
characteristics of water—mixed solvent transfer processes
and stability constants of acido complexes. The data on the
structural parameters of solvation or solvation acido com-
plexes are scarce, and the precise determination of these
parameters is a virtually unsolvable problem because meth-
ods most adequate for this purpose (particularly, EXAFS
spectroscopy) are unable to distinguish identical donor
atoms in molecules of different solvents. Nevertheless, the
results of these studies are of interest for the present review
since they provide insight into the prospects for further
development of basic research in the field of laser-induced
chemical liquid phase deposition of metals aimed at finding
approaches to control the ratio between the bulk and
surface deposition, as well as between the photochemical
and thermochemical components of the process.

Investigations of the thermodynamics of transfer proc-
esses demonstrated that the Gibbs free energy of the trans-
fer is positive and negative in the case of weaker and
stronger donor organic solvents, respectively,*®-%0-°1 com-
pared with water, which is attributed to the difference in the
solvation energy of copper ions. Based on the electronic
absorption spectroscopy data, Borina®? showed that oxy-
gen-containing solvents (weaker o-donors than water) pref-
erably occupy axial positions in the copper coordination
polyhedron. According to the published data, this rear-
rangement is a non-monotonic process. Thus, the plot of the
spectroscopic properties of solutions versus the composition
of the solvent shows distinct inflection points.®3- %4

The precise determination of the composition of the
solvation sphere of copper ions in mixed solvents is a
difficult task. The compositions of the first solvation sphere
of the copper ion were calculated from the electronic
absorption spectroscopy data, which is suitable for the
determination of the type of the coordination polyhedron,
and the IR spectra, from which it is possible to calculate the
number of molecules of each solvent.®> This approach was
applied to investigate solvation processes in CuX,—H>O—
Solv systems (X = Cl, Br, 1/2S04; Solv = DMSO, DMF,
DMA). Studies of systems containing DMSO showed that
copper ions are solvated mainly by dimethyl sulfoxide
throughout the composition range of the solvent (Fig. 6).
However, for copper sulfate the percentage of DMSO in the
first solvation sphere is higher compared with copper
halides, i.e., the interaction with an organic component in
the case of copper sulfate is energetically much more
favourable.

In copper halide solutions, coordination disproportio-
nation processes take place

2CuCl, + 7Solv —> [Cu(Solv)e2* + [CuCls(Solv)]~ + Cl—
2CuCl, + 6Solv —> [CuCl(Solv)s]* + [CuCls(Solv)]~
the former process being dominant in the region with a high
water content, whereas the latter being the major one in

solutions with a high DMSO content. The formation of
tetrahedral structures in a copper chloride solution is

Fraction of DMSO in the first sphere

Il Il
0 0.2 0.4 0.6 0.8 1.0
DMSO /mass fraction

Figure 6. Concentration dependences illustrating the predominant
solvation in CuX;—H,O—-DMSO systems.”®
X =1/28504 (1), C1 (2), Br (3).
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observed starting with the 0.5 mole fraction of DMSO, in a
copper dibromide solution, with the 0.4 mole fraction. This
is indirect evidence that copper dibromide holds promise for
the efficient laser-induced deposition of copper from
water — DMSO mixtures.

The behaviour of CuX;—H>O—-DMF systems (X = Cl,
Br, 1/2S04) is similar to that of the above-considered
systems. The total solvation number of copper halides is
smaller than that of copper sulfate due to the enhancement
of acido complexation. In CuX,—H>O-DMA systems
(X = Cl, Br), the coordination disproportionation is pro-
nounced. Of all the studied systems, water— DMA mixtures
produce tetrachlorocuprate. Therefore, this mixed solvent is
most promising also for laser-induced deposition of copper.
The above-considered results can, in part, account for the
higher efficiency of laser-induced deposition from copper
chloride solutions.3*

In the discussion of thermally induced laser processes,
the photochemical component cannot be completely
ignored because, as mentioned above, this component can
also make a considerable contribution to the overall proc-
ess.>3-3* Let us note that many soluble copper compounds
(as well as compounds of silver, gold and many other
metals) were shown to be prone to photochemical reduc-
tion.?®~ %% On the whole, the photochemistry of copper(I)
and copper(I1) complexes is determined by the photochem-
ical activity of their excited states associated with the charge
transfer processes — the metal-to-ligand charge transfer
(MLCT) and the ligand-to-metal charge transfer (LMCT)
— to the solvent, as well as with the intraligand excita-
tion.!00- 101 Many redox reactions can be considered as a
sequence of deactivation processes of these excited states. It
should be noted that the fully occupied d orbitals in
copper(I) coordination compounds prevent d—d electron
transitions within the metal centre and, as a rule, the MLCT
excited states are photochemically active. On the contrary,
these transitions are characteristic of copper(Il) complexes
with the d° electronic configuration and correspond to
absorption bands in the long-wavelength (red) spectral
region and in the near-IR range, while the LMCT excited
states are usually photochemically active.!00-101

It should be emphasized that copper(I) complexes are
more prone to photooxidation and thermally induced
reduction. In particular, this can be attributed to the fact
that high-lying MLCT excited states are difficult to access.
Meanwhile, numerous examples of the photochemical
reduction of copper(ll) complexes and the photochemical
deposition of metallic copper from copper(I1) salt solutions
were reported in the literature. For example, Ouchi et al.'0?
showed that the photochemical deposition of elemental
copper can be performed using a solution of copper(Il)
acetylacetonate in isopropyl alcohol via a two-step process
involving the photoreduction of copper(1l) acetylacetonate
to copper(l) acetylacetonate followed by thermal decom-
position to elemental copper. Barta er al.'3 demonstrated
that the photolysis of dilute solutions of copper(1l) sulfate in
water also gives rise to elemental copper particles by a
similar mechanism. The number of studies dealing with
photochemical deposition of copper from copper(Il) salt
solutions is much smaller compared with investigations on
laser-induced deposition. The systematic analysis of the
published data on the photochemistry of copper(Il) com-
plexes is necessary to perform in order to optimize laser-
induced chemical liquid phase deposition of copper.104-106

The electronic absorption spectra of copper(Il) com-
plexes show intense LMCT bands in the visible UV region
and, as mentioned above, bands in the long-wavelength
spectral region and the near-IR range assigned to d—d
transitions.!97-110 The excitation of copper complexes to
the d—d states does not induce the photoreaction,!'00-108
whereas the LMCT excited states are dissociative and lead
to the reduction of copper(II) to copper(I) and oxidation of
ligands.!'97-108 If the spin-allowed intraligand excited state
of CullL*, which is also photoactive for copper(Il) com-
plexes, is occupied first, the very rapid internal conversion
to the photoactive LMCT excited state followed by the
formation of photoreduction products of copper(Il) usually
take place. Three alternative pathways of photochemical
redox reactions of copper(Il) complexes were proposed: 00

1) Cu'LSolv > CulSolv + Loy
Cu''L,Solv /25 Cu'L, + Solvex
Cu'LL} > CulLL + Lox
Cul'L, 2> CulL + Loy
CulL —> Cu® + Loy

2) CullL s Cyttt... L~
3) CullL™ > Cul-.. Ly

Cul Loy —> Cull + L
Cu''L, + Solv* —» [Cu!'L; --- Solv*¥] —> CulL + L,y + Solv

2 Cu'L —> Cu''L, + Cu®
Cu'L + Loy —> Cu''L,

Cu''L + Solv* —> CulL + Solv™

where Solv is the solvent, L and L’ are ligands other than
the solvent, Lox, L), and Solvey are oxidized forms of the
ligands and the solvent, respectively.

It should be noted that the photoreduction exhibits a
low quantum yield because the majority of LMCT-excited
copper(IT) complexes relax to the ground electronic state,
and only a small part of these complexes dissociates to form
a copper(I) compound.!04,108,109

The dynamics of excited electronic states of copper
complexes with inorganic ligands, for example, chloro
complexes of copper(1l) in methanol and acetonitrile,!04 108
is analogous to that of copper(ll) complexes with organic
ligands, for example, well-studied blue copper pro-
teins,!10- 116 which are characterized by the relaxation
from the LMCT excited state to the ground state within
1 ps via low-lying d—d excited states. The LMCT excited
states of copper(Il) complexes with inorganic ligands also
have lifetimes of about hundreds of femtoseconds. The
major part of LMCT excited states of chloride complexes
relaxes to the ground electronic state in a stepwise manner
through low-lying d —d states, whereas an insignificant part
of excited complexes dissociates to form copper(l) com-
plexes and oxidized ligands.!08,109. 117129 Begides, the d—d
states in some copper(Il) complexes, for example, in
[CuCly]?>~ in acetonitrile, have much longer lifetimes (sev-
eral picoseconds),'?® which may retard the reduction of
copper in the LCLD process.

In most of studies concerned with the dynamics of
excited electronic states, the focus was placed on photo-
physical processes. There are also extensive data on the
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analysis of stable products of photochemical reactions and
the determination of the quantum yields of their formation
without consideration of superfast processes. For many
copper(Il) complexes,!08.109. 117130 the T MCT excitation
was shown to result in the reduction of copper(ll) to
copper(I) and oxidation of the ligand. Consequently, in
order to accomplish the photochemical liquid phase depo-
sition of copper, it is necessary to use a copper(Il) com-
pound such that exhibits high quantum yield of
photoreduction of copper(Il) to copper(l), and the resulting
copper(I) complex should be rather easily decomposed
either on heating or under light irradiation. Thus, da Silva
and David 3% demonstrated that the LMCT excitation of
the solvated copper(Il) complex in  methanol,
[Cu(MeOH))?", by UV light (200—-250 nm) affords the
solvated copper(I) complex [Cu(MeOH)s]* and [CH3;OH]™*
followed by the transformation of the latter cation into the
CH;0O’ radical and finally to formaldehyde. The study of
the photochemistry of chloride and bromide complexes of
copper(1l) ([Cu(MeOH)s_,X,)?~", X=Cl—, Br—; n=
1-4) in methanol showed!!” that the UV photolysis of
these complexes leads to the copper —halogen bond cleavage
to form a copper(I) complex and a halogen atom, which
oxidizes methanol to formaldehyde. It was noted that
complexes with a different number of halide ligands exhibit
different quantum yields for photoreduction of copper(1I).
Besides, it should be emphasized that the quantum yield of
photoreduction of all chloride complexes of copper(ll) is
<10%, whereas some bromide complexes of copper(Il)
have the quantum yield of photoreduction of 100%. Chlor-
ide complexes of copper(Il) in acetonitrile are also charac-
terized by low quantum yields of the copper(I) formation
(0% —13%).118

The photochemistry of copper(Il) complexes with
organic nitrogen-, oxygen-, sulfur- and selenium-containing
ligands has been extensively studied. It was demon-
strated 119129 that the LMCT excitation of these complexes
also results in the reduction of copper and oxidation of the
ligand. In most cases, the quantum yield of photoreduction
of copper(Il) to copper(I) is <10% and it substantially
decreases with an increase in the light excitation wave-
length. On the whole, the quantum yield of copper(l) is
higher for nitrogen- and oxygen-containing ligands com-
pared with sulfur- and selenium-containing ligands. As in
the case of inorganic copper(1I) complexes, the low quantum
yield of photoreduction is attributed to the efficient and
rapid (within 200 fs) internal conversion of the LMCT
excited state.'9? Copper(ll) complexes hold promise for
laser-induced deposition of elemental copper. In this case,
the copper(I) complex disproportionates to form copper(0).
For example, copper(l) acetate generated from copper(I1)
acetate was shown to be unstable, resulting in the dispro-
portionation to form copper(ll) and copper(0) ''?

Cu(0Ac); > CuOAc + "OAc
2 CuOAc —> Cu® + Cu(OAc),

The data on the photochemical processes in copper-con-
taining solutions are briefly summarized in Table 3.

The above-considered data suggest that solutions con-
taining bromide, acetate and oxalate complexes of cop-
per(11) are most suitable for optimization of laser-induced
deposition of copper.

Table 3. Quantum yields of photoreduction of copper(II) to copper(l) in different solutions.

Compound Solvent Wavelength Quantum yield Ref.
/nm of copper(I) (%)

formula L

[CuLe)?* MeOH Methanol 250 1.8 129
MeOH " 300 0.4 129

[Cu(MeOH)s—,L,>—" Cl— " 300 2-8 116
Br— " 250 1.4—140 116

[Cu(MeCN)4_, L, J>—" Cl— Acetonitrile 471 0-13 117

CulL,» Acetate Methanol 308 0.8 118
" Isopropyl alcohol 308 2.5 118
Trifluoroacetate Methanol 248 16 118
Pentafluorobutyrate " 248 11 118
Heptafluoropropionate " 248 10 118
Diethyldiselenocarbamate Chloroform 254 3.0 119
" " 313 0.9 119
" " 436 0.3 119
" Dichloromethane 254 1.3 119
" " 313 0.5 119
" " 436 0.1 119
" Toluene 436 0.04 119
Diethyldithiocarbamate Tetrachloromethane 313 3.1 120
" " 436 3.7 120
" " 578 0.024 120
" Chloroform 313 2.8 120
" " 436 3.7 120
" " 578 0.023 120
" Toluene 313 2.6 120
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Table 3 (continued).

Compound Solvent Wavelength Quantum yield Ref.
/nm of copper(I) (%)
formula L
Cul, Diethyldithiocarbamate Toluene 436 3.3 120
" " 578 0.022 120
" Acetone 313 3.6 120
" " 436 34 120
" " 578 0.027 120
Diisopropyl dithiophosphate Tetrachloromethane 313 3.8 120
" " 436 4.2 120
" " 578 0.03 120
" Chloroform 313 4.6 120
" " 436 3.2 120
" " 578 0.036 120
" Toluene 313 3.4 120
" " 436 3.7 120
" " 578 0.031 120
" Acetone 313 4.0 120
" " 436 3.8 120
" " 578 0.036 120
CulLX (X = Cl, Br, Diethyldithiocarbamate Isopropyl alcohol 406 0.1 121
ClO4, NO3) Ethanol 406 0.5 121
CulL, Oxalate Water 313 43 122
CuL™* " " 313 42 122
Succinate " 313 10 122
Maleate " 313 0.8 122
CuL, Alanine " 313 6.4 123
" " 280 8.7 123
CuL™ " " 313 9.4 123
" " 280 9.4 123
Cul, B-Alanine " 310 9.8 124
L-Glutamate " 310 6.6 124
L-Asparaginate " 310 6.3 124
L-Histidine " 310 0.1 124
Glycine " 310 2.5 124
3,5-Dipropyl salicylate Acetonitrile 436 0.28 125

IV.2. Dielectric surface properties

While not rejecting the contribution of the bulk nucleation
mechanism, it is necessary to investigate in more detail the
effect of the material of the metallized surface on the laser
deposition of metal. The key issue in this process is the
formation of an activated centre on the dielectric substrate.
Otherwise, the crystallization giving a flocculent precipitate
will occur in the bulk of the solution via the nucleation
mechanism, resulting in poor adhesion of the deposit to the
dielectric surface.

The influence of the properties of the substrate on the
one-step laser-induced deposition is almost unknown. The
pioneering work ¢ in this field showed that the one-step
laser-induced deposition is much more efficient on non-
single-phase composite surfaces, including those formed by
highly strong dielectrics (Fig. 7). Besides, the deposition
rate strongly depends on the temperature conditions for the
irradiation of the surface associated with the nonuniform
distribution of laser radiation power density with an
increase in the distance from the beam focus (Fig. 8).

The influence of the temperature conditions of laser
deposition on the morphology of deposits has been
observed earlier.’7> Temperature changes during laser

deposition of metal thin films were studied 7 by the inter-
ferometric method based on the difference in the optical
thickness of the glass surface during heating. The layout of
measurements for the deposition of a metal film onto the
oxide glass surface is based on the fact that a He—Ne laser
beam (serving as a probe) is focused onto the opposite side
of the substrate using a continuous-wave Ar laser, and the
temperature changes are recorded.

An analysis of the temperature distribution in the zone
irradiated with a laser beam showed that the temperature at
the focused laser spot reaches ~ 1000 °C, resulting in the
activation of the dielectric surface in the adjoining area;
however, chemical reactions do not proceed at the focus,
and the processes that take place are the laser ablation of
the substrate surface and copper nucleates, which can be
generated from the solution. The temperature rapidly drops
outside the focused laser spot.

Four morphological zones of the solidification of copper
structures were distinguished on the surface of glass-like
silicon oxide during laser melting, which differ in the
structure and the mechanism of the formation of a crystal-
line phase.’* Besides, zoning of the copper deposit was
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Figure 7. Optical (a) and electron (b) micrographs demonstrating
the difference in the morphology of copper deposits poduced by
laser-induced deposition in going from a single-phase area of the
SiO, surface (dark regions of the substrate) to a two-phase
SiO; + Al,Os3 area (lighter regions of the substrate).

studied depending on the distance from the focused laser
spot.®

The above-considered data are as yet insufficient to
provide systematic view of the influence of the dielectric
surface properties on the results of laser-induced copper
plating. However, these data show that the structure and
type of substrate defects, which are initially present and are
produced by laser irradiation, are key factors determining
the deposition rate. The class of dielectrics, which can be
metallized in local areas by laser ablation, can be extended.
Apart from oxide materials, polymer surfaces can be acti-
vated by laser irradiation.!3? In this case, the deposition of
metal on the surface of free carbon, which is produced by
laser ablation of a polymeric material, is the most probable
process. Here, one can also perceive the appearance of
phase boundaries responsible for a considerable increase in
the number of activation centres on the surface.® The above-
considered studies demonstrated that a non-single phase
state plays a greater role in the formation of active centres
on the dielectric surface than the nature of these phases. It
should be noted that the statistics of such studies is poor

Dielectric
surface

Zone 3

Direction of the
beam propagation

Figure 8. Model of temperature zones on the dielectric surface
produced by the moving laser beam (a) and illustrations of the
copper deposition zoning produced by the laser scanning of the
surface of the composite material Sitall ST-50 (SiO, + Al>,O3) using
glycerol (b) and sorbitol (c) as the reducing agents.!3!

and more extensive research is required in order to develop
the first model of the process.

* * *

The laser-induced deposition of metals holds promise in
different fields, such as microelectronics, micromechanics,
the design of various sensors and detectors, as well as
catalysts for the selective organic synthesis. More and
more researchers employ this method to solve scientific
and technical problems, the number of deposited metals is
increased and the range of materials used for these purposes
is extended. The challenge ahead is the design of flexible
composite materials.
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The state of the art of research in this field can be
characterized as the stage of primary accumulation of basic
knowledge. Therefore, a comprehensive scientific model of
the process has not been formulated as yet. Nevertheless,
taking into account a keen interest by numerous research
groups in this method, it is hoped that this stage of
investigations will be successfully completed and investiga-
tions on the laser-induced deposition of copper will pro-
mote the development of this method.
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