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I. Introduction

The interest in the laser-induced chemical liquid phase

deposition (LCLD) of metals is due to the prospects of

application of this method in microelectronics and technol-

ogy, as it allows maskless manufacture of metallic structures

on the surface of dielectrics (Fig. 1).1 From the practical

standpoint, most interesting is the deposition of copper or,

somewhat less, nickel. Focused laser beam scanning of the

surface of a dielectric placed into a special solution results

in local initiation of chemical reduction to give metallic

copper according to Eqn (1):2

CuL(n72)7+2HCHO+4HO7 (1)

Cu0+Ln7+H2+2HCOO7 +2H2O,

where L is an organic complexing agent [usually sodium

potassium tartrate or ethylenediaminetetraacetate (EDTA)

salts]; formaldehyde acts as the reducing agent and is added

in a 6 ± 7.5-fold excess. The copper salt used is most often

sulfate or chloride.

Laser radiation activates the dielectric surface 3 and

accelerates metal deposition in the irradiated area by

increasing the temperature in the local volume located at

the focus of the laser beam.4 ± 7 The high intensity of the

focused laser beam, especially when pulsed lasers are used,

creates locally highly non-equilibrium states with high

temperature and concentration gradients.

The following specific features of laser-induced deposi-

tion may be noted.

1. The point localization of the reaction in a minor

volume of the solution, which only slightly exceeds the

laser beam focal spot (5 mm).
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Figure 1. Spatial resolution of the laser-induced deposition technique

illustrated by two copper lines deposited from a 0.001M solution of

CuCl2 containing EDTA and p-benzoquinone onto a quartz glass

substrate.1

The image was obtained by scanning electron microscopy (SEM).
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2. High temperature in the localization area, which is

much higher that the temperature range normally used for

the deposition (below 100 8C).
3. High temperature gradient between the reaction area

and the solution bulk (more than 36106 deg m71).

4. The presence of radiation with high energy flux (of

about 105 W cm72) in the reaction zone.

5. Side reactions in the laser beam focal spot involving

the same solution components as the main autocatalytic

reaction.

As a consequence, for most known solutions with

autocatalytic reactions, the result of laser-induced deposi-

tion differs appreciably from the outcome of the conven-

tional chemical copper plating. The reasons and the

mechanism of these differences have not been studied in

detail as yet. It is usually assumed that the mechanism of the

laser-induced reaction is similar to the autocatalytic mech-

anism,5 or, alternatively, this issue is not considered at all,

and the authors study only the effects of laser power and

radiation wavelength,3 the rate of laser beam scanning of

the dielectric surface and the number of scans of the same

area of the dielectric surface,4 and other factors on the final

result.

In addition, specific features of the laser-induced liquid

phase deposition may open new chemical reaction pathways

and also may enable reactions that are impossible in usual

classical chemical systems close to chemical equilibrium.8

The controlled laser-induced deposition of metallic struc-

tures is impossible without detailed investigation of the

mechanisms of these chemical processes. Since these proc-

esses occur in the laser beam focal microvolume, they can

hardly be investigated by the available physicochemical

methods. It is necessary to model the processes relying on

the concepts of the adjacent fields of chemistry: chemical

and electrochemical metal plating, laser ablation, surface

phenomena in dielectrics, adhesion, epitaxy, etc. This review

generalizes and describes systematically the data that can

conditionally be regarded as the chemical aspects of the

LCLD process (the composition and reactions of the

solution components, change in the chemical properties of

dielectric surfaces under the action of activating factors).

The outcome of LCLD is affected by three main groups

of factors:

Ð physical factors: laser radiation wavelength and

power, scanning speed, temperature of the environment

and the solution;

Ð chemical factors: solution composition, component

concentrations, solution pH, chemical reactions taking

place in the solution;

Ð surface properties of the dielectric substrate: struc-

ture, the presence of activated and catalytic sites, defective-

ness, phase composition, and the chemical properties of the

dielectric components.

Only physical factors have been studied to date in

sufficient detail, while chemical factors and the effect of

the substrate have been little studied. This review is focused

on the works devoted to particularly these groups of

factors. In numerous papers dealing with the laser-induced

deposition, the discussion of chemical factors of the process

is reduced, most often, to the list of reagents or dielectric

substrates used for deposition. The attempts to optimize the

process include only variation of the laser radiation wave-

length and power and the scanning speed and the number of

scans. Judging by the photomicrographs of the metallic

structures thus formed (Fig. 2),9 the vast majority of the

deposited structures have a poor topology, which precludes

their practical application.

The final goal of the control of laser deposition is to

create the optimal conditions for localized crystallization of

the metallic deposit on the dielectric substrate. Copper

crystallization is the final stage in the laser deposition

sequence; therefore, the optimal conditions of deposition

may be achieved only by addressing simultaneously all of

the key aspects: modification of the composition of compo-

nents of the autocatalytic solution to optimize the dissoci-

ation energy value of metal ± ligand complexes; generation

of chemically activated sites on the dielectric substrate and

preparation of solutions with optimal optical character-

istics; variation of the power, wavelength and dimensions

of the laser beam focal spot; development of effective

activation methods for dielectric surfaces.

It is clear that further progress in this field is possible

only on the basis of investigations into the chemical mech-

anisms of laser-induced reactions and the mechanisms of

surface activation, which constitute the subject of this

review. Since the amount of theoretical and experimental

studies of the chemical mechanisms of LCLD is still small,

the mechanisms of laser-induced reactions are discussed

resorting to the knowledge of related fields, in particular,

of traditional chemical copper and nickel plating.

II. Chemical reactions in the solution during laser-
induced chemical liquid deposition of copper

1. General characteristics of the process
In recent years, considerable attention has been devoted to

the development of laser methods for the formation of

metallic coatings and local elements on various surfaces
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Figure 2. Photomicrographs of the copper precipitates obtained by

laser-induced deposition upon N scans of the dielectric surface area.1

General view for all lines (a) and enlarged images of some lines at

N=1 (b), 2 (c), 3 (d ), 4 (e), 5 ( f ).
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(Si, GaAs, SiO2 , Si3N4 , Al2O3, etc.). These methods include

laser-induced chemical vapour deposition (LCVD),10 pulsed

laser deposition (PLD),11 laser-induced forward transfer

(LIFT),12 laser-induced pyrolytic decomposition of solids

(LPDS) 13 and laser-induced chemical liquid-phase deposi-

tion (LCLD).8, 14 ± 19

These methods can be assigned to additive methods (as

this term is applied to the printed circuit board manufac-

ture), because they do not imply the continuous metal

deposition followed by etching out of the needless areas

but imply metal deposition directly onto the sites of metal

contacts. Micron positioning of the laser beam makes it

possible to produce conductors with small cross-section

area and short distance between the metal lines. Using the

existing laser-induced metal deposition techniques, it is

possible to obtain conducting structures on metals, dielec-

trics and semiconductors. The methods are fairly effective

but their extensive use is restricted by the need to use

additional equipment. The key inconveniences of laser-

induced chemical vapour deposition 10 and pulsed laser

deposition 11 techniques are related to the use of vacuum

and gas systems to generate the desired atmosphere above

the substrate surface. Other problems are related to the high

toxicity and low volatility of many organometallic com-

pounds. In the chemical vapour deposition of a metal, laser

radiation serves to destroy the metal-containing compound

and then to deposit the metal on the substrate. For example,

compounds such as R0MPR3 and R03MPR3 are used, where

R, R0=Me, Et and M is the metal being deposited.10 Their

vaporization starts at temperatures of 20 ± 50 8C
(4 ± 1000 mTorr) and decomposition begins at

100 ± 170 8C. Under these conditions, the deposited lines

are several tens of micrometres wide and the deposition rate

varies from several micrometres to several hundreds of

micrometres per second,20 which is quite suitable for some

practical applications. The laser-induced forward transfer 12

or laser-induced pyrolytic decomposition of solids 13 do not

require special atmosphere above the treatment area; how-

ever, LPDS requires special equipment for the application

of a metal-containing solid on the substrate followed by the

removal of the non-decomposed film.

The laser-induced chemical liquid phase deposition of

metals 4 ± 7 has a number of advantages over other methods:

it does not require expensive complex equipment (as

LCVD), does not produce a large amount of toxic wastes,

which is the case for the lithographic process involving

etching. Furthermore, this is a one-stage method if the

surface being coated can exhibit catalytic activity during

metal reduction or a two-stage method if the surface

preactivation is required. The method simplicity and the

efficiency of the use of materials are very important for

practical applications.

Studies of LCLD deposition have been actively devel-

oped due to the fact that since the mid-1980s the search

started for the ways of decreasing the dimensions of printed-

circuit boards and their components used in various micro-

electronic parts.21, 22 Von Gutfeld et al.23 showed for the

first time that laser radiation can accelerate galvanic metal

plating. Subsequently, it became possible to carry out laser-

assisted metal deposition without external current sources.

Generally, laser-induced metal deposition includes treat-

ment of a local area of a dielectric or a conductor in air or

under a liquid layer (metal deposition solution) with a

focused laser beam. Laser treatment activates the dielectric

surface 3 and, in the case of laser treatment directly in the

metal deposition solution, this accelerates the metal reduc-

tion in the irradiated area,4 ± 7, 9, 24 ± 28 in particular, due to

temperature rise in the local volume located at the laser

beam focus.1

By laser-induced deposition, the following metals can be

deposited on the surface of various dielectrics: cop-

per,4 ± 7, 9, 25 ± 28 silver,6, 29 ± 31 palladium,29, 32 ± 34 platinum,34

nickel,35, 36 gold,1, 37 chromium,38 tungsten.38 However, it is

copper deposition and, to a lesser extent, nickel deposition

that are most important for practical purposes (nickel is

used to apply a protective anticorrosion layer on copper

conductors).

There are papers dealing with co-deposition of nano-

particles consisting of gold and platinum alloys using a

femtosecond laser 39 and with the deposition of heterome-

tallic Cu7Cr structures.40 However, the list of co-deposited

heterometallic structures is still short. As noted above, the

problem of effective copper and nickel co-deposition to

release the deposit as a solid solution, which is topical for

microelectronics, has not been solved as yet. In our opinion,

a possible way for solving the co-deposition problem in

LCLD is to select a complexing agent the complexes of

which with the metals to be co-deposited would have

considerably different instability constants (for example,

for the nickel and copper potentials to approach each

other, the use of sulfosalicylic acid as the ligand, as in

galvanic metal plating, might be a success).41

The copper plating of a broad range of dielectric and

semiconductor materials has been reported: quartz

glass,3, 9, 42, 43 crystalline silicon,44 porous silicon,35, 36

diamond,45 polyimide,5, 6, 30, 42 polyphenylquinoxaline,33

polyethyleneterephthalate,46 Al2O3 ceramics,34, 47 AlN

ceramics.48, 49

The methods of laser deposition of the metal from

solution may be conventionally classified into three groups.

Single-stage process. The metal is deposited in one stage.

The metal is deposited onto the substrate directly from the

solution as a result of thermo- or photo-induced redox

reaction in the solution at the interface with the dielec-

tric.8, 35, 36, 46

Two-stage process with laser-induced pre-deposition of a

noble metal. First, laser-induced deposition of a mask of a

noble metal (silver 50 or palladium 8) is performed and this is

followed by chemical deposition of copper. The noble metal

serves as the catalyst for the redox reaction between

copper(II) and the reducing agent in the solution. Copper

is deposited only on the surface of the pre-deposited mask

to form a conducting line.

Two-stage process with laser treatment of the material in

air. First, the surface of the material to be metal coated is

laser treated in air. Then the material is placed in a hot

copper or nickel deposition solution. Due to the change in

the surface properties upon irradiation, the metal is depos-

ited only on the laser pre-treated areas.34

A considerable portion of the investigations of the laser-

induced deposition of copper are devoted to analysis of the

dependence of the width of deposited copper structures on

the power of the laser radiation,9, 42, 51, 52 because this

dependence gives a clue what is the predominant mechanism

of the LCLD (either thermo- or photoinduced process).

A problem of principle that is still to be solved is what is

the role of laser radiation during the deposition: either

purely kinetic (accelerating the reaction in the laser beam

Laser-induced chemical liquid phase deposition of metals: chemical reactions in solution and activation of dielectric surfaces 871



focal spot) or also thermodynamic (shift of the reaction

equilibrium)? What are the process activation mechanisms?

The dependence of the difference of redox potentials

(DE ) of the half-reactions of formaldehyde oxidation and

copper reduction from the ethylenediaminetetraacetate

complex according to reaction (1) on the pH at various

temperatures (this reaction is used for both chemical copper

plating of dielectrics and the LCLD) 53 can be calculated

from the Nernst equation:

DE=ECuL/Cu7E �HCHO=HCOOÿ �pH� 0� �
4RT

nF
pH,

where E is the reduction potential, R is the universal gas

constant, T is temperature, F is the Faraday constant, n is

the number of electrons involved in the process (in this case,

n=2).

A calculation based on the data of Kapitsa 54 and on the

assumption of constant HCHO :HCOO7 concentration

ratio for the solution macrovolume in view of localization

of reaction (1) in the laser beam focal microvolume shows

that the potential difference increases by approximately

0.1 V upon heating by every 50 ± 60 degrees:

T /8C 25 60 95

DE /V 0.1 0.18 0.25

These data can be used to estimate the temperature

dependence of the equilibrium constant:

K95 �C

K25 �C
� exp

�
DE95 �C

DE25 �C

�
� exp

�
0:25

0:1

�
� 12:1.

Thus, laser heating may induce a 12-fold or even more

pronounced increase in the equilibrium constant. In view of

the relatively low concentrations of copper ions in the

solutions normally used for laser deposition (0.01 ±

0.001 mol litre71), this does not suffice for the formation

of high-grade continuous copper deposits. Thus, initiation

of the laser deposition of copper in the laser beam focal spot

is due, in particular, to the kinetic factor, not only to the

thermodynamic one.

As mentioned above, a laser-induced chemical reaction

can follow two mechanisms Ð thermal and photochemical

ones.

Thermochemical mechanism. The reaction occurs due to

the local increase in the temperature upon radiation absorp-

tion by the matter. Since according to the Arrhenius

equation, the rate constant exponentially depends on the

temperature, even a small temperature gradient in the laser

beam focal spot may contribute to acceleration of the

chemical reaction in this area. The intense heating of the

local reaction area initiates a number of side processes, first

of all, a change in the substrate properties in the heated area

(including activation of the substrate surface) 3 and chem-

ical reactions (reactant decomposition, reduction or oxida-

tion, and so on) at the substrate/liquid interface.2

The energy of some of the laser photons is transformed

to the thermal energy. This process can be mathematically

simulated.55 Let N such photons per m atoms be present.

Then, if the thermal exchange is ignored, the local temper-

ature of an m-atomic fragment increases in proportion to

the N value:

DT*
h

3 km
=1.6610711

nN
m

, (2)

where h is the Planck constant, n is the laser radiation

frequency and k is the Boltzmann constant.

A substantial increase in the local temperature usually

changes crucially the course of the chemical reaction. The

following estimates are useful. For the frequency

n=2.56109 Hz of the microwave range, DT& 0.04 (N/m).

When N=m, the temperature rise is insignificant:

DT& 0.04 deg; considerable heating is possible only pro-

vided that N44m.

The situation is different for high frequencies. Thus for

n=4.861014 Hz of a helium ± neon laser radiation,

DT& 7.66103 (N/m); when N=0.01m, the local temper-

ature jump is substantial (DT& 76 deg). In this case, the

reaction rate constant markedly increases.

Finally, in the steady-state mode with allowance for the

heat exchange, the following estimate is valid for DT

DT*
Wt
C

, (3)

where W is the electromagnetic radiation energy absorbed

per unit time, t is the relaxation time, C is the heat capacity.

The following estimate was proposed:55 W=10 W,

t=300 s and C=25 J K71. In this case, we get

DT& 100 deg. Generally, the relations (2) and (3) demon-

strate the role of the thermal factor.55

Photochemical mechanism. When a substance absorbs

radiation, the photon energy is spent for the cleavage of

chemical bonds and for the formation of new bonds. In

addition, the action of radiation at particular wavelengths

on some molecules or groups of atoms induces the forma-

tion of free radicals, electronically excited states, delocalized

free electrons. This altogether stimulates photochemical

reactions.5

The mechanisms of laser-induced photochemical reac-

tions were considered in more detail by KordaÂ s,8 who

formulated criteria for distinguishing between thermally or

photo-induced reactions. A process has a thermal (or

pyrolytic) mechanism if the photon energies are relatively

low (hn<2 eV). The photolytic or photochemical mecha-

nism can be implemented if the energy of laser photons is

commensurable with the chemical bond energy (2 ± 5 eV).8

The general kinetic equation for the thermochemical

reaction is as follows:

u�x; t� � A exp

�
ÿ Ea

kT�x; t�
�Y

i

X oi

i ,

where u is the rate of the thermal reaction, A is the pre-

exponential factor of the Arrhenius equation, Ea is the

activation energy of the reaction, T (x,t) is the time-depend-

ent temperature of the point with coordinate x, Xi is the

concentration of reactant i and oi is the partial order of the

reaction with respect to component i. The exponential

dependence of the reaction rate on the temperature provides

a reasonable explanation for the pronounced change in the

reaction rate during laser irradiation.

The rate of photolytic reaction depends on the number

of excited or dissociated molecules and, broadly speaking, it

does not depend on the system temperature:56
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u��x; t� � k�0
Y"

�n�si

�
I�x; t�
hn

�n #oi Y
i

X oi

i ,

where u� is the rate of the photochemical reaction, k�0 is the

reaction rate constant, n is the number of photons needed

for excitation of the molecule, si is the capture cross-section
of component i, I is the radiation intensity. In the photolytic

process, the heat conductivity can be neglected, as the

chemical reaction is the result of interaction between pho-

tons and the matter. In other words, a purely photochemical

process is confined to the laser-irradiated zone, and, thus,

broadening of the deposited metal lines caused by thermal

diffusion at the solution/substrate interface is minimized.

The above equations provide the conclusion that the

simplest way to distinguish between laser-initiated photo-

chemical and thermochemical reactions is to study the

dependences of the width of the deposition zone on the

laser spot diameter and laser beam power on the dielectric

surface. If both mechanisms are realized simultaneously, it

is rather difficult to estimate the contribution of each of

them, because it is impossible to study the process by

standard chemical kinetic methods to elucidate the true

mechanism. The predominance of either photochemical 25

or thermochemical 3 mechanism can be considered only at a

qualitative level.

As noted above, studies of the metal deposition from the

liquid phase started with the process in which a laser was

used to accelerate the reaction induced by external electric

field.23 It was found that the rate increases owing to the

additional displacement of the electrochemical potential of

the electrode in the illuminated area. Further studies

showed that for metal deposition, one can do without

external emf if the solution contains both a metal and a

reducing agent. In this case, the liquid phase consists of the

source of metal (the metal salt or organic metal complex),

chelating agent (if the metal is not initially taken as a

complex), acid/alkali or a buffer mixture to establish the

desired pH and a reducing agent, all being dissolved in

distilled water or in organic solvent.8 Two mechanisms of

charge transfer from the reducing agent to the oxidant are

possible: chemical (in the solution bulk) and electrochemical

ones (through the activated sites arising on the dielectric

surface exposed to laser radiation).57 The former of the two

discussed mechanisms is determined by the composition of

the solution components for the laser-induced deposition of

copper.

2. Composition and functions of the solution components
The laser-induced liquid phase deposition of metals can be

regarded, with some simplifications, as a modification of

the chemical liquid phase metallization where chemical

deposition occurs only in the laser-irradiated area according

to Eqn (1). During the laser-induced deposition of a metal,

chemical reactions occur, as a rule, due to simultaneous

action of photo- and thermochemical factors. The kinetic

features of the thermochemical processes following laser

heating of chemically active media are mainly related to two

factors, specific reactions and the mutual influence of the

chemical state of the medium and energy and mass transfer

processes in the laser radiation field.

After introduction of the ligands, the metal does not

always precipitate in the bulk due to the little potential

difference, which can, however, be locally increased by the

temperature effect of laser radiation. Von Gutfeld 23 put

forward the idea that a noticeable contribution is also made

by the emf of the galvanic concentration cell related to the

local changes in the activities of potential-forming ions in

solution.58 In turn, the change in the activities (ai) is related

to the change in the ion concentrations in the solution

caused by thermal diffusion upon non-uniform laser heat-

ing. The sign of the thermal diffusion constant in solutions

is such that positively charged metal ions move, most often,

from less heated area to more heated area.59

As regards the photochemical constituent of the process,

as noted above, its kinetics has little to do with the temper-

ature factor and depends to a higher extent on the laser

radiation parameters (power, wavelength).56

As noted above, a solution for chemical deposition of

copper comprises a copper(II) salt, a reducing agent, a

complexing agent, pH regulator and other additives.53

a. Copper(II) salts

According to the traditional cooper plating process for the

manufacture of printed-circuit boards, CuSO4 is used to

build-up the copper layer.60 As applied to laser deposition,

the effect of the anionic composition of solutions on the

deposition outcome was studied, and this effect was

found 42 to be insignificant. Only the use of chloride ions

gives copper structures with somewhat better electrical

conductivity.42

The dependence of the rate (r) of copper metal deposi-

tion on the copper ion concentration in solutions 61 follows

an empirical power-law dependence:

r* [Cu]0.4,

where [Cu] is the concentration of copper(II) complex with

EDTA in solution.

High deposition rate is good for preparing thick con-

tinuous coatings with low requirements to the deposited

copper quality (inhomogeneous topology, porosity of the

precipitate). For controlled preparation of a dense conduct-

ing deposit of copper with a specified thickness, it is better

to use dilute solutions at relatively low deposition rates.62

b. Reducing agent

Formaldehyde is used traditionally as the reducing agent for

copper, as copper catalyzes formaldehyde oxidation on its

surface.54, 62 Thus, owing to the use of formaldehyde as the

reducing agent, the reduction of copper occurs mainly on

grains and surfaces of pre-deposited copper rather through-

out the solution bulk (autocatalytic reaction). The copper

deposition rate increases with an increase in the formalde-

hyde concentration, this dependence having a complex

pattern. At low copper concentrations (up to 0.01 mol

litre71), the dependence of the reaction rate on the form-

aldehyde concentration starts to flatten out even at concen-

trations of >0.5 mol litre71. Hence, for copper deposition

from dilute solutions, the use of high concentrations of

formaldehyde is inappropriate. In the case of concentrated

solutions of copper, the copper deposition rate increases

monotonically at least up to formaldehyde concentration of

1 mol litre71 (Ref. 54). Thermodynamically, formaldehyde

can also be used for the reduction of nickel; however, for

kinetic reasons, this reaction is inapplicable for the prepa-

ration of continuous nickel films.63
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Of other reducing agents, sodium hypophosphite can

also be used;63, 64 nickel is reduced by sodium hypophos-

phite according to the following equation:

NiCl2+2NaH2PO2+2H2O

Ni0+2NaH2PO3+H2+2HCl.

However, in this case, phosphorus (up to 21 mol.%) is co-

deposited with the metal due to the side reaction

2NaH2PO2 NaH2PO3+P+NaOH+
1

2
H2 .

In order to obtain pure nickel, hydrazine is used as the

reducing agent for the chemical deposition of nickel.63, 64

Hydrazine can also serve as the reducing agent in the

deposition of copper.64 In some studies, copper deposition

from solutions was carried out with other reducing agents.

For example, isopropyl alcohol was used to reduce copper

from copper(II) acetylacetonate.25 In this case, photoiniti-

ated reaction takes place. The absorption bands of copper

acetylacetonate lie within the radiation regions of the ArF

and KrF lasers applied.

c. Complexing agent

The complexing agent, which forms rather strong donor-

acceptor bonds with the Cu2+ ion, performs a dual func-

tion. First, it prevents the precipitation of copper hydrox-

ide, since reduction with formaldehyde occurs only in

alkaline medium. The second function is to decrease the

standard reduction potential of the Cu2+/Cu0 pair to

prevent the uncontrolled reduction throughout the whole

volume of the solution. The complexing agents applied in

the chemical reduction of copper should also meet the

following requirements:54

Ð ensure the sufficient solution stability during the

process;

Ð not to react with formaldehyde and other reagents

present in the solution (for this reason, primary and

secondary amines are undesirable);

Ð not to retard the autocatalytic metal reduction proc-

ess, i.e., not to hamper the anodic oxidation of HCHO (for

this reason, for example, cyanides and sulfides are inappli-

cable as ligands).

One more function of the complexing agent, namely,

localization of copper deposition, has been reported.65 By

introducing complexes with high stability constants into the

solution, one can obtain the thinnest copper conductors

with sharp-cut edges and high-quality topology (Fig. 3).1

It was found 65 that the geometric parameters (Fig. 4, 5)

of the copper structures (line width, d ) deposited from

solutions with ethylenediamine (EDA) occupy an intermedi-

ate position between the lines deposited from copper tar-

trate and trilonate solutions:

d (EDTA)< d (EDA)< d (tartrate).

Furthermore, the degree of localization of the reaction

decreases as the last instability constant of the copper

complexes increases:

Kn1 ([Cu(EDTA)]27) (1.6610719)<

<Kn2 ([Cu(EDA)2]
2+) (4.0610710)<

<Kn3 ([Cu(tartrate)3]
47) (2.561071).

The dependence of the deposited copper line width on

particularly the last instability constant of the complex can

be attributed to the steric factor: the electron transfer from

the reducing agent to the copper ion (or from the deposited

copper surface to the copper ion in solution in the case of

the electrochemical mechanism) is hardly probable as all the

coordination sites of the copper ion are occupied. The

release of one of the ligands allows the reducing agent to

a b

Figure 3. Comparison of the geometric parameters of the lines depos-

ited from copper solutions with different complexing agents: EDA (a)

and EDTA (b).1
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Figure 4. Width of the deposited copper line vs. laser power for

various copper complexes.1

Ligands: EDTA (1), EDA (2), tartrate (3).
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give an electron to the copper ion and thus to initiate the

autocatalytic deposition.

These assumptions are consistent with the theoretically

predicted `electrochemical' mechanism of the autocatalytic

reduction of copper in solution.58

In the case of a strong complex, copper reduction occurs

only at elevated temperature or on lowering of the activa-

tion barrier by the catalyst. The complexing agents used

include oxalates, ammonia, glycerol,64 but most often

tartrates (potassium sodium tartrate) or disodium EDTA

are used.66 For autocatalytic deposition to proceed in

solutions of strong metal complexes, it is necessary either

to decrease the Gibbs energy or to increase the equilibrium

constant of reaction (1).

A similar mechanism of action of complexing agents is

also involved in the deposition of other metals, in partic-

ular, nickel.64 The complexing agents usually introduced in

nickel plating solutions include tartrates, citrates and mal-

onates, which decrease the nickel reduction potential.64

The search for techniques of copper and nickel co-

deposition as a homogeneous solid solution is still in

progress. The essence of the method is to bring the copper

and nickel redox potentials closer to each other by selecting

a complexing agent the copper and nickel complexes of

which would have different stability constants, the nickel

complex being more stable than the copper complex. In

traditional chemical metal plating, sulfosalicylic acid salts

have been proposed, for example, as such complexing

agents.46 However, this approach has not yet been used in

the LCLD technique. Meanwhile, the problem is quite

topical because nickel additives introduced in copper depos-

its can increase substantially the corrosion resistance of

copper conductors with a minor increase in the specific

electrical resistance. Copper and nickel form a continuous

series of solid solutions over the whole concentration

range;67 nevertheless, it is quite difficult to obtain a solid

solution with a nickel content above 4 mol.% by chemical

or electrochemical co-deposition.53, 54, 60, 62

d. pH regulator

An alkaline medium is created in the solution to decrease

the reduction potential of formaldehyde. Thus, as pH

increases, the potential difference of the oxidant and the

reducing agent becomes positive and copper reduction

becomes a thermodynamically allowed reaction. The func-

tions of the pH regulator are quite limited; therefore, its

effect on the LCLD process has not yet been studied in

detail.

e. Other additives

Some works consider the influence of some other additives

on the LCLD. For example, the introduction of p-benzo-

quinone considerably (by several hundreds of milliwatts)

decreases the initiation threshold of the laser-induced dep-

osition of copper.1 It was assumed that active absorption of

hydrogen by reaction (4) would shift the equilibrium of

copper reduction [reaction (1)] toward the formation of

final products, including copper metal, and will also reduce

the gas formation problem by chemically binding hydro-

gen.1, 68

An experiment showed that the introduction of p-ben-

zoquinone into the solution is beneficial but the mechanism

of its action is still obscure.1, 68 For detailed understanding

of the laser deposition process, it is necessary to find out

what chemical reaction involving the quinone occurs during

LCLD.

The effect of high concentrations of surfactants, which

substantially improve the deposit quality in the chemical

copper plating process, has been studied.1 However, in the

case of LCLD, the addition of surfactants had an adverse

effect on the topology of the deposited copper structures.

During the experiments of copper deposition from solutions

containing various surfactants, the forces that support the

gas bubbles on the dielectric surface were found to decrease,

which facilitates the detachment of the bubbles from the

surface. Simultaneously, the addition of surfactants

decreases the surface tension at the liquid ± gas interface,

which facilitates the growth of bubbles and increases the

bubble size. As a result of competition of the two processes,

in some cases, the dependence of the width of the diffusion

tail of the copper deposit tail on the laser radiation power

passes through an extremum.

Note that the abundance of recipes for chemical copper

plating (and nickel plating) solutions and some inconsis-

tency of the published data on their compositions, deposi-

tion parameters and the properties of the deposited metal

indicate that the search for the optimal formulation of this

solution is still a topical task. For further development of

the method, it is necessary to optimize the compositions of

chemical copper plating solutions as applied to laser-

induced deposition conditions.

3. Reactions giving gases in solution and their effect on the
deposit topology
The uncontrolled effect of thermal factors during laser

heating results in deposited metallic structures with low-

quality topology. One of the adverse factors is the forma-

tion of a lot of gas bubbles at the site of contact of the laser

beam with the dielectric substrate surface (Fig. 6).2

It was believed for long that hydrogen formed by

reaction (1) is the major gas-phase component in the laser-

induced deposition of copper where formaldehyde is used as

the reducing agent. However, later it was found 2 that two

types of gas structures are present in the system (Fig. 7),

and these differ considerably in the bubble size, optical

a b

Figure 6. Copper lines obtained by laser-induced deposition.2

(a) Deposition without formation of gas bubbles, (2) deposition with

formation of gas bubbles.

O

O
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OH
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properties and the effect on copper deposition. It was

found 2 that the vigorous gas evolution resulting in the

laser beam defocusing during LCLD is related to CO2 and

CO (and probably other products of side reactions involv-

ing formaldehyde and other organic solution components)

rather than to hydrogen.

Apart from the focusing problems, the interaction of

laser radiation with the metallic deposit formed is also

possible. This process may occur in different ways, in

particular, as laser etching or ablation. This may be accom-

panied by local boiling of the solution, which also gives rise

to gas bubbles.

A number of theoretical works on the mechanisms of

laser etching and gas evolution processes in inert liquids

were published. Ohara et al.69 estimated the rate of bubble

formation during laser etching of Al2O3 surface in solution.

An increase in the bubble generation rate results in a higher

etching rate. Empirical relationships between the weight of

material carried away by ablation and the size of etched

caverns were reported.70 Good agreement was observed

between the results of theoretical calculations and experi-

ments, but in these experiments, laser radiation with atypi-

cally long pulses was used (140 ms).71

Thus, laser etching of materials is more intense in a

liquid than in air, which may induce both side reactions in

the radiation focal area and produce more activated sites

towards metal deposition when the material is laser-irradi-

ated directly in the copper plating solution.

4.Mechanisms of formation of crystalline phases in solutions
for the laser-induced deposition of copper
The LCLD process may follow the classical nucleation

mechanism in the solution bulk 72 or occur through the

formation of atomic crystallization centres on defects or

activated fragments of the dielectric surface followed by

enlargement (coalescence) by an autocatalytic mechanism.

The knowledge of the mechanism of formation of crystalline

phase of the metal is needed in order to estimate the effect of

solution components and optimize the LCLD process.

The probability of one or another mechanism can be

estimated by a statistical calculation. It is known that laser-

induced deposition can take place even at low concentra-

tions of the copper complex (down to 0.001 mol litre71).1

Consider a solution as a system in which fragments are

located randomly.{ Some of the fragments are identical (for

example, the fragments of the hydrated Cu2+ ion). Due to

lability of the solution, the geometry of the mutual positions

of the fragments can be characterized only statistically, in

particular, by specifying the probability density function

PAB(r) for the distance r from fragment A to the nearest

fragment B. Then the average value for this distance (�rAB) is

�rAB �
�?
0

rPAB�r�dr. (5)

Of course, the function PAB(r) is individual for every

solution, as various associates may form. However, if the

concentrations of these fragments (CA and CB) are low,

integral (5) can be estimated using the Poisson distribu-

tion.73 In this approximation

�rAB & 0.656

�������������������
1

CA � CB

3

s
. (6)

The mean-square deviation D�rAB for these distances is

D�rAB & 0.36 �rAB.

According to Eqn (6), even in a 0.01M solution, the

average distance between the neighbouring copper com-

plexes is *3 nm. The probability of occasional coming

together of two copper-containing fragments is 261074.

Further, the probability of formation of a critical-size

nucleate comprising n copper atoms as a result of their

simultaneous aggregation may be estimated as

261074 (n71). It is obvious that under these conditions

nucleation upon bulk fluctuations is statistically hardly

probable, although cannot be ruled out completely. More-

over, it should be taken into account in the photolytic

deposition processes. This was confirmed by publica-

tions 74, 75 in which the formation of the crystal phase of

the metal in the autocatalytic solution according to the

nucleation mechanism promoted by diffuse ultraviolet irra-

diation was proved by several independent methods, in

particular, by X-ray diffraction.

Thus, without rejecting the possibility of the nucleation

mechanism, it is necessary to study in detail the effect of the

material of the surface to be metal coated on the laser-

induced deposition process. The key point is the appearance

of an activated site on the dielectric substrate; otherwise,

crystallization will take place in the solution bulk by the

nucleation mechanism to produce a loose precipitate, which

may result in poor adhesion of the deposit to the dielectric

surface.

III. Activation of the substrate material during the
laser-induced liquid phase deposition of the metal

The outcome of LCLD (as in the case of classical chemical

deposition of the metal) depends substantially on the

properties of the dielectric substrate surface, first of all, on

the presence and structure of the activated sites. The surface

activation in LCLD is performed by two fundamentally

different methods: traditional chemical (photo- or electro-

1

2

Figure 7. Photomicrographs of gas structures.2

(1) Transparent bubbles up to 5 mm in diameter (presumably, hydro-

gen), (2) large gas bubbles up to 200 mm in diameter (presumably, the

products of side reactions of the organic components of the solution).

{ Here a fragment refers to any species with an ordered local environment.
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chemical) activation of the surface by pre-deposition of the

catalyst and activation by physical treatment of the sub-

strate. The focused laser treatment for liquid phase deposi-

tion of metals allows combining two methods into one thus

creating the universal laser deposition mechanism.

1. The role of surface activation in the formation of metallic
structures
The essence of activation of the dielectric surface is that an

external treatment induces the formation of surface active

sites that accomplish the electron transfer from the reducing

agent to the metal ion (Fig. 8).64 Then the reduced metal

becomes the catalyst for further reduction. Usually this

process is called autocatalytic deposition. The use of this

term is supported by the fact that after deposition of some

metal on the substrate, the process continues until the

solution components are fully exhausted. Chemical metal

plating studies show 53, 65 that high-quality deposited struc-

tures cannot be obtained without preactivation of the

substrate surface.

The essence of the microscopic mechanism of the for-

mation of active sites is as follows: laser radiation gives rise

to defects (bond rupture, distortion of bond angles and

bond lengths, dislocations, vacancies and so on) and to

changes in the configuration of the electronic subsystem of

the substrate surface, and this results in the formation of

non-equilibrium, metastable structures. These are charac-

terized by rather labile electronic subsystems that stimulate

the electron transfer from the reducing agent to the oxi-

dant.76

A promising new-generation material for microelec-

tronics is polyimide (PI), which combines the dielectric

properties and flexibility. Preactivation is widely used for

LCLD deposition of copper on this material. Table 1

presents the results of studies dealing with metal plating

1

2

�e

�e

Figure 8. Schematic representation of the electron transfer from the

reducing agent directly to the oxidant in the solution bulk (1) and

electron transfer through the activated metal-coated surface (2).64

Table 1. Laser-induced deposition of copper on polyimide.

Laser used and its role Irradiation Surface preactivation Solution for chemi- Process tempe- Ref.
mode a cal copper deposition b rature and time

Nd :YAG pulsed 1) KOH (cleavage of imide bonds); CuSO4 (0.05) 20 ± 25 8C, 30

photochemical pre-de- l=266 nm, 2) AgNO3 (K+?Ag+ exchange); NaOH (0.35) 30 min

position of silver: n=10 Hz, 3) laser irradiation (Ag+?Ag0); NaKC4H4O6 (0.114)

Ag+?Ag0 t=5 ns, 4) annealing at 200 8C; HCHO (0.16)

Df=20 mm 5) autocatalytic copper plating on Ag grains

KrF pulsed 1) laser ablation of PI; CuSO4 (0.03) 25 8C, 10 min 26

ablation of the l=248 nm, 2) SDS;c EDTA (0.06)

polyimide substrate nmax=100 Hz, 3) chemical activation; HCHO (0.045)

t=25 ns 4) 3% HNO3 or acetone Py (5 ppm)

5) autocatalytic copper plating

Nd :YAG plsed 7 (one-stage process) commercial solution 7 5

generation of catalytic l=532 nm, Coppermerse24

sites, solution heating n=90 kHz, solution (the com-

Df=100 mm, position is not

N=3±14, described)

V=0.02 ± 0.3 mm s71

HeCd continuous wave 1) KOH (cleavage of imide bonds); CuSO4 (0.01) 7 6

photochemical pre-de- l=325 nm, 2) AgNO3 (K+?Ag+ exchange); NaOH (0.7)

position of silver: P=3 mW, 3) polyethylene glycol coating; NaKC4H4O6 (0.23)

Ag+?Ag0 Df=15 mm 4) laser irradiation (Ag+?Ag0); HCHO (0.16)

5) annealing at 250 8C;
6) autocatalytic copper plating on Ag grains

Ar+

generation of catalytic continuous wave 7 CuSO4 (0.1) 23 8C 42

sites, solution heating V=60± 80 mm s71, NaOH (0.125)

N=8±24, NaKC4H4O6 (0.2)

P=50± 130 mW HCHO (6)

a l is laser radiation wavelength, n is the pulsed laser frequency, t is the pulse duration,Df is the focal spot diameter,V is the scanning rate,N is the

number of scans, P is the laser power; b the value in parentheses is the concentration in mol litre71 unless otherwise specified; c SDS is sodium

dodecyl sulfate.
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on polyimide substrates. The data given in the Table

confirm the statement about the mutual influence of the

composition of the autocatalytic solution and the method of

activation of the dielectric surface.

The most pronounced contribution to the development

of the views on laser activation of the dielectric surfaces was

made by G A Shafeev whose ideas and results formed the

basis for many state-of-the-art experiments on laser-induced

deposition. The data on laser-induced metal deposition

reported by Shafeev 3 and KordaÂ s 8 and the most recent

publications on the considered problem are summarized in

Table 2. These data confirm that the thermally induced

laser deposition is less sensitive to the physical properties

of laser radiation than to the chemical properties of the

solution and the dielectric substrate, because deposition of

one and the same metal is effective at different laser wave-

lengths.

Thus, preactivation of the surface on which copper is to

be deposited is a common requirement, which also applies

to usual chemical or electrochemical copper plating. It is

not by chance that laser activation of dielectric surfaces is

often used in conventional chemical deposition processes,

while chemical activation is often used in the works on

laser-induced deposition of metals.3

2. Mechanisms of activation of dielectric surfaces
The activation of dielectric surfaces is based on the proc-

esses involving restructuring at the atomic level and the

change in the electronic configuration under the action of

laser radiation. Three types of such processes are known.3

1) Formation of oxygen vacancies in oxide materials.

On exposure to laser radiation, an oxide material loses some

of the oxygen atoms as a result of fast heating. Since the

laser irradiation time is short, the fast heating is quickly

replaced by fast cooling, and the diffusion limitations

preventing fast recombination of metal atoms with air

oxygen result in the appearance of metastable oxygen

vacancies. The metal atoms within the oxide structure

serve as the crystallization centres.

2) The bending of the energy bands of the dielectric

under the action of electromagnetic radiation. As a result of

material quenching by laser radiation through successive

expansion and compression, the band structure of the

substrate material changes. This leads to bending of the

valence and conduction bands of the dielectric, thus activat-

ing it.

3) The appearance of activation centres as metal clusters

or other structures with high electrical conductivity, which

allows easy charge transfer from the reducing agent to the

positively charged metal ion.

However, not any dielectric surface can be activated.

For example, Shafeev 3 points out that it is impossible to

activate SiO2 or MgO in air with subsequent immersion of

the substrate into the metal plating solution (i.e., a two-

stage process is impossible). However, the possibility of

one-stage copper plating process and SiO2 activation was

proved in experiments on laser-induced metal deposition on

oxide and quartz glasses (Fig. 9, 10).1, 9, 42, 51 In the SEM

images (see Fig. 9), one can clearly see the separate cubic

copper crystals with sizes of 100 to 1000 nm; this clearly

illustrates the nucleation and crystal growth in the copper

precipitate obtained by the laser-induced process. The

energy dispersive X-ray (EDX) spectrum (see Fig. 10)

shows that the crystals consist of pure copper. Moreover,

the deposited copper structures have good adhesion to the

surface, which attests to the formation of reaction initiation

centres exactly on the activated surface sites.

Perhaps, the difference between the activation mecha-

nisms in air and in solution 69 ± 71 accounts for the observed

different behaviours of the silica surface. The failure to

Table 2. Laser-induced deposition of metals on the dielectric surface.

Substrate Deposited Laser radiation Ref. Substrate Deposited Laser radiation Ref.
type metal wavelength /nm type metal wavelength /nm

Al2O3 Ni, Cu, Pd, Pt 193, 248, 308, 3

337, 510, 690,

1060, 10 600

Au 514 8

Pd, Pt 488 8

CeO2 Pd, Pt 248, 308, 337 3

SrTiO3 Ni, Cu 248 3

PbTi17x Ni, Cu 248 3

ZrxO3 Ni, Cu 193, 248, 308, 3

ZrO2 510, 10 600

SiC Ni, Cu 193, 308, 510 3

Au 193, 248 8

Pd 193, 248 8

AlN Ni, Cu 248, 308, 510 3

Diamond Ni, Cu 248, 308, 510 3

LiNbO3 Ni, Cu 248, 510, 10 600 3

Si Au 193, 248, 514, 633 8

Cu 514 8

Al 488 44

Pd 193, 248 8

SiO2 Ag 488 8

Cu 488 1, 9, 42,

51, 52

Cr 488 8

Pd 308, 488 8, 77

GaAs Au 514 8

Pt 580 ± 720 8

InP Au, Ni, Pt 580 ± 720 8

TiO2 Au 354 ± 364 a 8

Sn 514.5 8

Si3N4 Ag 488 8

Porous Si Ni 488 35

248, 308, 745.5, 1064 36

Mn7Zn ferrite Ni 514.5 a 8

Note. The following lasers were used for the indicated wavelengths: 193Ð ArF; 248ÐKrF; 308ÐXeCl; 488 ÐAr+; 514Ð Cu vapour; 532Ð

Nd :YAG; 580 ± 720Ð excimer dye laser; 745.5ÐTi : sapphire, 1060ÐCO2, 1064ÐQ-switchingNd :YAG; 10 600ÐCO2 ; for 337 and 510 nm,

the laser type was not indicated. a In these cases, Ar+ laser.
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activate MgO is related, most likely, to its chemical insta-

bility in an alkaline copper plating solution where it is

converted to Mg(OH)2 .

Also, one should take into account that many of

Shafeev's works were performed for single crystals,78 while

most LCLD studies used polycrystalline, glassy and poly-

meric materials; and identical key chemical properties of

single crystals and polycrystals or glass do not mean the

identical results of laser activation of the surface. The

mechanisms of physical and chemical activation of the

surface for LCLD purposes are undoubtedly different and

have not been ultimately studied as yet.

3. Activation by local physical treatment of the substrate
As noted above, activation by local physical treatment of

the substrate is one of the two key methods utilized to

prepare dielectric surfaces for copper plating.

The substrate areas treated mechanically or by a laser

acquire special properties; they acquire either structural

defects with enhanced free energy or surface charge. As a

result, these areas become able to attract metal ions from

solution and promote their electrochemical reduction with

metal deposition only on the pretreated areas of the dielec-

tric surface. The catalytic activity of the laser-treated areas

of the substrate is determined by the degree of structural

changes: the greater the number of defects arising on the

substrate surface upon laser treatment, the higher the

catalytic activity this surface exhibits. In the case of dielec-

tric substrates made of oxide ceramics, for the activation of

substrate surface, the laser radiation power should be higher

than the ablation threshold.79

Laser ablation of some dielectrics causes surface activa-

tion even without producing additional metal centres. In

particular, this is the case with AlN ceramics, which

decomposes on exposure to an excimer UV laser to give Al

metal even when the energy flow is several J cm72 (see Refs

34, 48, 49).

It is at the energy density of 2 ± 4 J cm72 (XeCl, ArF,

KrF lasers) that the irradiated areas of the ceramics become

able to reduce Cu, Ni and other metals from the corre-

sponding chemical metal plating solutions. The metal dep-

osition starts at some sites of the ablated surface, the density

of these sites being 107 cm72, and the continuous metallic

film is produced upon coalescence of separate metallic

islands on their lateral growth. It was shown that ablation

with an XeCl laser in air gives rise to metal islands on the

Al2O3 surface, and they activate the surface.47

It was found 3 that a dielectric surface can be activated

by a laser even when no metal atoms on the surface are

present. It is evident that the presence of Al film on the

activated surface is inconsistent with the possibility of

repeated deposition ± dissolution of the metallic precipitate

in acids 3 onto a once activated surface, as the Al film would

dissolve together with the metal deposited from the solu-

tion. In addition, according to the authors cited,3 Al metal

is vigorously dissolved in the proper chemical copper

plating solution because the latter has a high pH (>12).

Similarly, as the Al film is dissolved away from the ablated

surface of AlN ceramics, the surface catalytic activity is

retained. This also indicates that the activation mechanism

cannot be reduced to mere formation of metal-coated areas

on the surface. Assumptions concerning the existence of

some other activation mechanism were also put forward in

other publications.78 ± 84 However, the copper deposition in

the above-described case can easily be interpreted also from

the chemical standpoint by considering competing processes

in the solution: Al dissolution in alkaline solution and Al

displacement from the surface by copper due to the lower

standard electrode potential of Al compared with Cu

[furthermore, the copper reduction (i.e., displacement of

Al by Cu) is faster than Al dissolution].

While developing this prospective line of research,

Shafeev et al.45 elaborated a two-stage laser-induced nickel

deposition technique for dielectric and semiconductor sur-

faces. The area of a diamond surface activated by a copper-

vapour laser (510 nm) or a KrF laser (248 nm) in air is

selectively metal-coated when placed in a solution for

chemical reduction of nickel by hypophosphite. The effect

of laser activation of the surface is stable in time and

disappears only on heating the sample for 3 h at

350 ± 400 8C. It was also shown 85 that on laser etching

either in air or at the contact with a liquid (DMSO, H2O,

N2H4), a SiC surface becomes catalytically active and

favours selective deposition of both nickel and copper

(from appropriate metal plating solutions). The irradiated

area was found 85 to acquire a layered structure: the upper

layer consists of SiOx; then, from top down, there is a layer

of Si clusters and a layer of amorphous SiC. The Si clusters

are the catalytic sites initiating the chemical deposition of

metals. A similar two-stage method 3 is suitable for metal

1 mm

Figure 9. Copper microcrystals deposited from a 0.01M solution of

copper tartrate on a quartz glass surface.1, 9 The image was obtained by

SEM.
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Figure 10. EDX spectrum of the deposit shown in Fig. 9.1, 9
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coating of SrTiO3 , PbTi17x ZrxO3 , Al2O3 , ZrO2, AlN and

LiNbO3 surfaces.

One more explanation for the laser activation of a

dielectric (e.g., Al2O3) towards chemical deposition is

mechanical stress that remains in the material upon abla-

tion. This is confirmed indirectly by the possibility of

activation by mechanical indentation of the sample placed

in a chemical metal plating solution. It was found that in

this case, Cu is deposited on the treated surfaces both on

elastic (indentation with a glass rod at a pressure of

8 ± 10 kbar) and on inelastic deformation (diamond scribing

of the surface). However, unlike laser activation, metal

coating of the indented area can be accomplished only

once Ð after acid dissolution of the metal precipitate, the

metal is not deposited once again on the treated areas. This

is caused by the fact that mechanical stress exists in the

sample only during indentation and is eliminated as the

mechanical load is removed. The mechanical stress that

remains in the sample after laser ablation can be eliminated

only by sample annealing.

Meanwhile, the process of autocatalytic deposition of

metals provides good visualization of the residual stresses,

because 108 ± 109 metal atoms can be deposited on several

active sites of the surface, which corresponds to the mini-

mum size of metallic particles that is reliably resolved by a

scanning electron microscope at early stages of deposi-

tion.34

The class of dielectrics that can be locally metal-coated

by laser ablation can be extended. Apart from the oxide

materials, laser activation is possible for polymer surfa-

ces.86, 87 In this case, it is most probable that the metal is

deposited on the free carbon surface resulting from laser

ablation of the polymeric material.

The methods of nickel deposition on the dielectric and

semiconductor surfaces differ depending on the material

used. In the case of ceramic and single-crystalline dielectrics

resistant to laser radiation, direct laser irradiation of the

surface in air in the contact with an inert solvent or directly

with the nickel plating solution is applicable. For polymeric

materials, indirect methods without direct laser irradiation

of the polymer substrate surface are more suitable. Excep-

tions are provided by thermoplastics (stable on heating

above 300 8C) and materials containing inclusions of

4 mass% to 12 mass% Al, As, Sn or Sb oxide powders.88

For these substrates, local nickel or copper deposition can

be performed by exposing the material to laser radiation at

<350 nm in air and subsequent immersion of the substrate

into chemical metal plating solution in order to deposit

nickel or copper.

The one-stage method for nickel deposition 35, 36 on the

surface of porous silicon, a promising material for opto-

electronics and sensors, is of particular interest. The depo-

sition is performed by repeated laser beam scanning of the

porous silicon substrate surface coated by a thin film of

chemical nickel plating solution. However, although the

nickel deposit is homogeneous for optical and electron

microscopy, EDX analysis still shows that the deposit

contains phosphorus (10 mol.%) and oxygen (5 mol.%)

inclusions.35, 36 This results in low conductivity of the

obtained nickel structures (the calculated specific electrical

conductivity is 10 ± 15 times lower than the conductivity of

pure nickel). Attention is attracted by the similarity of the

outcomes of the laser-induced and the usual chemical

deposition; this is seldom the case for copper deposition.

The use of hydrazine as a reducing agent, which does not

result in co-deposition of impurities together with nickel,

might be a good alternative to phosphorus-containing

nickel plating solutions.64

The results of KordaÂ s et al.35, 36 confirm once again the

good prospects of the laser activation of dielectric surfaces,

because it is potentially possible to develop a one-stage

method of local metal deposition in which the surface

activation, reduction and crystallization of the metal pre-

cipitate occur almost simultaneously.

The above arguments in favour of the laser mechanism

of surface activation supplement the data on the thermal

activity of laser radiation in the initiation of the laser-

induced liquid phase deposition of the metal.

4. Chemical surface activation by pre-deposition of a metal
catalyst
Apart from the activation by physical treatment, there is

also the traditional chemical activation method. Unfortu-

nately, the state-of-the-art knowledge in this field does not

suffice to choose unambiguously the effective surface acti-

vation method from general considerations. This can be

done only based on numerous experiments.

The most widely used method of chemical activation

includes two successive stages, which were called `sensitiza-

tion' and `activation'.54, 60, 62, 64 Sensitization (increase in the

sensitivity) involves treatment of the surface with a solution

of Sn2+, Fe2+, Ti3+ or Ge2+ salt. The most effective is

surface treatment in a SnCl2 solution. The activation

consists in treatment of the sensitized surface by solutions

of catalytically active compounds of metals (Pd, Pt, Ag, Au,

Rh, Ru, Os, Ir). Solutions containing Pd(II) compounds

have found the most extensive use.

According to the one-stage chemical activation method,

dielectric substrate is coated by a thin layer of a solution

containing a light-sensitive metal compound, which decom-

poses as the substrate surface is irradiated with a laser along

a desired contour or illuminated with a lamp according to

the exposure mask. As the metal catalyst, Ag or Pd is used,

since the catalytic properties for deposition of, e.g., copper

can be exhibited only by metals that are located on the left

of copper in the Allred ±Rochow electronegativity scale.

The catalytic activity of the pre-deposited metal grains is

determined by their nature, size, surface condition, the

persistence of the active sites in the course of time and

resistance to dissolution and oxidation. In addition, the

surface activity and the quality of the deposited coating

depend on the pattern of distribution of the catalyst

particles and the strength of their adhesion to the substrate.

These particles are either applied ready or are formed

during chemical transformations. The ready finely dispersed

catalyst particles are applied on the substrate as a suspen-

sion and are then dried. Often the metal catalyst particles

are formed on the activated surface in a solution for

chemical deposition of a metal. It is also possible to coat

the surface meant for metal plating with a potent reducing

agent, which would induce the chemical deposition of the

metal.63 There are also other methods that imply prelimi-

nary introduction of special additives into the substrate

composition, which may become active sites on the external

treatment.89 ± 91
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In recent years, so-called combined solutions that con-

tain simultaneously PdCl2 and SnCl2 have found wide use

for surface preactivation.72

The solutions known currently make it possible to

deposit metals such as Cu, Ni, Co, Pt, Pd, Au, Ni/Co, Pb,

Sn, etc.63, 72

An original approach to the deposition of nickel micro-

structures on the polymeric surface was proposed by Kiku-

chi et al.,92 who used the reverse sequence of operations

and, instead of the activation of the dielectric by metal-

coated centres, they performed metal deactivation by apply-

ing the dielectric layer, i.e., an aluminium plate was sub-

jected to anodic oxidation. As a result, an oxide layer was

formed on the metal surface, the thickness of this layer

being easily controllable by the rate and duration of the

electrolysis. A focused Nd :YAG laser beam (532 nm)

which scanned the sample surface destroyed the oxide

layer. After laser irradiation, the layer of nickel metal

could be electrodeposited only on the irradiated area.

Then the metallic structure was attached to an epoxide

resin surface at 120 8C, and the aluminium layer was

dissolved in a concentrated solution of NaOH, leaving the

nickel structure on the epoxide resin surface.

The chemical methods of activation of the dielectric

surface towards LCLD are still seldom used and have been

little studied, because the chemical aspect of the interaction

of the preactivated surface with laser radiation is by itself an

extensive field of scientific research.

IV. Conclusion

Analysis of the data presented in the review allows one to

infer some general trends for the laser-induced deposition of

copper and nikel.

The outcome of laser-induced deposition depends, first

of all, on physical factors: the laser radiation power, the rate

of scanning of the substrate surface by the laser beam, the

number of scans and the solution temperature. On the other

hand, the role of chemical factors is also pronounced. These

include the presence of ligands that form complexes with

different instability constants in the autocatalytic solution,

the change in the copper salt concentration, the introduc-

tion of additives that control the energy threshold of the

reaction initiation.

The gas evolution upon side reactions between organic

components of the solution is an adverse factor, which

hampers the preparation of deposits with high-quality top-

ology. The deposition of high-grade metal structures is

facilitated by effective activation of the dielectric surface;

the nature of the activated sites is also significant.

Despite the fact that the data on the processes in

question available from the literature are still scattered

and sometimes contradictory, the development of exactly

these lines of research may be expected to ensure the future

progress of the LCLD method, and they would determine

the contents of the scientific research into the laser-induced

deposition of metals on dielectric substrates.
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