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Catalytic actions of aluminum chloride on laser-induced liquid-phase copper deposition process were
studied. Copper deposition experiments in aqueous solutions containing aluminum chloride upon 532
nm laser irradiation at different line deposition rate were performed. The influence of pH on the
deposition rate and topology of the deposited copper microstructures was investigated. Enhanced rate
of copper reduction in aluminum chloride solutions was observed. High purity copper microstructures
with good electrical conductivity were obtained.

Keywords: laser-induced deposition, copper, solution, electrical resistance, microelectronics,
aluminum chloride

1. INTRODUCTION

One of the promising techniques for patterning of the microelectronic devices is laser-induced
chemical liquid-phase deposition of metals (LCLD). In this method the metal reduction reaction
proceeding in local volume of solution in the vicinity of the laser beam focal point results in deposition
of metal microstructures (lines) on the surface of dielectric substrate. Thus, laser-induced deposition of
such metals as copper, silver [1], palladium [2], platinum [3], nickel [4], gold [5], chromium and
tungsten [6] can be used for fabrication of extra small metallic conductors on dielectric surfaces
without using photomask in contrast to photolithography [7-13]. It should be pointed out that in the
aforementioned series copper attracts more attention due to its wide application in microelectronics
and high catalytic activity of nanoparticles based on this metal [14,15]. However, the relatively low
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deposition rate of metal lines significantly complicates the practical implementation of LCLD. For
example, the typical deposition rate of copper line is 2.5 um s[16-20], therefore it takes more than
one hour in order to produce microconductor with length of just 10 mm. On the other hand, laser-
induced copper deposition at higher rates results in formation of the microstructures with a poor
topology. Thus, increase of the deposition rate of metal lines and concurrent preservation of the
topology of the corresponding deposited metallic microstructures provide conditions for more efficient
utilization of LCLD technique.

In previous studies it was shown that introducing organic additives or changing a reducing
agent [21] as well as using a substrate as a reducing agent [22] may lead to topology improvement of
the deposited metallic microstructures. However, for instance, laser-induced deposition of copper from
solution containing organic components is accompanied by side reactions [23], and moreover also
proceeds only at low rate of line deposition. In addition, there are few publications in which the
implementation of the additives containing metal salts in laser-induced copper deposition process was
studied in some detail [24-26]. In turn, the action of these additives on the line deposition rate has not
yet been discussed and remains uncertain. In this report we study influence of aluminum chloride
additive on the copper line deposition rate and topology of the deposited copper microstructures.

2. MATERIALS AND METHODS

The copper lines were deposited from solution 1-5 (Table 1) on the surface of glass-ceramics
(Sitall ST-50-1) upon irradiation at 532 nm. Sitall ST-50-1 as the crystalline glass-ceramics material is
widely applied in microelectronics and composed of SiO, (60.5%), Al,O3 (13.5%), CaO (8.5%), MgO
(7.5%) and TiO, (10.0%). All chemicals used for preparation of 1-5 were of analytical grade (Sigma-
Aldrich). In these solutions xylitol, sodium hydroxide, sodium potassium tartrate tetrahydrate and
aluminum chloride were used as a reducing agent, acidity regulator, ligand and additive, respectively.
We used xylitol as reducing agent due to its recent successful application in laser-induced deposition
of copper from water-based solutions [27].

Table 1. The composition of solutions used for LCLD of copper.

solution concentration (mmol L™)
CUC|2 KNaC4H40sx4H->0 NaOH CsH1,05 A|C|3
1 10 33 100 75 0.0
2 10 33 100 75 0.1
3 10 33 100 75 0.3
4 10 33 100 75 1.0
5 10 33 100 75 3.0

The detailed description of the experimental setup for LCLD has been published elsewhere
[19]. The output from a continuous wave 532 nm diode-pumped solid-state Nd:YAG laser is split into
two parts. One is focused on the boundary region between metal salt solution and dielectric substrate
which are placed on computer controlled motorized stage used for adjustment the focal point position
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where the deposition reaction is supposed to start. Second is sent to web-camera used for in situ
monitoring and control of the laser-induced deposition process. Laser-induced deposition of copper
from 0.5 mm thick solutions was performed at different laser power (from 500 to 1000 mW) and line
deposition rates were 2.5, 10, 20 and 30 um s Optical images of copper lines were obtained using an
optical microscope with 20x magnification (MMN-2, LOMO). The topology of the deposited copper-
containing microstructures was observed by means of scanning electron microscopy (SEM). The
atomic composition of these microstructures was studied using energy dispersion of X-ray
spectroscopy (EDX). The EDX-system was coupled with a Zeiss Supra 40 VP scanning electron
microscope equipped with X-ray attachment (Oxford Instruments INCA X-act). The electrical
conductivity properties of the deposited copper lines were studied with an impedance meter Z-2000
(Elins Co.) in the frequency band of 20 Hz to 2 MHz at the signal amplitude of 125 mV.

3. RESULTS AND DISCUSSION

In order to optimize copper deposition process from solutions 1-5 (Table 1) and determine
initiation threshold, i.e. minimum laser radiation density value at which deposition of copper
microstructures starts, the laser output power was varied from 500 to 1000 mW. The dependence of
copper line width on laser power is demonstrated in Fig. 1a.
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Figure 1. The width of copper lines as a function of laser power (a) and as a function of pH (b). LCLD
from solutions 1-5 was performed at deposition rate of 30 pum s™. All copper deposition
experiments at different pH (b) were carried out at laser power of 1000 m\W.

It was found that the microstructures deposited from 5 are wider than those obtained from 1, in
turn the width of all of them increases with the laser power increase. Here we do not show deposition
results from other solutions containing aluminum chloride (2-4) because they exhibit no noticeable
difference in the line width within the aforementioned range of laser power in comparison with LCLD
results from 5.
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Optical microphotograph of typical copper line deposited from solution 5 at deposition rate of
30 um s™ and laser power of 1000 mW is shown in Fig 2a. A specific electrical resistance of all
deposited copper microstructures was calculated using equation (1) in order to estimate ability to
conduct electricity.

_ Rxdxl

S (1)

where p is a specific electrical resistance, R — electrical resistance, d — width, | — thickness and
L — length of copper lines deposited from 1-5.

Electrical resistance was measured using impedance spectroscopy; SEM images of the surface
fracture of copper lines were used to obtained geometric parameters of these microstructures. Fig 2b
illustrates the fractured surface of copper line deposited from 5. According to this microphotograph the
average thickness of the copper layer and the average width of the copper line are approximately 12
and 210 pm, respectively. Line length in all LCLD experiments was held constant at 10 mm.
Experimental conditions and properties of the deposited copper microstructures are presented in Table
2.

Figure 2. Optical microphotograph (a) and SEM image of the surface fracture (b) of typical copper
line deposited from solution 5 at deposition rate of 30 um s™ and laser power of 1000 mW.

Here it is clearly seen that the increase of the line deposition rate from 2.5 to 30 um s results
in a significant increase of a specific electrical resistance of the copper lines deposited from solution
which does not contain aluminum chloride.

On the other hand, copper lines produced by LCLD from solutions containing aluminum
chloride (2-5) exhibit low values of electrical resistance even at 30 um s™ which is comparable with
those revealed by copper line deposited from 1 at 2.5 um s™. Identical behavior was observed for
LCLD products obtained from 2-5 at 10 and 20 pm s™.
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Table 2. Experimental conditions and properties of copper lines deposited from solution 1-5.

solution  pH laser power line width  line deposition rate  specific electrical resistance

(mW) d (um) (pms™) p (@ mm’m™)
1 13.00 1000 150 2.5 2.2
1 13.00 1000 190 30 56
2 13.00 1000 215 30 3.2
3 12.99 1000 217 30 3.0
4 12.97 1000 220 30 5.9
5 12.91 1000 210 30 45

Thus, the presence of aluminum chloride in the deposition solutions essentially affects the
electrical conductivity properties of the copper microstructures. Low electrical resistance suggests that
the topology of microstructures produced from solutions with aforementioned additive at higher rates
of line deposition should have similar quality as those obtained from solutions without the presence of
aluminum chloride at low rate of line deposition. Indeed, in Fig 3b, d SEM images demonstrate that
copper lines deposited both from 1 and 5 consist of 40-120 nm particles and their agglomerates
regardless of the aluminum chloride presence in solution. Analysis of the EDX spectra (Fig. 3a, c)
shows that weigh percentage of copper is very high in both deposits and there is no presence of
aluminum in microstructure deposited from 5. Therefore it is reasonable to assume that aluminum
chloride used as additive in LCLD experiments does not lead to co-deposition of aluminum and copper
but results in formation of high purity copper microstructures even at higher line deposition rates.
Although, a deeper understanding of the role of aluminum chloride in LCLD of copper of such high
purity requires additional studies. Here, the major difficulty lies in the fact that the aforementioned
problem is discussed for the first time and there are only few articles on similar topics. For example, R.
J. Von Gutfeld et al. [24-26] showed that the photochemical processes can accelerate the laser-induced
metal deposition. In his experiments the laser beam is focused at an interface between an copper
electrode and solution of copper (Il) sulphate. Second electrode was placed in solution, and then
external voltage was applied to closed circuit. At small values of the external voltage it was possible to
observe the jump of the potential E, of the order of 0.4 V at an interface between an copper electrode
and solution of copper (I1) sulphate upon laser irradiation which results in an increase of the rate of
copper deposition within an irradiated area in 1000 times. R. J. Von Gutfeld et al have attempted to
explain this effect only by thermal factor (kinetics of deposition) as well as by stirring the solution.
However, simple calculations based on the Nernst equation indicate that the potential change in the
solution induced by the heating can reach values of only 0.1-0.15 V. Moreover, the high thermal
conductivity of copper revealed in the experiments mentioned above must facilitate the deposition of a
wide copper structures, whereas in fact this behavior was not observed making the obtained results
inconsistent with proposed idea of the copper electrodeposition within the local area of the laser beam.

In addition, it is well-known that aluminum chloride solution is hydrolyzed by sodium
hydroxide forming hexacoordinated hydroxo complexes; in turn it makes the deposition solution less
basic potentially resulting in improvement of the electrical conductivity properties of copper lines and
increase of copper deposition rate. Thus, in order to shed light on this issue, we investigated the
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influence of pH on the deposition rate and topology of copper microstructures. For that purpose, pH of
solution 1 was varied by adjusting the sodium hydroxide concentration and measured with a glass
electrode. On the other hand, it is very hard to measure such a small change in pH of solutions
containing aluminum chloride, therefore the pH of 2-5 was calculated using equation (2).
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Figure 3. EDX spectrum (a) and SEM image (b) of copper line deposited from solution 1. EDX
spectrum (c) and SEM image (d) of copper line deposited from solution 5. Weight percentage
of all the elements found in the EDX spectra (a, c) are shown in the insets. LCLD from
solutions 1 and 5 was performed at laser power of 1000 mW and at deposition rate of 2.5 and
30 um s™, respectively.

Moreover, it should be mentioned that aluminum hydroxide is completely soluble in the pH
range studied and exists in solution as a negatively charged hexahydroxy complex; hence it does not
take part in copper reduction reaction. The results of the aforementioned calculations are presented in

Table 2.

pH =14+ Ig([ NaOH] - 6[AICL,]) (2)

where [NaOH] and [AICI3] are concentrations of sodium hydroxide and aluminum chloride,
respectively.

Fig. 1b illustrates the width of copper lines deposited from 1-5 as a function of pH. For 1 the
line width dependence on pH is linear, thus one can estimate the copper line width exactly at the same
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pH value calculated for 2-5. As a result, much narrower lines are produced from 1 even at pH
corresponding to those calculated for solutions with aluminum chloride. Then, taking into account the
fact that the metal line width is proportional to its deposition rate, one can assume that LCLD of
copper from solutions containing aluminum chloride proceeds with higher rate.

4. CONCLUSIONS

It was observed that aluminum chloride additives can significantly lower electrical resistance of
copper lines and increase the rate of copper reduction in water-based solutions upon 532 nm laser
irradiation. Catalytic nature of aluminum chloride in LCLD of copper was also supported by the results
of energo-dispersive X-ray analysis. EDX spectrum of copper microstructure deposited from solution
containing aluminum chloride at higher line deposition rate shows no aluminum signal whereas weigh
percentage of copper is more than 90%. Thus, we obtained high purity copper microstructures with
good electrical conductivity properties at unusually high rate of line deposition thereby expanding the
scope of application of LCLD technique in microelectronics.
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