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Ti/SiO,/Si and photoresists like PMMA and SU-8. The process is suitable for
patterning and the products can be used as seeds for electroplating of thicker
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1. Introduction

Copper layers cannot, as yet, be deposited from solutions at
room temperature (Andricacos et al., 1998; Hsu et al., 2001),
and this has severely affected applications, for example, in
microelectronics. Here, we show that the problem can be
overcome by stimulating the deposition with an intense X-ray
bombardment. The procedure has been successfully applied to
a variety of insulating substrates, from glass to SiO, and to
polymers. The deposited layers could be used to grow thicker
Cu overlayers by electroplating. Using templates for the
irradiation, the procedure could be applied to patterned
overlayers. Coupled with focused X-rays (Wu et al., 2012;
Chen et al., 2008), nano-patterns could be produced in air or
under wet conditions (Kim et al., 2015; Lee et al., 2015).

Electrodeposition is a widely used deposition technique
that has recently been extended to the fabrication of ultra-
small devices (Pisani et al., 2004; Dezuari et al., 1999; Hsu et al.,
2010). Electroless deposition is another major industrial
plating technique that is particularly useful for metal deposi-
tion on ultrasmall devices (Mallory & Hajdu, 1990). Both
electrodeposition and electroless deposition produce high-
quality coatings (Shacham-Diamand et al., 1995; Shacham-
Diamand & Dubin, 1997). Electrodeposition is, of course,
difficult on insulators, and typically requires a precursor
metallization (Jackson et al., 1998). In a few cases it was used
to produce the seed layer but this often required surface pre-
treatment (Hsu et al., 2001; Horkans et al., 1984; Mallory &
Hajdu, 1990; Nagahara et al., 1993; Patterson et al., 1997, 1995).
Furthermore, electroless plating is normally implemented at
high temperature, incompatible with many substrates and
high-accuracy processes.

Our solution to these problems is X-ray bombardment. This
is more effective and flexible than y-ray bombardment, for
example, as far as the deposition rate and the possibility of
© 2015 International Union of Crystallography patterning are concerned.
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Table 1
Solution composition.

Component Solution I Solution 1T Solution IIT
CuSO,-5H,0 (g17) 26 26 15
NiSO,-6H,0 (g1 Nil 1 26
NaH,PO,-H,O (g17) 30 30 30

Our previous experiments demonstrated that X-ray irra-
diation induces NiP deposition on untreated insulating
substrates at room temperature (Hsu et al, 2007). The
reduction time and nucleation rate were accurately controlled
by the electroless plating solution pH (Borse et al., 2004).
Here, we extended the approach to the much more difficult
but technologically very relevant problem of Cu deposition.

2. Experiment

We used three copper electroless plating solutions with
different amounts of copper/hypophosphite and copper/
nickel/hypophosphite; the compositions are summarized in
Table 1. Sodium hypophosphite (NaPH,0,-H,0) was added
as the reduction agent. The pH value was adjusted to 8 with
sodium hydroxide. Copper sulfate (180 g 1™") and sulfuric acid
(10 ml 1™") were used for electrodeposition of thick overlayers.

As already mentioned, we performed tests with five types of
insulating substrates. The substrates were prepared starting
from Si wafers, except for transmission electron microscopy
tests which used Au grids. The specimens were mounted in a
Teflon cell containing 200 ml of the solution.

For irradiation, we used non-monochromatized X-rays from
the 01A beamline at NSRRC (National Synchrotron Radia-
tion Research Center, Hsinchu, Taiwan) and the 7B2 beamline
at the Pohang Light Source (Korea). The beam size was set to
10 mm x 10 mm using slits. The irradiation time was typically
5 min, occasionally rising to 30 min for thicker layers. The
entire deposition process was implemented at room
temperature.

An X-ray microscope was used to analyze the system during
X-ray bombardment, using a specially designed Teflon cell
with two thin Kapton windows. The overlayer thickness was
measured with an AMBIOS XP-2 profiler. The overlayers
were analyzed with a field emission scanning electron micro-
scope (FESEM; Hitachi S-4200) also implementing energy-
dispersive spectroscopy (EDS). A Philips CM 20 transmission
electron microscope delivered structural and chemical infor-
mation on overlayers deposited on Au grids.

3. Results and discussion

Fig. 1 shows FESEM images of copper film on the five
different substrates. We see that the substrate affected the
overlayer microstructure producing granular morphologies
with different grain sizes. For example, the 1.8 pm Cu over-
layer on glass is relatively large (~1.3 pm). On passivated Si,
the overlayer consists of small clusters with an average grain
size of 195 nm.

Figure 1

FESEM images showing the morphology of overlayers obtained by X-ray
irradiation from solution I in Table 1 on (a) glass, (b) SiO, on Si, (c) TiN/
Ti/Si0,/Si, (d) PMMA photoresist and (e) SU-8 photoresist. Scale bars:
10 pm.

In the case of Fig. 1(c), we directly deposited a uniform
~4.5 pm-thick Cu overlayer with an average grain size of
152 nm onto a TiN/Ti/SiO,/Si substrate without any compli-
cated pre-treatment procedure (Liu et al, 2003; Goh et al.,
2002). On PMMA and SU-8, the overlayer thicknesses were
~4.6 and ~4.8 um, and the grain sizes were ~172 and
~230 nm, respectively; no damage to these polymer substrates
was observed.

In all cases, EDS shows that the overlayers have a low
phosphate content, ruling out extensive Cu-P alloying.
Specifically, the phosphate content was lower than in Cu
overlayers co-deposited from an alkaline solution (Rondin &
Hintermann, 1970).

3.1. Thick Cu overlayers

The overlayers produced by X-ray irradiation are not
sufficiently thick for many applications. This does not matter,
however, because they can be used as seed layers for further
electroplating. To demonstrate this, after X-ray irradiation we
placed the samples in electroplating solution in order to
perform electrodeposition at room temperature and at a
2 A dm™? current density. The results were positive in all
cases, yielding final overlayers of thickness >10 um.
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Figure 2

FESEM results showing (a) the surface morphology, (b) the micro-
structure and (c) the EDS spectrum of a thick Cu overlayer obtained on
glass, by seeding with a first layer produced with X-ray irradiation. Scale
bars: 50 pm (a); 5 pm (b).

Fig. 2 shows, for example, FESEM images of an electro-
plated Cu overlayer. The copper film appears continuous with
a small density of nodules. The grain size is ~1 pm, much
smaller than the seeding layer. EDS (Fig. 2¢) shows a pure Cu
content, with no contaminants such as carbon and oxygen.

3.2. Patterning

We tested the feasibility of patterning by performing X-ray
bombardment through a 200 mesh Au grid. Fig. 3 shows the
corresponding FESEM images. The patterned 90 pum x 90 pm
squares are clearly visible and have well defined edges. The
homogeneous granular morphology can be used as a seed
layer for further electroplating.

3.3. Mechanism of X-ray-induced deposition

We used X-ray microscopy (Wu et al., 2013) to observe in
real time the reaction of individual solutions to the X-ray
bombardment. For the solution with only copper sulfate, no
reaction and no deposition was observed during X-ray irra-
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Figure 3
(a) FESEM images on a patterned Cu overlayer on SiO,/Si. (b) High
magnification view of the Cu overlayer region. Scale bars: 200 pm (a);
5 pm (b).

diation. Only for the solution with the H,PO, reduction agent
was deposition observed. During the process hydrogen
bubbles were observed. This suggests that the bubbles mediate
the X-ray-induced deposition: one can speculate that X-rays
decompose the H,PO, ions allowing interaction with H,O and
the production of hydrogen molecules and bubbles.

Furthermore, the deposition is characteristically different
from electroless deposition of Ni, which is a self-catalysis
reaction and takes place in the solution, independent of the
presence of a substrate surface. We did not succeed in the
pattern deposition using X-ray masks. In the case of Cu, the
substrate plays a significant role in the reduction process of
Cu ions and therefore leads to a patterned deposition. The
reduction is also different from the other metal nanoparticle
synthesis as we reported (Wang et al., 2007, 2008; Lai et al.,
2013) where the reduction is exclusively from the radiolysis of
solvents. Further experiments are underway to elucidate the
role of substrates, and a better understanding could lead to
more precise control of the deposition process, and on a wider
range of metals and substrates.
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